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ABSTRACT 

The chromatographic properties of a selected series 

of commercially available chromatographic adsorbents were 

examined, and a new method for characterizing such materials 

was developed and tested. The adsorbents studied were the 

(r) (S) 
Porasil series of porous silica beads, the Durapak series 

of chemically modified silica beads, and the Porapak series 

of porous polymer beads. 

The approach taken in the study of these column 

packings was two-fold. The adsorption isotherms of a set of 

selected molecular probes were measured by a frontal analysis 

chromatographic technique. The thermodynamic parameters 

describing the equilibrium distribution of solute on the 

chosen supports were measured by elution gas chromatography. 

The work necessitated the development of a frontal analysis 

chromatograph. A small digital laboratory computer system 

was interfaced to the chromatograph to provide real-time 

control of and data acquisition from the frontal analysis 

experiments. The chromatograph and data acquisition system 

are evaluated. 

The frontal analysis experiments provided measure

ment of the adsorption isotherms of the chosen adsorbates in 

the BET region of concentration. Nitrogen adsorption 

isotherms were also measured. The nitrogen surface areas 

xi 
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and the surface areas available to the organic probes were 

calculated from the adsorption isotherms. The nitrogen 

surface areas thus calculated agree well with those in the 

literature. 

In gas-solid chromatography the calculation of the 

thermodynamic parameters used to describe chromatographic 

behavior requires the knowledge of the surface area avail

able to the adsorbate. In the past it has been assumed that 

the surface area available to organic solutes was the same 

as that available to nitrogen. The purpose of this work 

was to examine the concept of surface area available and to 

test its utility for the explanation of chromatographic 

behavior. 

The surface areas available to the organic 

adsorbates on the Porasil adsorbents were found in general 

to be lower than the nitrogen surface areas. The concept of 

surface area available to the organic adsorbates served well 

to calculate the thermodynamic parameters and to describe 

the chromatographic behavior of the selected probes. 

The nitrogen surface areas of the three Durapak 

supports did not differ significantly from the nitrogen 

surface area of the unmodified substrate, indicating that 

chemical modification did not appreciably alter accessibility 

to nitrogen. The surface areas available to the organic 

probes, however, did differ appreciably from the nitrogen 

surface areas. The surface areas available to the probes on 
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the Octane- and OPN-modified supports were all smaller than 

the nitrogen surface areas, indicating that the chemical 

modification did alter the accessibility of the surface to 

the probes. The surface areas available to all but one of 

the probes on the Carbowax-modified support were larger than 

the nitrogen surface area, indicating rather different 

behavior relative to the other two modified supports and the 

unmodified substrate. 

The results of these studies have demonstrated the 

advantages of small computers for chromatographic measure

ments. The research has also demonstrated that the use of 

surface areas available in conjunction with thermodynamic 

parameters is valid and useful for describing chromatographic 

behavior and for characterizing modified adsorbents. 



CHAPTER I 

INTRODUCTION 

This chapter will briefly describe the historical 

background of column chromatographic techniques and the 

advent of gas-solid chromatography (GSC). It will discuss 

the advantages and disadvantages of GSC. It will cover in 

some detail the use of gas-solid chromatographic techniques 

for the measurement of physico-chemical data necessary for 

the chemical and physical characterization of avseries of 

chromatographic adsorbents. 

Historical 

Speculation about the origin of various crude oils 

led the American petroleum chemist D. T. Day to the first 

demonstration of column chromatography. In 1897 Day (1) 

showed that crude oil forced upward through a column packed 

with powdered limestone changed in color and composition 

(2). Day mistakenly attributed the separation thereby 

effected to a filtration or capillary effect, but the 

importance of his work was recognized. In 1901 Engler and 

Albrecht (3), having heard a paper by Day, extended his 

technique to other petroleum systems.. They, too, misunder

stood the mechanism whicih gave rise to separations (2). 

1 
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In 1905 Michael Tswett (4), a Russian botanist, pub

lished his classical paper on the application of column 

chromatography (liquid-solid) to the separation of plant 

chlorophylls. It is not known for certain whether Tswett 

knew of Day's work. The arguments that he was aware (5) are 

as persuasive as those to the contrary (2, p. 283). There 

is no question, however, that Tswett's work was the more 

fundamental since he not only correctly attributed the 

mechanism of separation to selective adsorption but also 

introduced the development of a chromatogram by elution with 

pure solvent. The elution technique is important since it 

provides greater resolution and faster analyses. 

Tswett is also credited with naming the technique: 

"Such a preparation I term a chromatogram and the correspond

ing method, the chromatographic method" (6). According to 

Williams and Weil (7), Tswett merely gave a new meaning to 

a much older term. 

Despite the enormous potential of the method 

pioneered by Day and Tswett, not many workers took advantage 

of chromatography. In 1922, the American chemist Palmer (8) 

reported a number of separations. In Europe it was not 

until 1931 that Kuhn and Lederer (9) revived chromatography. 

The classical and Nobel Prize winning paper pub

lished in 1941 by Martin and Synge (10) started chro

matography on the way to the prominence it enjoys today. 

Their work introduced the concept of the partitioning of 
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solutes between the mobile and stationary phases. Their 

work introduced liquid-liquid partition chromatography, a 

method now undergoing explosive growth. Martin and Synge 

also presented the plate theory of chromatography, the most 

useful theory to that time. Their major conclusions still 

stand, and their assumptions have served in later theories. 

Perhaps the most important feature of the paper was the 

statement (10): "The mobile phase need not be a liquid but 

may be a vapour" (p. 1359). This statement foretold gas-

liquid chromatography. 

While experimental verification of gas-liquid 

partition chromatography (usually termed gas-liquid 

chromatography) did not occur until reported by James and 

Martin (11) .in 1951, the suggestion of a gaseous mobile 

phase by Martin and Synge was taken up by others in the 

development of gas-solid chromatography (GSC). 

Turner (12) appears to have been the first to use a 

gaseous mobile phase to transport from an adsorbent column 

adsorbed species which were displaced by a mobile heater. 

Tiselius (13-15) in a series of papers named and extensively 

developed the three major column chromatographic modes of 

operation: frontal analysis, displacement development, and 

elution. The second and more conventional use of a gaseous 

mobile phase was reported by Claesson (16) in an article 

reviewing the work of Tiselius and Claesson. 



The three major modes of column chromatographic 

operation mentioned above refer to the way in which the 

sample is introduced. The elution mode is by far the most 

widely used mode both for analysis and physico-chemical 

measurement. Small discrete samples are injected into a 

column, and the chromatogram consists of a series of elution 

peaks. In the frontal analysis mode, the sample is injected 

continuously, and the chromatogram shows a series of steps 

and plateaus. The displacement development mode is related 

to the frontal analysis mode in that the sample input and 

the chromatogram are the same. If, however, the analyte is 

too strongly retained, it may be displaced by adding to the 

sample stream a species even more strongly retained. The 

displacer species then forces the displacement of the 

analyte species. The frontal and displacement modes have 

fallen out of favor as analytical methods but are used to 

gain physico-chemical information about chromatographic 

systems. 

A number of workers (17, 18) contributed substan

tially to the development of GSC as an analytical method. 

Glueckauf (19) was one of the first to appreciate the 

utility of column chromatography as a technique for 

physico-chemical measurement and showed theoretically and 

experimentally how to measure adsorption isotherms in 

liquid-solid systems (20). The first non-analytical 

(physico-chemical) use of frontal analysis in GSC appears 



to have been by Schay and Szekeley (21) who measured the 

adsorption isotherm of C02 on activated carbon. James and 

Phillips (22) measured by frontal analysis adsorption 

isotherms of cyclohexane and benzene on charcoal. A compre

hensive review of the physico-chemical applications of gas 

chromatographic techniques was published by Kobayashi, 

Chappelear, and Deans (23). 

Gas-Solid Chromatography 

The very nature of the retardation mechanism in gas-

solid chromatography makes possible a selectivity greater 

than in gas-liquid chromatography. The adsorption of a 

molecule depends not only on the spatial conformation of its 

component atoms but also on the distribution of and kinds of 

bonds in the molecule. For some important classes of 

molecules, such as optical isomers, differences in solution 

are so slight as to make separation by GLC very difficult. 

Gas-solid chromatography also offers the possibility 

of much faster analyses than GLC, owing to the absence of 

the liquid phase. Since diffusion in liquids is orders 

of magnitude slower than in gases, there is a greatly 

reduced resistance to mass transfer in gas-solid systems. 

Consequently, analyses are faster. Adsorption-desorption 

kinetics are generally rapid for simple systems. Thus, this 

possible resistance to mass transfer is usually small in 
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effect. Speed of analysis and the possibilities of high 

resolution have been discussed by Giddings (24). 

Column packings typically used in gas-solid chro

matography, such as silica gels, alumina, zeolites, and 

diatomaceous earths, are thermally stable materials. Thus, 

GSC offers the possibility of use at much higher tempera

tures than do the liquid phases used in GLC. The extended 

temperature range and shorter residence time of analytes are 

particularly useful in the study of catalysts and catalytic 

activity (25). 

The linear range of adsorption isotherms (solute 

partition isotherms) is much smaller than that of solution 

isotherms. Since early workers lacked the highly sensitive 

detectors available today, such as the flame ionization 

detector, isotherm nonlinearity was accepted virtually as an 

axiom in gas-solid systems (26). Isotherm nonlinearity and 

the lack of homogeneous and reproducible adsorbents made 

reproducibility of retention data difficult. Except in 

systems involving the permanent gases and very simple 

molecules the disadvantages of GSC outweighed the advantages. 

The various difficulties encountered in the early develop

ment of GSC explain, in part, the enormous growth of gas-

liquid chromatography after its introduction by James and 

Martin. 

A number of developments in the past few years has 

initiated a recrudescence of interest in both the analytical 
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and physico-chemical uses of gas-solid chromatography. The 

following remark (27) expresses the interest: 

It is hoped, however, that the results so far 
achieved will have done something to demonstrate 
that gas-solid chromatography is not so unimportant 
in relation to her big sister, gas-liquid chro
matography, as the preponderance of interest in 
the latter has hitherto indicated. Perhaps it is 
time Cinderella was invited to the Ball (p. 281). 

Among these developments have been improved 

detectors, better characterized and more homogeneous and 

reproducible adsorbents, advances in techniques and theory, 

and much work on the modification of adsorbents. The 

introduction of commercially available porous silica 

packings, Porasil (28, 29), and porous polymer packings, 

Porapak (30) and Chromosorb Century Series (31), has 

partially eliminated the problem of poorly reproducible and 

inhomogeneous adsorbents. 

The modification of conventional adsorbents has 

taken a number of directions: thermal, salt modification, 

and chemical. Modification with a liquid, of course, gives 

GLC. Thermal modification has involved mostly graphitized 

carbon black and has been well developed by Kiselev and 

Yashin (32). Salt-modification of adsorbents was initiated 

by Scott (33) and by Scott and Phillips (27, p. 266). 

Sawyer and co-workers have published several important 

studies on salt-modified silicas and aluminas (34-36). 

Chemical modification of adsorbents, introduced by 

Halasz and Sebastian (37), by directly bonding various 



selected organic moieties to adsorbents has received con

siderable attention recently (38-43). This type of modifi

cation offers perhaps the best possibilities for "tailoring" 

adsorbents to achieve specific separations by GSC that are 

difficult by GLC. It is evident that chemical modification 

will alter not only the porosity of the adsorbent but the 

chemical nature of the adsorbate-adsorbent interaction will 

be modified as well. This work is designed to examine both 

of these possibilities. 

Such modified adsorbents retain the rapid mass 

transfer characteristics of bare surfaces, but they do not 

present as much reactive surface to adsorbates. Thus, peak 

shapes are improved, while the rapidity of analyses is 

retained. The bulk of studies on modified adsorbents 

remains to be done: preparation and characterization. The 

emphasis of this work is on characterization. 

Physical Characterization of Surfaces 

Adsorbents of chromatographic interest and utility 

are porous. Such materials may be characterized both 

physically and chemically. Certain aspects of physical 

characterization will be discussed below. 

Porous materials are generally characterized 

physically by the following parameters: the specific surface 

area (m /gm), the specific pore volume (ml/gm), the average 

pore diameter (X), and the pore size distribution (dV/dr). 
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Of greatest emphasis in these studies is the specific 

surface area and the role it plays in chromatographic 

behavior. 

Values of the parameters used to characterize 

adsorbents physically are determined chiefly by gas 

adsorption measurements (44). Nitrogen is the most commonly 

used adsorbate although other inert gases, such as Ar and 

Kr, and hydrocarbons have been used. The result of such 

measurements is generally the adsorption isotherm, which 

shows the quantity, q, of gas adsorbed (STP ml per gram of 

adsorbent) as a function of adsorbate relative pressure, 

p/pQ, in the range 0 < p/pQ < 1. Since concentrations of 

adsorbate are measured chromatographically and can be 

related to relative pressure, concentration will be used 

hereafter. Isotherms are measured at constant temperature. 

Adsorption isobars are plots of amount adsorbed versus 

temperature at constant adsorbate pressure. Adsorption 

isosteres are plots of adsorbate pressure versus temperature 

at constant surface concentration. The adsorption isotherm 

is by far the most widely measured relationship, owing to 

the information it conveys about the physical nature of the 

adsorbent and the nature of the adsorbate-adsorbent system. 

A useful concept in describing qualitatively the 

adsorption of gases and vapor is the average pore diameter, 

d" . Dubinin (45) has classified adsorbents into micro-
P 

porous, mesoporous, and macroporous types based on the 
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magnitude of the average pore diameter. It is a useful 

classification, for characteristic differences in isotherm 

shapes are found for the three size ranges. 

Microporous adsorbents are those in which the 

average pore diameter is of the same order of magnitude as 

the diameter of the adsorbate molecule, d" < 20 K. For 
P 

o 
example, the diameter of nitrogen is about 3 A and the 

o 
diameter of benzene is about 7 A. Macroporous adsorbents 

are those in which the average pore diameter is about two 

orders of magnitude greater than the diameter of the 

_ o ' 
adsorbate molecule, d > 200 A. Mesoporous adsorbents 

o _ o 
have pores which lie in the range 20 A < d^ < 200 A. 

In microporous adsorbents the adsorbate molecules 

enter pores so small that they can interact with sites on 

opposite pore walls. Surface forces, which are of short-

range nature, of opposite pore walls will range over the 

entire volume of such small pores. The pore volume may be 

visualized as an adsorption space (46) rather than an 

adsorption area. Diffusion into and out of the pores is 

slower than in meso- or macroporous adsorbents. This 

phenomenon has been studied by Moreland and Rogers (47). 

During the course of adsorption, the small pores become 

increasingly filled with adsorbate as adsorbate concentra

tion increases. The characteristic isotherm of this type 

of adsorbent shows a steep ascent at low concentration and 

an almost horizontal course at higher concentration. 



11 

In contrast, macroporous adsorbents have a low 

barrier to diffusion. Adsorbate molecules interact with 

what may be visualized as plane surfaces (46). Surface 

forces are too short in range to cover much of the pore 

volume. Equilibrium is established rapidly. During the 

course of adsorption, the most active sites are covered, 

followed by coverage of less active sites at higher con

centrations. Multilayer adsorption occurs at intermediate 

concentration, and the isotherm may approach the volume 

axis asymptotically at saturation. 

Real adsorbents are neither totally macroporous nor 

totally microporous but contain a spectrum of pore sizes. 

Pores in the intermediate size range also have characteris

tic isotherms typified by hysteresis loops between the 

adsorption and desorption branches. 

Hysteresis loops are explained by the phenomenon of 

capillary condensation (48) which is the filling of the 

pores of intermediate diameter with condensed liquid at 

intermediate concentrations. Differences between the 

mechanisms of filling and emptying the pores are said 

(48) to cause the hysteresis. Microporous adsorbents do 

not exhibit capillary condensation or hysteresis (46). 

Macroporous adsorbents show capillary condensation only at 

concentrations near saturation (48). Equilibrium is 

established slowly in this region. Hysteresis does not 

occur. 
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Brunauer et al. (49) have classified adsorption 

isotherms into the five types of the BDDT scheme. Figure 1 

depicts these types schematically as plots of volume 

adsorbed as the ordinate versus concentration as the 

abscissa. While not all isotherms can be classed exactly 

in this scheme, most isotherms can be, and the BDDT scheme 

is the most useful one proposed. A brief description of 

the type of physical information that can be gained from 

these types of isotherms is given below. 

Isotherms of microporous adsorbents are classed as 

Type I. Macroporous adsorbents show isotherms of Types II 

or III. Type III isotherms are said to arise when 

adsorbate-adsorbate interactions are present and/or when the 

heat of adsorption is small. Adsorbates capable of pro

ducing Type III isotherms are those capable of hydrogen 

bonding, such as water, or those with large and unsymmetrical 

electron distributions, such as benzene. Kiselev (50) has 

shown that benzene produces a Type II isotherm on hydrated 

silica gel and a Type III isotherm on a dehydrated silica 

gel which is much less strongly adsorbing than hydrated 

silica gel. 

Mesoporous adsorbents produce isotherms of Type IV 

or V. In contrast to microporous adsorbents where no 

condensed liquid can form in the pores and to macroporous 

adsorbents where condensed liquid forms readily, mesoporous 

adsorbents have pores sufficiently small that only a finite 
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Type I Type II 

Type Type IV 

Type V 

Figure 1. The BDDT Isotherm Classification 
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number of layers of adsorbate can form. Thus, a Type II 

isotherm becomes a Type IV, and a Type III isotherm becomes 

a Type V. Both Types IV and V show hysteresis. Hysteresis 

arises, as described earlier, because of differences in the 

mechanism of filling and emptying of pores of intermediate 

diameter. The onset of hysteresis depends to some extent on 

the adsorbate and mostly on the distribution of pore sizes 

and shapes in the adsorbent. Surface area measurements made 

in this work were made in the concentration region where 

hysteresis normally occurs in Type IV and V adsorbents. 

Specific Surface Area 

The following surface area ranges are typical (45): 

2 
macroporous adsorbents, S < 10 m /gm; mesoporous adsorbents, 

2 2 
10 < S < 500 m /gm; microporous adsorbents, S > 500 m /gm. 

There are a number of methods of obtaining surface areas: 

the BET method (51, 52), the two methods of Harkins and Jura 

(53), Kaganer's (54) method, the method of Lippins, Linsen, 

and deBoer (55) and Lippens and deBoer (56), and the method 

of Kiselev (57). For reasons of experimental simplicity, 

speed, and generality of application, the BET method is the 

most widely used method of obtaining specific surface areas 

and was the method used in these studies. 

One of the greatest advances in the theory of the 

adsorption process was the work (51) published in 1938 by 

Brunauer, Emmett, and Teller (BET). Their theory of 
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multilayer adsorption was a significant improvement over 

earlier theories such as that of Langmuir (58) which treated 

only monolayer adsorption. 

The main use of the BET theory is the calculation of 

the volume of adsorbate required to form a monolayer. Then, 

if the area occupied by an adsorbate molecule is known, the 

specific surface area may be calculated. The BET method 

involves a plot of the quantity (p/p_)/[V (1-p/p )3 versus 
O a O 

p/pQ, according to Equation (1) 

p/po 1 , (c—1) , . . 
V (1-p/p ) ~ cV + cV p/p0 (1} 

a r ^o m m 

where p is the adsorbate vapor pressure, pQ is the adsorbate 

saturation vapor pressure, V is the volume (STP ml per gram 
a 

of adsorbent) of vapor adsorbed, Vm is the volume of 

adsorbate corresponding to monolayer coverage, and c is a 

constant proportional to the net heat of adsorption. From 

the straight line region of such a plot is obtained V , the 

monolayer volume 

Vm = l/(Slope + Intercept) (2) 

and the specific surface area is (44, p. 66) 

-20 
V . A • N • 10 , 

®BET = 22414 

where Am is the effective area occupied by an adsorbate 

° 2  
molecule in A and N is Avogadro's number. 



16 

Generally, a BET plot is found to be linear over the 

range 0.05 < p/pQ < 0.35. The BET method has been found to 

give reliable specific surface areas for Type II and Type IV 

isotherms. The isotherm must be concave with respect to the 

concentration axis. In other words, the heat of adsorption 

must be fairly high, so that adsorbate-adsorbate interactions 

do not predominate over adsorbate-adsorbent interactions. 

The Effective Molecular Area 

The quantity Am appearing in Equation (3) is termed 

the molecular cross-sectional area or, better, the effective 

molecular area. Brunauer et al. (51) calculated this 

quantity from the density of the adsorbate in the ordinary, 

liquid or solid form, assuming that the arrangement of 

adsorbate molecules on the surface was the same as that in 

the normal bulk liquid or solid. For twelve nearest 

neighbors in the bulk liquid and six on the surface, it is 

found (44, p. 67) 

A = 1.091 (M/pN)1/3 x 1016 (A2/molecule) (4) 
m 

where M is the adsorbate molecular weight, P is the appro

priate density, and N is Avogadro's number. For nitrogen 

at -195°C and using the liquid density, Equation (4) yields 

°2 
a value of A = 16.2 A per molecule. This value has become 

m 

generally accepted (53, 59), based on comparison of specific 
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surface areas determined by nitrogen adsorption with areas 

determined by non-adsorptive methods. 

It was recognized (60) that the model used to 

calculate A^ values was over-simplified since specific 

surface areas calculated for various adsorbates on the same 

adsorbent often varied widely. Hence, Am values are 

usually determined in comparison to nitrogen adsorption 

surface areas. This problem has been discussed by Emmett 

(61), Emmett and Cines (62), and others (25, 63-65). 

Livingston (66) was one of the first to tabulate Am values. 

Gregg and Sing (44, pp. 75-93) have recently discussed A^ 

values. 

The model used to calculate A_ by Brunauer, Emmett, 
m ' ' 

and Teller made no explicit assumption about molecular 

shapes. The assumption made involves only the packing 

arrangement of molecules in the normal bulk liquid or solid. 

The quantity 1.091 appearing in Equation (4) is calculated 

for a frequently observed packing: twelve nearest neighbors 

in the bulk liquid and six on the surface. Livingston (66) 

and Gregg and Sing (44, pp. 75-93) have discussed other 

packing arrangements. The BET model for Am does appear, 

however, to assume implicitly a hard sphere model of 

molecular shapes. Certainly one would expect molecules 

such as long chain alkanes or aromatics to occupy an effec

tive area different from that which might be calculated 

from a geometric model. The concept of the effective 
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molecular area will be described more fully in later 

sections. 

It has been shown by Kiselev and Eltekova (67) that 

Am is very strongly dependent on the BET constant c, which 

is proportional to the net heat of adsorption. The net heat 

of adsorption is governed by the degree of adsorbate-

adsorbent interaction. Thus, a given adsorbate may give 

quite different values of c and, hence, of Am on different 

adsorbents. 

Physico-Chemical Measurement by Gas Chromatography 

The use of gas chromatographic techniques for 

physico-chemical measurement was first reported by Pierotti 

et al. (68), who measured heats of solution in gas-liquid 

systems. A recent and comprehensive review of the types of 

measurements which have been made by gas chromatographic 

methods is that of Kobayashi et al. (23). The application 

of gas chromatography to physico-chemical measurement is, 

in general, two-fold: peak position and peak broadening. 

The peak position approach involves the measurement 

of the peak position (retention volume) as a function of 

temperature in systems at infinite dilution. The system is 

thus at chemical equilibrium. Non-equilibrium chromato

graphic processes do not affect peak maxima in such systems. 

From the data taken, thermodynamic parameters describing the 

distribution of solute between the phases may be calculated. 
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These parameters are the differential molar free energy 

change, AG; the differential molar enthalpy change, AH; and 

the differential molar entropy change, AS. 

The peak broadening approach involves the study at 

infinite dilution of chromatographic non-equilibrium: the 

rate processes which cause band-broadening. The dispersion 

of a peak is measured as a function of flow rate. This work 

is concerned only with the peak position approach. 

The above brief discussion of the experimental 

approaches for obtaining physico-chemical information about 

gas chromatographic systems was in terms of peaks. The 

discussion applies equally to both frontal analysis and 

displacement modes of operation. 

If experimentation is performed at concentrations 

greater than infinitely dilute ones, retention volume and 

band-broadening become functions of concentration as well as 

temperature and flow rate, respectively. Under such condi

tions additional information about the system can be 

obtained, which will be described later in this chapter. 

The fundamental parameter which describes the 

behavior of the average solute molecule as it traverses the 

column is the retention volume, V°. For a solute effec

tively at infinite dilution, the corrected retention volume, 

V® in gas-solid systems is given by the following relation

ships : 
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VR = j TrF (5) 

VR = VR " 3Vd = Vm + (6) 

Where VR is the uncorrected retention volume; j is a correc

tion factor (11) for the compressibility of the gas phase; 

T is the retention time of the peak maximum; F is the 

volume flow rate of the carrier gas, measured at the column 

outlet, corrected for water vapor pressure (when using a 

soap bubble flow meter), and corrected to column tempera

ture; Vm is the gas-hold up volume of the column; is the 

dead volume or the gas hold-up volume of the chromatographic 

instrument; and A„ is the surface area of the column. 
' s 

The dead volume is an extra-column volume and con

sists of the volume from the injection port to the column 

inlet and the volume from the column outlet to the detector. 

Extra-column dead volume is minimized by instrument design. 

The sum of and is usually measured by the passage 

through the column of a sample of an unretained species such 

as nitrogen, hydrogen, or air. Another technique which is 

used when the detector does not respond to these species is 

discussed in Chapter II. 

The retention volume of a species effectively at 

infinite dilution is solely a function of temperature and 

not of column hold-up volume, instrument dead volume, or 

column packing efficiency. However, to obtain the true 



retention volume, or the excess volume, resulting from the 

interaction (adsorption, gas-liquid partitioning, sieving, 

etc.) of the species of interest with the column, one must 

correct accurately for the volumes of the column and 

instrument. Column packing efficiency affects peak shapes 

and separations and not retention volumes. 

The specific retention volume at column temperature, 

T 2 
V (ml/m ), is related to the distribution coefficient, K, 

5 

the measure of the equilibrium distribution of solute. The 

distribution coefficient also represents the initial slope 

of the distribution isotherm (69) when measured at infinite 

T o 
dilution. Vg is calculated by dividing (VR - V ) by the 

surface area (or weight) of the adsorbent in the column. 

One of the goals of this investigation is the measurement 

and use of the appropriate surface area. That is, 

Vs - - K - C(s)/C(g) (7» 

where K is the partition coefficient and C(sj is the surface 

concentration of adsorbate (moles/m ) in equilibrium with 

the gas phase concentration of adsorbate, c(g) (moles/ml). 

The differential molar free energy change, AG
a{jSf of 

the process may be related to the partition coefficient by 

iGads " "RT ln K " "RT ln Vs " "RT ln C(s)/C(g) (8) 

The temperature coefficient of the free energy change is the 

differential molar enthalpy change, AH
a(js» or the heat 



22 

of adsorption. That is, 

AHads " d(AGads)/d<lA> •<*> 

T o 
Thus, a plot of In V versus 1/T K yields a line whose 

s 

slope is AH
a(js/R* By knowing ^Ga(js and ^Ha<3s, the differ

ential molar entropy, ^Sa(js may calculated from 

AH . - AG , J 

4sads - T <l°> 

The change in the heat of adsorption with temperature is not 

T 
large, and a plot of In V versus 1/T is generally linear 

s 

over about 30°C. 

The specification of standard states for the 

adsorbate in the mobile and stationary phases enables 

calculation of absolute thermodynamic quantities. The 

standard state defined by deBoer and Kruyer (70), later 

used by Scott (33), by Hargrove and Sawyer (34), and by 

Sawyer and Brookman (35), was used in this work. The 

adsorbed phase standard state is defined as a two-

dimensional ideal gas at one atmosphere pressure. The mean 

distance between adsorbate molecules in this standard state 

is the same as that in a three-dimensional ideal gas at one 

atmosphere pressure. The standard state for the mobile 

phase is a three-dimensional ideal gas at one atmosphere 

pressure. 

Calculation of the mean distance (35) between 

adsorbate molecules in the standard state gives 



C°s) =4.07 X 1(T5/T (moles/m2) (11) 

Equation (8) may now be rewritten 

m C / \/C? » 
AG° = -RT InK = -RT In V = -RT In —^ — (12) 
aas s _ /ro 

C(g)/C(q) 

where ^G°ds is the standard state differential free energy 

change for the transfer of one mole of adsorbate from the 

gas to the stationary phase. 

Insertion of the standard state adsorbate concen

trations (35) into Equation (12) gives 

AGads = AGads " 1;U33T = ~RT ln Vs " 1;L'33 T (13) 

where T is the column temperature in °K. 

The described standard state for the adsorbed phase 

is within the Henry's law region of concentration which 

implies that the experimentally measured isosteric heat of 

adsorption is equal to the differential molar heat of 

adsorption iH (33). The use of standard states for 

calculating ^G°ds gives, by use of Equations (9) and (10), 

AH°, and AS°, . it can be seen that the calculation of 
clO S ciQ S 

AG°ds and require measurements of surface area. 

AH°ds, a slope, does not. The measurement of surface area 

will be taken up in a later section of this chapter. 

These quantities, AG°ds» Aliads' and ASads' can be 

used to give a certain amount of quantitative and 
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qualitative information about the systems being investi

gated. Their magnitude (of ^G^ds anc* ^ads^ ̂ ePen^s# of 

course, on the standard states chosen. If the same standard 

states are used throughout an investigation, the magnitudes 

of the thermodynamic parameters, both absolute and relative 

to each other, give information about the types and strengths 

of the adsorbate-adsorbent interactions. 

The differential molar free energy change, 

logarithmically related to the quotient of the corrected 

retention volume and the surface area. Thus, if the surface 

area is a constant in a series o^ experiments, is a 

measure of the strength of adsorbate-adsorbent interactions. 

More precisely, Ag° is a measure of the partition coeffi

cient K. Alternatively, if the same adsorbate is used to 

examine a series of related adsorbents, is a measure 

of the effect of surface area. 

The differential molar enthalpy change, AH°, is the 

temperature coefficient of the free energy change. It is 

related to the internal energy of the adsorbate but contains 

a pressure-volume term. In gas liquid systems there is not 

a large volume change upon transference of solute to the 

stationary phase. Hence, ^Hg0^n is usually small. In gas-

solid systems, the volume change upon the transfer of 

adsorbate to the stationary phase is much greater, and 

is usually several orders of magnitude greater than 
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The differential molar entropy change, As°, is 

perhaps the most interesting thermodynamic parameter since 

it can give information about how an adsorbate molecule is 

oriented in the adsorbed phase. In gas-liquid systems the 

loss in entropy is usually small. In gas-solid systems, an 

adsorbed molecule will lose at least one degree of transla-

tional freedom. The entropy loss can be much greater. 

Taken together with surface area measurements, the 

thermodynamic parameters measured were used to give a 

picture of the physical and chemical interactions in the 

gas-solid systems investigated. 

At this point, the limitations on the peak position 

approach should be described. For the calculation of the 

differential molar free energy changes, an accurate value of 

T To 
Vg is needed. Since Vs is VR/AS, the accuracy of calculated 

values of AG° and As° are dependent on the accuracy with 

which V°, T and Ag are known. AH° depends only on V° and T 

which may be determined to an accuracy of about 1% and 0.1%, 

respectively. An estimate of the uncertainty in surface 

area measurements is deferred. 

Dynamic Methods of Measuring Isotherms 

There are three general methods of measuring adsorp

tion isotherms: volumetric, gravimetric, and dynamic. The 

first two general methods are static methods and are con

sidered classical in the sense that they serve as standard 
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methods. They are discussed in reference (44, pp. 310-339). 

The basis of dynamic methods of measuring adsorption iso

therms is chromatographic. "Dynamic" is used in this sense 

to mean measurements mode in a flowing gas or liquid stream. 

It will be noticed that Equation (6) describes the 

distribution of adsorbate in gas-solid systems in terms of 

chromatographic measurements. Wilson (71) first examined 

the quantitative relationship between the chromatogram and 

the equilibrium distribution of solute between the mobile 

and stationary phases. This work was extended by Weiss (72), 

deVault (73), and especially by Glueckauf (74), who demon

strated a method of measuring adsorption isotherms from 

chromatograms in liquid-solid systems. The major assumption 

of the early theories was that of chromatographic 

equilibrium: instantaneous diffusion and no kinetic band-

broadening processes. 

Considerable progress in both theory and practice 

has been made in recent years. Two comprehensive reviews 

are references (75, 76). A factor common to all chromato

graphic methods is speed. Moreover, in some cases, chro

matographic methods are the only ones available (25, 76). 

Accuracy can be high, depending on the technique used and 

the operating conditions. The chromatographic techniques 

are all based on the assumption of thermodynamic equilibrium, 

but some of the techniques are subject to chromatographic 

non-equilibrium or kinetic band-broadening effects. By the 
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appropriate choice of technique and/or operation conditions, 

the error introduced by chromatographic non-equilibrium may 

be eliminated or minimized. After a period of dormancy 

(77, 78), interest in dynamic methods was revived by Nelson 

and Eggertsen (79) who introduced a rapid and simple pro

cedure for measuring nitrogen adsorption isotherms. 

Finite Concentration Gas Chromatography 

The extension of chromatographic theory to gas 

systems at high concentrations involves several problems not 

found in experimental work at the normal vanishingly small 

concentrations. First, as shown by Reilley, Hildebrand, and 

Ashley (80), the shape of the solute input profile is 

critical to the experimental result. The assumption that 

such a profile in frontal analysis is ideally sharp is not 

always valid. 

Second, it was assumed in the early theories that 

the mobile phase velocity of a frontal boundary (or an 

elution boundary) was constant. Owing to the flux of 

solute molecules between the two phases, the mobile phase 

velocity varies with both time and position in the column, 

that is, as a function of concentration. This phenomenon 

is termed the "sorption effect" and has been discussed by 

Bosanquet and Morgan (81) and by Bosanquet (82). These 

first two problems lead to errors which increase with 

increasing concentration. 
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Third, the effect of the curvature of the isotherm 

or the rate of progress of the solute must be properly 

accounted for. It will be recalled that Equation (5) is 

derived for infinitely dilute systems in which the 

retention volume is solely a function of temperature. At 

finite concentration the adsorbate distribution isotherm 

will be curved. Ignoring for the moment the detection of 

the solute, finite concentration chromatography in gas-solid 

systems might be defined to occur when the isotherm becomes 

curved, for it is at this point that retention volume is no 

longer solely a function of temperature. Reference to 

Figure 1 will clarify this point. It can be seen that at 

low concentrations all of the five types of isotherms appear 

to be similar. As concentration approaches infinite dilu

tion (Henry's Law region), the isotherms become effectively 

linear with concentration. Thus, finite concentration gas 

chromatography involves measurements made at concentrations 

greater than those in the Henry's Law region. Thermodynamic 

parameters are generally measured in the Henry's Law region 

to eliminate the effect of isotherm curvature. 

The sorption effect, as will be shown later, is 

small at low concentration and increases in magnitude at 

higher concentration. Thus, the sorption effect always 

tends to sharpen frontal boundaries (in which concentration 

increases with time) since the total volume flow rate 

increases with concentration. The sorption effect always 



tends to broaden rear boundaries (in which concentration 

decreases with time) since the total volume flow rate 

decreases with decreasing concentration. The form of a 

frontal (or elution) chromatogram therefore depends on 

whether the curvature of the isotherm and the sorption 

effect are mutually supporting or opoosed. If they are 

opposed, either may predominate. The criteria for bound

aries to be sharpened or broadened have been discussed 

quantitatively by Peterson and Helfferich (83). 

Fourth, there are a number of lesser problems. 

Kinetic band-broadening processes, such as diffusion and 

slow mass transfer must be treated. The adsorption process 

in highly porous solids may be subject to the additional 

band broadening process of slow diffusion into and out of 

the pores. The effect of gas phase non-ideality must also 

be treated. Finally, the gas phase is compressible, a 

phenomenon not present in liquid-solid systems for which 

early theories were developed. The compressibility of the 

gas phase leads to a steadily increasing flow rate as the 

solute band traverses the column. 

Figure 2 shows plots of three isotherms together 

with the corresponding elution and frontal chromatograms. 

The isotherms are plots of q, the volume of gas adsorbed per 

gram of adsorbent, versus concentration. The chromatograms 

are plots of detector response (proportional to gas phase 

concentration) as the ordinate versus time. 



time 

time 

Figure 2. Dependence of Chromatographic Boundary Profile on Distribution Isotherm 

w 
o 
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Figure 2b shows a BDDT Type II (Langmuir) isotherm. 

The slope of the isotherm is (dq/dc) which decreases with 

increasing concentration. Thus, VR also decreases with 

increasing concentration. Such systems show an elution peak 

which "tails" and a frontal chromatogram with a sharpened 

(or self-sharpening) front boundary and a broadened (or 

diffuse) rear boundary. Figure 2c shows a BDDT Type III 

(anti-Langmuir) isotherm. In such systems (dq/dc) and VR 

increase with increasing concentration. Thus, elution peaks 

are "leading" and frontal chromatograms have diffuse front 

boundaries and self-sharpening rear boundaries. A linear 

isotherm, or operation in the linear portion of an isotherm, 

results in symmetrical elution peaks and symmetrical front 

and rear boundaries as shown in Figure 2a. Symmetrical 

boundaries are nominally gaussian in shape. 

In a series of recent papers, Conder and Purnell 

(84-86) have given a theoretical treatment of measurements 

at finite concentration in gas chromatography and have 

offered experimental verification (87) of their theory for 

measuring activity coefficients in gas-liquid systems. 

Their theory greatly extends the utility of both frontal 

and elution techniques and will be briefly described. A 

modification of their theory necessary for this work in gas 

solid systems will be detailed. 

In their derivation Conder and Purnell (86) make the 

following general assumptions: (a) there is no 



band-broadening caused by diffusion, slow mass transfer, or 

other kinetic effects; that is, the changing form of the 

solute concentration profile is solely the result of solute 

distribution between the phases, and (b) the carrier gas 

is not adsorbed by the stationary phase. 

The sorption effect is expressed (82) by the follow

ing equation 

F(y) 1 + k /, /x 
FTOT = 1 + k(l-y) (14) 

where F is the total volume flow rate, measured at the 

column outlet pressure, through a zone of solute mole 

fraction, y, in the gas phase; k is the mass distribution 

ratio, the ratio of the amounts of solute in the stationary 

phase to the amount of solute in the gas phase; and F(0) is 

the volume flow rate at zero concentration of solute. 

If there are detectors at either end of the column 

(to compensate for a non-sharp solute input profile), the 

retention time of a zone of constant concentration c is 

(t - t.) where "o" and "i" refer to the column outlet and 
o 1 

inlet, respectively. The retention volume of such a zone 

is (86) 

V_ = (t - t.)F(Y?) (15) 
K O X o 

2 
where F(Y^) is the flow rate of gas in the zone. If 

chromatographic non-ideality is negligible, VR is related 

to the gradient of the distribution isotherm by (86) 
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V° = jVR = Vm + V° + W(l-Y)(dq/dc)p (16) 

where Y is proportional to the gas phase mole fraction of 

solute, W is the weight of adsorbent, and (dq/dc) is the 

slope of the isotherm. Note the formal similarity between 

Equations (5) and (16). If vR(c) is measured, the dis

tribution isotherm and derived thermodynamic parameters can 

be calculated from Equation (16). 

At infinite dilution 

Y -> 0, (1-Y) -> l (17a) 

dq/dc -> q/c -> K (17b) 

and Equation (16) reduces to the familiar retention volume 

equation 

*R " ̂VR " Vm + "d + (18> 

Techniques 

Huber and Gerritse (76) have classified the 

chromatographic methods of measuring distribution isotherms 

into two groups: non-equilibrium and equilibrium, where the 

term "equilibrium" refers to chromatographic equilibrium or 

the presence or absence of kinetic bond-broadening effects. 

The non-equilibrium methods comprise the peak maxima 

(elution), the peak profile (elution), the step profile 

(frontal), and the minor disturbance (eluto-frontal) 

techniques. The equilibrium techniques are frontal analysis 
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and the method of Nelson and Eggertsen (79). Alternative 

nomenclature (75) is peak profile, elution by characteris

tic point (ECP); step profile, frontal analysis by charac

teristic point (FACP)• and minor disturbance, elution on a 

plateau (EP). A brief description of each technique follows. 

Figure 3 shows schematically the relationship 

between the frontal and elution modes of chromatography. 

Figure 3a shows a frontal boundary and an elution peak in a 

system with a linear isotherm. It can be seen that a front 

boundary is the integral of an elution peak, and that the 

retention time at half-height of a frontal boundary 

corresponds to the retention time at peak maximum of an 

elution peak (for symmetrical peaks). Figure 3b shows a 

frontal boundary and two elution peaks in a system with a 

non-linear isotherm. The boundaries are broadened, and the 

retention time of an elution peak is seen to be a function 

of concentration. 

The peak maxima technique consists of injecting a 

series of various amounts of adsorbate. From the 

chromatograms, the stationary phase concentration is 

calculated as a function of mobile phase concentration. 

The isotherm is thus measured directly. 

The peak profile technique (ECP) was developed by 

Wicke (88) and was discussed in detail by Huber and 

Keulemans (89). This technique consists of determining 

stationary and mobile phase concentrations at points along 
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a b 

Figure 3. Relationship Between Frontal and Elution 
Chromatograms — (a) Linear Isotherm, (b) 
Non-Linear Isotherm. 
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the diffuse boundary of an elution chromatogram resulting 

from the injection of a given sample of adsorbate. The 

isotherm is obtained by graphical integration of the data 

so obtained. It can be seen that this technique can be 

used to measure the isotherm up to the concentration of 

adsorbate injected, while the peak maximum technique 

measures only one point per injection. Huber and Keulemans 

(89) showed that near chromatographic ideality could be 

obtained by the use of long columns and slow flow rates. 

They found satisfactory agreement between isotherms measured 

by this technique and by static methods. 

The step profile (FACP) technique was pioneered by 

Glueckauf (20) who used the term "characteristic point" to 

refer to the concept of a zone of constant mobile phase 

concentration as it traversed a column. This technique 

also involves the calculation of stationary and mobile phase 

concentrations at a series of points along the diffuse 

boundary of a frontal chromatogram. Gregg and Stock (90) 

used this technique on a series of gas-solid systems and 

measured adsorption isotherms of each of the five BDDT 

isotherm types. This technique was used by Burke and 

Ackerman (91) to measure nitrogen adsorption isotherms. 

The minor disturbance method was developed by 

Stalkup and Deans (92) and by Stalkup and Kobayashi (93). 

After an adsorbate plateau of given concentration has been 

established, small injections of adsorbate are made. 
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Depending on the amount injected, small positive or negative 

peaks will appear on the plateau. The data collected are 

treated by the peak maxima method. 

The equilibrium method of frontal analysis was used 

in several forms by Schay and Szekeley (21, 94) and by James 

and Phillips (22). Schay*s method involves the use of self-

sharpening boundaries. By working at very low flow rates 

where longitudinal diffusion is the main cause of band-

broadening, points on the isotherm may be measured if the 

gas phase diffusion coefficient is known. The method of 

James and Phillips later used by Perrett and Purnell (95) 

and by Burke, Moreland, and Rogers (96), involves measuring" 

the retention times of a series of self-sharpening boundaries 

at varying adsorbate concentrations. The product of reten

tion time and plateau concentration yields a point on the 

isotherm. This technique requires a separate experiment 

for each point to be determined. 

The basis for calculating adsorption isotherms by 

the method of Conder and Purnell (86) is Equation (16). 

Briefly, the conditions under which Equation (16) was 

derived are as follows. The carrier gas is presumed to be 

ideal and not to adsorb. The deviation of the carrier and 

solute mixture from ideality is assumed to be small to 

moderate. The pressure drop across the column is not 

large. Changes in solute concentration do not appreciably 

change the viscosity of the carrier and solute mixture. 
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One method (86) of calculating isotherms by the 

frontal analysis by characteristic point technique involves 

the rearrangement of and direct substitution into Equation 

(16). For a series of points along the diffuse boundary of 

a frontal chromatogram, VR is measured. For each VRf ¥ and 

c are calculated. A plot of jversus c is made 

according to 

273p r j(VR"Vm) „ 
<*(P) = 760W J (1-1?) dc (19) 

o 

where q(P) is the volume of gas adsorbed (STP ml) per gram, 

W, of adsorbent, y is the mole fraction of solute in the 
' o 

gas phase at the column outlet, ¥ is proportional to the 

gas phase mole fraction of solute, and c is the gas phase 

concentration of solute. The area under the curve thus 

obtained is measured for a series of points c, so that a 

series of corresponding values of q is obtained. The 

isotherm is plotted from the q and c values. The is 

used to indicate average quantities since the pressure drop 

across the column in this technique may be large. Recalling 

that Equation (16) is derived (86) in terms of the slope of 

the isotherm, (dq/dc), the FACP technique may be applied 

only to the diffuse boundary. The slope of a self-sharpening 

boundary is defined to be infinite (86). 

The method of isotherm calculation used in this 

work, for reasons to be explained in Chapter III, was the 
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second method of Conder and Purnell (86): frontal analysis. 

In this method, Equation (16) is first integrated. Then the 

isotherm is obtained directly rather than by graphical 

integration as in the first method. Additional assumptions 

necessary for the integration are as follows. The pressure 

drop across the column must be small, 5% of the column 

outlet pressure or less. Vm is several times larger than 

Vd. VR is several times larger than V . 

The application of the method of Conder and Purnell 

(86) to this research necessitated the extension of their 

method from gas-liquid to gas-solid chromatography. The 

extension resulted in the finding of an error and a modifica

tion of their derivation to account for an assumption which 

could not be made in this work. Appendix A contains the 

details of the modification of their derivation. The result 

of the modification of the integration of Equation (16) is 

the following equation 

£[(a+p)(^k)F(o)3[in(i+—i-^>+G)3 
W Tp* 760 ah (l+k)(l-Y) 

V T p  V ° T  ( 3 7  ( l + k ) F ( 0 )  
+ lntl-T) + -3=1 In(l-T) 2 __] (20) 

ajTc a3lc [l+k(l-0.8yo)3 

where q(P) is the volume adsorbed in ml (STP) per gram, W, 

of adsorbent: T and T are the column and flow meter 
' c a 

temperatures in °K, respectively. The column outlet 

pressure is PQ. F(0) is the mobile phase flow rate at zero 



solute concentration in ml/sec. The quantities a and 0 are 

areas measured on the chromatogram in mV«sec. The plateau 

height is h mV and corresponds to the mole fraction of 

solute at the column outlet yQ. The quantity T is propor

tional to y. Vm is the column hold-up volume. is the 

pressure drop corrected instrument dead volume. The terms 

a and j are defined in Appendix A. Equation (20) is the 

same as that derived by Conder and Purnell (86) with the 

addition of the term involving V^. The instrument built for 

this research did not have the negligibly small dead volume 

required by their derivation. 

Equation (20) may be used for measurements by both 

the frontal analysis and frontal analysis by characteristic 

point techniques. Figure 4 shows (86) the relationship 

between the two techniques and the definitions of the areas 

to be measured. Figure 4a shows a diffuse front boundary. 

Figure 4b shows a diffuse rear boundary. The area cx is the 

area KLRO on the chromatogram. The area P is the area ORS 

on the chromatogram. P is defined to be positive in an 

adsorption experiment and negative in a desorption experi

ment. The characteristic point is R and is visualized as 

moving along a given boundary. For each characteristic 

point R, the areas <x and 0 are calculated for use in Equa

tion (20) together with the other quantities necessary. 

In Figure 4 both boundaries are shown as diffuse. 

In an actual experiment, one boundary will be diffuse, the 
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Figure 4. Frontal Analysis Chromatograms — (a) Diffuse 
Front Boundary, (b) Diffuse Rear Boundary. 



42 

other will be self-sharpening. For using Equation (20) for 

frontal analysis experiments with self-sharpening boundaries, 

the characteristic point R is taken to be the plateau con

centration m. The area tt is measured, the area 3 is defined 

as zero. Thus, when using Equation (20) for self-sharpening 

boundaries, the fourth term of Equation (20) drops out. It 

is obvious that one experiment for each point on the 

isotherm is necessary when using self-sharpening boundaries. 

Diffuse boundaries permit calculation of the isotherm up to 

the plateau concentration. 

Chemical Characterization of Surfaces 
and Adsorbates 

Kiselev and Yashin (32) have introduced a most 

useful qualitative scheme for classifying adsorbates and 

adsorbents by considering the nature of molecular interac

tions. A brief discussion of the scheme follows. 

There are two types of interactions considered: 

specific and non-specific. Non-specific interactions are 

universal and occur between all molecules. They are the 

vanderWaal's or dispersion forces. Specific interactions 

are stronger and are related to the details of electron 

density distribution at the periphery of the molecule. An 

interaction of such strong nature that a new species is 

formed is called chemisorption and is not considered in this 

scheme (32) since gas-solid chromatography is concerned with 
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high selectivity for the weaker interactions of physical 

adsorption. 

Adsorbates 

Group A adsorbates are the simplest molecules. They 

have a spherically symmetrical electron density distribution 

as in the inert gases or the saturated hydrocarbons. They 

can interact only non-specifically with other adsorbates and 

all surfaces. 

Group B adsorbates have electron density localized 

in peripheral bonds as in unsaturated and aromatic hydro

carbons. This group also includes molecules having 

peripheral atoms with non-bonding electron pairs, such as 

oxygen in water, alcohols, ketones, and esters, or nitrogen 

in ammonia or amines. Nitrogen, N2, is also of this group. 

Group B molecules can interact specifically with positive 

charges on surfaces or other molecules. They interact non-

specifically with other Group B molecules and with Group A 

molecules. 

Group C adsorbates have positive charges localized 

in individual bonds. The corresponding negative charges 

are not localized in neighboring peripheral bonds. Some 

organo-metallic compounds are in this group. Molecules of 

this group interact non-specifically with those of Group A 

and specifically with those of Group B. 
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Group D adsorbates are those which have adjacent 

bonds, one bearing positive charge and the other at the 

periphery bearing the corresponding negative charge. 

Examples are water and primary and secondary amines. Group 

D molecules interact specifically with those of Groups B, 

C, and D and non-specifically with those of Group A. It 

is evident that information gained about an adsorbent will 

be a function of the adsorbate used to examine it. 

Adsorbents 

Type I adsorbents are capable only of non-specific 

interactions with all adsorbates. Such a surface has no 

functional groups or exchangeable ions. Examples are 

graphitized thermal carbon black and saturated hydrocarbons 

such as polyethylene. 

Type II adsorbents are capable of specific inter

actions and have localized positive charges. These 

adsorbents interact non-specifically with Group A adsorbates 

and specifically with adsorbates of Groups B, C, and D. 

Surfaces bearing active OH groups, such as the silicas and 

the zeolites, are examples. 

Type III adsorbents have surfaces with localized 

negative charges. They can be prepared by depositing on a 

non-specific adsorbent layers of Group B molecules, such as 

polyethyleneglycol on graphitized thermal carbon black. 

This type of surface will interact non-specifically with 
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molecules of Group A and specifically with molecules of 

Groups B-D. It is evident that the interaction between a 

surface and an adsorbate is a function of not only the 

physical nature of the adsorbent but also the chemical 

nature of the material. 
> 

The adsorbents studied in this work were the Porasil 

Series of porous silica beads, A, Bf C, Df E, and F; the 

Porapak Series of porous polymer beads, Q, R, S, N, T, and 

P; and the Durapak Series of chemically modified silicas, 

n-Octane, Carbowax, and OPN (oxypropionitrile) , respectively. 

Porous Silica. One of the most widely used chro

matographic adsorbents is silica of varying surface area. 

The Porasil series of adsorbents are prepared by agglomera

tion of non-porous silica microspheres into porous grains. 

The grains are then treated with base to etch them and 

increase their porosity. The grains thus prepared have 

pores of complex shape, and these materials have been 

described by Guillemin and co-workers (28, 29). 

Silica is composed of a polymeric network of 

tetrahedral Si-0 groups. According to Snyder (97) the 

structure of various silica adsorbents may be described as 

composed of various proportions of five silanol groups: 

geminal, bound, reactive, free, and siloxane. The geminal 

group is the most active, the siloxane is the least active. 
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geminal bound reactive Free Siloxane 

Fully hydrated silica surfaces are relatively 

unreactive as adsorbed water covers the majority of active 

sites. Fully dehydrated silica is also relatively unreac

tive since most of the more active sites have been con

verted to siloxane groups by the dehydration. Silica 

adsorbents that have most of the available sites between 

these extremes are more reactive. These materials are 

adsorbents of Kiselev's Type II and are capable of specific 

interactions with unsaturated and aromatic hydrocarbons. 

They react non-specifically with saturated hydrocarbons. 

Porous Polymers. Chromatographic adsorbents composed 

of porous polymers of various compositions are marketed 

under the trade names of Porapak (98) and Chromosorb Century 

Series (31). They are of varying surface areas (99) and • 

polarity (100). They are made of varying proportions of 

styrene/ethylvinylbenzene/divinyl benzene/and other 

compounds. They are expected to behave in a complex manner 

toward adsorbates. They are, however, expected to interact 

specifically with unsaturated and aromatic hydrocarbons, 

owing to the presence of aromatic nuclei in the polymer. 



47 

They should interact non-specifically with saturated 

hydrocarbons. 

Chemically Modified Silica. The Durapak series of 

chemically modified chromatographic adsorbents are prepared 

(37) by bonding, via esterification of surface hydroxyls, 

various organic moieties to Porasil C. Their chromatographic 

behavior is expected to be different from that of pure 

silica, owing to the presence of the organic molecules 

which should modify not only the physical nature of the 

silica but the chemical nature of the modified surface as 

well. 

From the foregoing discussion of the physical nature 

of adsorbents and the chemical nature of the interactions 

in adsorbate-adsorbent systems, it is evident that informa

tion about both phenomena is necessary to characterize even 

qualitatively chromatographic behavior in gas-solid systems. 

Furthermore, in chemically modified adsorbents the presence 

of the organic modifier may alter the porosity of the 

adsorbent, the nature of the interaction of the solid with 

the adsorbate, or both. Thus, information about the 

physical nature of the adsorbent in terms of the surface 

area available to a given adsorbent and about the chemical 

nature of the adsorbate-adsorbent interactions in terms of 

thermodynamic parameters is needed for a better understand

ing of the chromatographic properties of these materials. 
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The chromatographic measurement of the surface areas was 

performed chiefly for the reasons mentioned earlier in this 

chapter. It has been seen that chromatographic measurements 

made under the proper conditions give results comparable to 

those made by static methods. It was desired, therefore, to 

make all measurements in this research chromatographically. 

The advantages of such chromatographic measurements will be 

discussed in more detail in later chapters. 

Computer Applications 

The recent availability of small laboratory com

puters has enabled one to perform new kinds of experiments 

and one to perform older types of experiments. The applica

tion of small computers to chemical experimentation has been 

reviewed recently by Perone (101). Computers may be used 

for simple data acquisition and processing, thereby taking 

advantage of the rapidity and accuracy of computer opera

tions. Computers may also be used in a more sophisticated 

manner for control during the course of an experiment, 

thereby enabling the experimenter to interact with an 

experiment. 

Burke and Thurman (102), Burke and Ackerman (91), 

and Thurman (103) have described the application of small 

computers to real-time control and data acquisition in gas 

chromatographic experimentation. Dollimore, Heal, and 

Martin (104) have described the acquisition of data from 



elution GSC experiments and subsequent calculation of 

adsorption isotherms by the peak profile method. The 

application of small computers to frontal analysis experi 

ments is particularly useful and will be described in 

subsequent chapters. 



CHAPTER II 

EXPERIMENTAL 

This chapter will describe the experimental work 

which is the basis of this dissertation. It will cover in 

some detail both the development of a frontal analysis 

chromatograph and the application of small dedicated 

computers to chemical experimentation. 

Frontal Analysis Experiments with Nitrogen 

The lack of commercially available frontal analysis 

chromatographs necessitated the development of such an 

instrument. The instrument must satisfy the following 

requirements: It must provide sharp solute input profiles. 

It must provide good control of flow rates. It must have 

minimum extra-column dead volume. It must provide for good 

temperature control of the column and detector ovens. 

Instrumental 

A block diagram of the instrument designed for this 

research appears in Figure 5. While a brief description has 

appeared elsewhere (91), a full description follows. 

A framework of boards and aluminum rods was 

constructed for mounting and holding the various components 

of the instrument. 

50 
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Figure 5. Frontal Analysis Chromatograph 
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The detector (Det) was a Carle Model 100 (Carle 

Instruments Co., Anaheim, Cal.) thermal conductivity micro-

detector with Standard Control Unit. The sensing elements 

were matched thermistors, mounted in a full-flow configura

tion. The detector oven was an electric heating mantle 

(Glas-Col Apparatus Co., Terre Haute, Ind.). The oven was 

maintained at 180°C with a Variac. 

While the detector was insensitive to flow rate 

differences between the cells, thermistor compensation was 

checked regularly. The bridge current was set at 30 mA, 

somewhat below the maximum sensitivity at the detector 

temperature. The detector output was set at minimum 

attenuation, XI, in order to obtain maximum signal output 

for the digital voltmeter (ca 400 mV). Calibration experi

ments with nitrogen fronts at different concentrations 

showed that the detector response was linear up to 45% 

nitrogen in the helium carrier. Only a slight departure 

from linearity was observed at 50% nitrogen. Nitrogen 

concentrations in all experiments were less than 45%. 

The carrier gas supplies (Ref and Spl) were Matheson 

Reactor Grade helium (Matheson Gas Products, East Rutherford, 

N. J.). The nitrogen supply (Ng) was Dyeox Dry nitrogen 

(Dye Oxygen Co., Tucson, Az.). All three gas tanks were 

regulated with Matheson two-stage regulators set to deliver 

75 psig from the second stage to ensure efficient operation 

of the Brooks Model 8744 (Brooks Instrument Division, 



Emerson Electric Co., Hatfield, Pa.) differential flow 

controllers (FC). Each gas line was made of precleaned 1/8 

inch o.d. copper tubing, and each line was connected to a 

filter (Nupro Co., Cleveland, Ohio) prior to entering its 

flow controller. 

It was necessary to dry the nitrogen gas supply. 

Nitrogen from the tank was passed upward through a 2.5 inch 

diameter, 1 foot long drying tube containing freshly acti-
o 

vated 4A molecular sieve (Linde Division, Union Carbide 

Corp., New York, N. Y.). The drying tube was maintained in 

a dry ice-acetone bath during experimentation. 

Flow rates used in the nitrogen sorption experiments 

were nominally 50 ml/min at room temperature. Flow rate 

control provided by the flow controllers was satisfactorily 

constant during an experiment. Long term variability was 

small. The response of the flow controllers to the large 

pressure changes caused by immersion of the column in 

liquid nitrogen was very rapid. Flow rates were measured 

during the course of each experiment with the column at 

liquid nitrogen temperature. 

The concentration of nitrogen in the sample stream 

was set by varying the settings on the sample helium and 

nitrogen flow controllers. The combined flow rate was 

maintained constant and equal to the flow rate of the 

reference helium line. The sample stream gases were mixed 
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at a 1/8 inch Swagelok (Crawford Fitting Co., Solon, Pa.) 

(§) 
Union Tee (T). Swagelok fittings were used for all gas 

line connections. A Whitney (Nupro Co.) one-way toggle 

valve (TV) was installed between the nitrogen flow con

troller and the Tee. 

Stream switching was effected with a Carle Micro Gas 

Sampling Valve (Catalog No. 2013) with Automatic Actuator. 

The valve (GSV) was operated by a solenoid-activated 

pneumatic piston and could be fired either manually or by 

computer command. Filtered nitrogen from a separate tank 

was used to operate the pneumatic piston. 

The valve and all extra-column tubing were placed 

in an oven fabricated from sheet aluminum and insulated with 

asbestos board. Electrical heating tape was wrapped around 

the valve and tubing. A Variac maintained the oven at about 

120°C. All extra-column tubing was 1/16 in o.d. stainless 

steel to minimize extra-column volume. 

In order to minimize further extra-column volume, 

columns were attached by means of specially-modified 1/16 

inch Swagelok Union Tees . Two pairs of these special Tees 

were made by sawing off one arm from each. One pair had the 

removed arm replaced with 1/8 inch stainless steel Swagelok 

male fittings; the other pair had the arm replaced with 1/4 

inch stainless steel male fittings. 

Pressure drop measurements were provided for by 

connecting one end of a length of 1/16 in o.d. stainless 
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steel tubing to the leg of the column inlet and outlet Tees. 

The other end of the tubing was connected to one-way toggle 

valves (TV), which were connected to mercury manometers (M). 

The length of tubing used had no measurable pressure drop. 

The large volume, and consequently slow pressure equilibra

tion, of the manometers necessitated their isolation during 

experiments by means of the toggle valves. 

Flow rates were measured with a soap bubble flow 

meter made from a 50 ml buret. Ambient temperature was 

recorded at the start of each experiment with a mercury 

thermometer for correction of the measured flow rate. The 

ambient pressure was measured with a precision mercury 

barometer and was corrected for thermal expansion of the 

brass scale. 

Chromatograms were recorded with a multirange 

potentiometric strip chart recorder (L & N Model H, Leeds & 

Northrup, Philadelphia, Pa.). The recorder (Rec) was 

operated on the 100 mV scale. A voltage divider (ca 6:1) 

was placed on the recorder inputs to attenuate further the 

detector output. 

Data Acquisition System 

A Hewlett-Packard (Hewlett-Packard, Palo Alto, Cal.) 

Model 2115A digital computer (Cpu) was used for data 

acquisition, for simple data processing, and for control of 

the experiments. The computer was equipped with an 8192 
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word core memory. Peripheral equipment used included a high 

speed paper tape reader (HP Model 2737A), a high speed paper 

tape punch (HP Model 2753), and a teletype (Model ASR-33, 

Teletype Corp., Skokie, 111.). 

Conversion of the analog detector signal to digital 

form was effected with a HP Model 2401C Integrating Digital 

Voltmeter (DVM) which was interfaced to the computer with a 

commercially-available interface kit (HP 12604A). The DVM 

was modified, by instruction from HP, to eliminate the 

built-in time delay which allows the use of the Nixie tube 

visual read out. This modification allowed a maximum data 

acquisition rate of about 60 points per second (1 point/ 

0.01645 sec), sufficiently rapid for chromatographic experi

ments. Two other data acquisition rates were available: 1 

and 10 points per second (1 point/1.00654 sec and 1 point/ 

0.10654 sec). The fastest rate was used for all experi

ments. The DVM was operated in autoranging mode to provide 

greater dynamic range for measurement of data. 

A 16-channel multiplexer (Mpx) was built around a 

Burr-Brown Model 4143/47 Multiplexer Module (Burr-Brown, 

Tucson, Az. ). The interfacing and control logic of the 

multiplexer was designed and built by Mr. Ted Parker of the 

Chemistry Department Electronics Shop. The multiplexer had 

8 digital channels for command of experimental apparatus and 

8 analog channels for data input from experimental apparatus. 

In these experiments one analog channel was used for input 
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of the detector signal, and one digital channel was used for 

control of the sampling valve. The analog output of the 

multiplexer was connected to the DVM for input to the 

computer. 

Since one analog input of each multiplexer channel 

was at ground, the detector, essentially a Wheatstone 

bridge circuit, could not be connected directly to the 

multiplexer. A circuit was designed and built by Mr. Ted 

Parker of the Chemistry Department Electronics Shop around 

a Burr-Brown Model 3264/14 Instrumentation Amplifier, gain 

of 1.0, to isolate the detector from ground. 

The sampling valve interfacing and control logic was 

designed and built in this laboratory by Mr. K. A. Mueller 

and Dr. R. G. Thurman. It has been fully described by 

Thurman (103). 

So ftware 

The software program IRE-7 (Isotherm Research & 

Eduction) for control, data acquisition, and data 

processing from the experiments was written in this labora

tory. Programming was done entirely in HP Assembly, a 

mnemonic machine language, since this language is the most 

efficient for on-line control and data acquisition. Figure 

6 is a simplified flow chart of program IRE-7. Appendix B 

is a listing of the program. 
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Figure 6. Flow Chart of Program IRE-7 
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The program provides the following capabilities for 

control and communication between the experimenter and 

experiment: the setting of initial parameters, taking and 

storing data at a rate set by the DVM, determination of the 

start of data acquisition by checking a preset threshold, 

accurate time scale set by the time base of the DVM, 

teletype output of the pertinent data, and optional punched 

tape output of the chromatographic data for more extensive 

off-line treatment. 

A 5 mV threshold was used to detect the start of 

acquisition of adsorption data. Either the taking of the 

required number of points or the same threshold signaled 

the end of acquisition of desorption data. All data were 

taken in double precision floating point form. The maximum 

number of points that could be taken was 500 (1000 computer 

words), owing to the program length and core memory limita

tions. 

Input to the program consisted of: an experiment 

title, the number of points to be taken, the number of 

points to be averaged in determining the reference and 

sample baselines and the plateau height, the number of DVM 

cycles to be skipped between data points for the adsorption 

part of the experiment, and the rate in seconds at which 

the DVM was set to take data. 

Owing to the 500 point limit on data storage, pro

vision was made to skip a specified number of DVM cycles 
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between data points. During the taking of adsorption data 

the number of points skipped was generally one since the 

fronts were sharp. The desorption fronts were diffuse, 

hence the number of points skipped varied from 4 to 60. The 

time thus skipped between points was accounted for in 

retention time and area calculations. Prior to the break

through of the adsorption front, the DVM cycles were counted 

and stored for retention time calculation. Areas were 

computed by an integration of the data by trapezoids using 

the DVM cycle rate as the trapezoid base. 

Teletype (Tty) output consisted of the data neces

sary for the calculation of points for the isotherms: 

retention times at half-heights of the adsorption and 

desorption fronts, baselines, plateau height, and the areas 

for each front. For calculation of isotherms from the 

detailed form (characteristic point method) of the chromato-

gram, the punched tape option could be used. Figure 7 is a 

reproduction of a typical teletype Input/Output for an 

experiment with nitrogen. More detail about the operation 

of the program is found in the procedure which follows. 

Procedure 

The necessary input parameters were entered via the 

teletype. The sampling valve was switched to the sample 

position by means of a special loop in the program. The 

starting mole fraction of nitrogen was set by adjusting the 
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flow controllers of the sample helium and nitrogen lines, 

keeping the combined flow rate as close as possible to that 

of the reference helium line. The nitrogen stream was then 

shut off by closing its toggle valve. 

After the last traces of nitrogen had been flushed 

from the system (evidenced by the return to baseline of the 

recorder trace), the 5 liter column dewar (VirTis, Gardiner, 

N. Y.) was filled with liquid nitrogen and placed around the 

column. The manometer toggle valves were opened. After 

pressure equilibration, the column inlet and outlet sample 

stream pressures were measured. The toggle valves were 

closed. The sample helium flow rate and the ambient 

temperature were measured. 

The sampling valve was then switched to reference 

position. The nitrogen and manometer toggle valves were 

opened. After pressure equilibration, the reference column 

inlet and outlet pressures were measured. The manometer 

toggle valves were closed; the reference stream flow rate 

was measured. 

The experiment was initiated by jumping out of the 

valve-switching loop by a command entered via the teletype. 

The recorder drive was started. A switch (on the computer 

switch register) was set to measure the reference baseline. 

The program then fired the valve and caused the DVM to begin 

cycling. The point of firing was marked electronically on 

the recorder trace. After the small pressure spike had 
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passed, a switch was set, and the sample baseline was 

measured. The program then took data from the DVM and 

compared them with the threshold. The program counted DVM 

cycles until the threshold was exceeded. Data acquisition 

then started and continued until the specified number of 

points had been taken. The end of data acquisition was 

signaled by a request printed on the teletype to measure the 

plateau height. A switch was set, and the plateau height 

was measured. 

The computer then performed the necessary calcula

tions as specified by the program. Data were corrected for 

the baseline. The half-height of the front was calculated. 

The number of the point nearest the half-height was found. 

The retention time of the front was thus the number of DVM 

cycles from the point of firing to the half-height multi

plied by the DVM cycle rate. 

After the plateau height was measured, the detector 

output was shorted. The combined sample flow rate was 

measured. The manometer toggle valves were opened. While 

pressure equilibration was occurring, the barometric pres

sure was measured. The sample stream column inlet and 

outlet pressures were measured. The manometer toggle valves 

were closed. The detector was returned to measure. 

When the teletype printed a request to punch the 

adsorption data, a number representing a yes/no decision was 

typed. The computer then printed a request to take 



desorption data. If the decision was yes, the number of 

DVM cycles to be skipped between points was entered via the 

teletype. The acquisition of desorption data was initiated 

by setting a switch which caused the valve to be fired. 

The recorder drive was started simultaneously with the 

setting of the switch. The nitrogen toggle valve was then 

closed. Data were taken until either the threshold was 

tripped or the requisite number of points had been taken. 

The end of the experiment was signaled by a teletype message. 

The program then performed the necessary calculations and 

proceeded to the output section. 

The output section consisted of two parts: adsorp

tion and desorption data. The adsorption data were typed 

first. If desorption data had been taken, the appropriate 

command to print them was entered via the teletype. A 

request to punch the desorption data was typed, and the 

appropriate answer was entered. A final request to do 

another experiment was printed. 

The liquid nitrogen dewar was removed from the 

column. After the column had warmed to ambient tempera

ture, the valve was switched to sample position. The flow 

rate of sample helium was reduced appropriately. Then the 

nitrogen toggle valve was opened, and the nitrogen flow 

controller was adjusted to give the next higher nitrogen 

concentration. 
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The liquid nitrogen dewar was replenished. The 

appropriate starting parameters were entered via the 

teletype, and the next experiment was begun. 

Adsorbents 

The adsorbents examined by the nitrogen adsorption 

experiments were the Porasil series of porous silicas, A, 

B, C, D, Ef and F; the Porapak series of porous polymers, 

Q, R, S, N, T and P; and the Durapak series of chemically 

modified Porasil C, Durapak-n-Octane, Durapak-Carbowax, and 

Durapak-OPN. Two different batches of Porasil C and F were 

examined. Table 1 lists the column packings, batch numbers, 

mesh ranges, lengths, weights, and diameters. Column lengths 

were chosen to provide small pressure drops. All columns 

were made from stainless steel tubing and were conditioned 

at 100°C for 24 hours in helium at about 20 ml/min. 

The columns were packed in the following manner 

after preliminary experiments indicated the appropriate 

lengths. A glass weighing bottle was filled with the 

adsorbent to packed and was then weighed on an analytical 

balance. One end of the appropriate length and pre-cleaned 

column was stopped with glass wool. Adsorbent was drawn 

from the weighing bottle by light suction applied at the 

stoppered end of the column. Gentle tapping was applied to 

the column during the packing procedure. After the column 

was filled, the open end was stopped with a glass wool plug. 
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Table 1. Columns Used for Nitrogen Frontal Analysis 
Experiments 

Column Batch Mesh Length Weight Diameter 
Packing Number Range cm gm in o.d. 

Porasil A 117 80/100 14.9 0.25563 1/8 
Porasil B 189 80/100 25.3 0.41737 1/8 
Porasil C 141 80/100 38.7 0.78950 1/8 
Porasil c 175 80/100 14.9 0.94101 1/4 
Porasil D 125 80/100 38.6 0.71870 1/8 
Porasil F 137 80/100 78.2 1.79897 1/8 
Porasil F 162 80/100 20.1 1.74081 1/4 

Porapak Q 50/80 15.1 0.14889 1/8 
Po rapak R 859 50/80 15.1 0.17564 1/8 
Porapak S 613 50/80 15.1 0.21795 1/8 
Porapak N 500 50/80 15.0 0.22928 1/8 
Porapak T 990 50/80 14.95 0.26935 1/8 
Porapak P 488 50/80 50.05 1.12046 1/8 
Porapak P 488 50/80 15.1 1.25443 1/4 

Durapak-
1/8 n-Octane 10 120/150 50.0 1.04230 1/8 

n-Octane 10 120/150 15.8 1.19674 1/4 
Carbowax 13 100/120 50.1 1.07600 1/8 
Carbowax 13 100/120 15.0 1.16512 1/4 
OPN 3 80/100 50.0 1.06408 1/8 
OPN 3 80/100 15.1 1.18192 1/4 
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The weighing bottle and column were weighed. The column was 

conditioned and reweighed. The weight of adsorbent in the 

column was taken as the weight of adsorbent packed (weight 

taken from the weighing bottle) less the weight loss of the 

column (weights before and after conditioning). 

Frontal Analysis Experiments with 
Organic Adsorbates 

The chromatograph used in the frontal analysis 

experiments with organic sorbates was basically the same as 

that used for the nitrogen experiments. The necessary 

modifications of the instrument are described below. 

Instrumental 

An injection port made from a modified 1/8 inch 

Swagelok Union Tee was inserted into the reference line 

just before the sampling valve. This was done in order to 

allow injection of small nitrogen samples to determine 

experimentally the gas hold-up volume of the columns. 

A pair of gas-dispersion tubes, 7 cm long and 1.4 cm 

in diameter, were connected in series to saturate the helium 

stream with organic vapor. The outlet of the saturator was 

loosely packed with glass wool to trap any aerosol. 

The saturator oven was a second 5 liter stainless 

steel dewar. The partial pressure of the sorbate was 

determined by the temperature of the saturator bath. 

Appropriate temperatures were calculated prior to 
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experimentation by use of the Clausius-Clapeyron equation. 

Both the column and saturator baths were filled with Ucon 

oil. 

Heating of the baths was accomplished with light 

bulbs (100 watt) driven by proportional temperature con

trollers built in this laboratory. The controllers were 

designed by Dr. Charles Coston of the Chemistry Department 

Electronics Shop. The controllers were built around 

Fairchild Trigac devices (Fairchild Semiconductor, 

Mountain View, Cal., Catalog No. U6E774239). Glass-

encapsulated thermistors (Fenwal Electronics Inc., 

Framingham, Mass.) of 2 Kohm nominal resistance were the 

sensing elements. Stirring of the baths was accomplished 

with variable speed electric motors (Bodine Model 101, 

Talboys Instrument Corp., Emerson, N. J.). 

The bath temperatures were measured with Burr-Brown 

Model 8109/15 Temperature Readout Modules. The sensing 

elements were stabistors (Texas Instruments, Dallas, Texas). 

The temperature readout modules and appropriate external 

components were wired onto circuit boards. The power 

supplies, +_ 15 VDC, were Analog Devices Model 902 (Analog 

Devices, Norwood, Mass.). The output signals of the modules 

were introduced to the computer via the multiplexer. 

The temperature readout modules utilize the 

temperature coefficient of the zener potential of the 

stabistors for temperature measurement. They have an 
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output linear over a 10 volt range. The low and high 

temperature ends of this range may be set with variable 

trimmer potentiometers to, for example, 0°C and 100°C. One 

module used in these experiments was calibrated by adjusting 

the zeroing trimmer pot to give about 0.0 volts when the 

probe was immersed in a stirred ice-water bath and by 

adjusting the gain trimmer pot to give about 10.0 volts when 

the probe was immersed in a stirred boiling water bath. 

The other module was calibrated to give about -3.2 volts in 

the ice-water bath and about 6.8 volts in the boiling water 

bath. The temperatures of the baths were measured with a 

mercury thermometer calibrated by the National Bureau of 

Standards. The appropriate thermometer calibration and 

emergent stem corrections were applied to the thermometer 

reading. The slope and intercept of each calibration curve 

were calculated and used subsequently to compute the bath 

temperatures from measured output voltages. 

Temperature resolution using the HP 2401C digital 

voltmeter was + 0.001°C 1 HV). The temperatures of the 

two baths were measured at the start and end of each experi

ment, about 20 minutes apart. The standard deviation of the 

temperature of a given bath over a set of 7-9 experiments 

was as low as 0.007°C, reflecting well on the stability of 

both the temperature controllers and the temperature readout 

modules. 
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Since the presence of the hydrocarbon sorbates in 

the sample stream precluded measurement of the sample stream 

flow rate at the column outlet with the soap bubble flow 

meter, a manually-operated Varian (Varian Aerograph, Walnut 

Creek, Cal.) gas sampling valve was placed between the 

sample helium flow controller and the saturator. Thus, the 

sample helium stream could be routed through the saturator 

or directed to the atmosphere for flow rate measurement. 

Data Acquisition System 

The computer hardware was the same as that used for 

the nitrogen frontal analysis experiments. An additional 

two multiplexer channels were used for the temperature 

readout modules. 

So ftware 

The software program written for these experiments 

was essentially the same as the program written for the 

nitrogen frontal analysis experiments. Additions (shown 

as an Edit File to Program IRE-7 at the end of Appendix B) 

were made to facilitate measurement of the output voltages 

of the temperature readout modules and to print them on 

the teletype. 

Procedure 

i 

Prior to experimentation, the temperatures necessary 

to produce the desired partial pressures of the respective 
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sorbates were calculated using the Clausius-Clapeyron 

Equation. Also, the temperature of the column bath was 

set as closely as possible to the corrected boiling point of 

the adsorbate to be used. Owing to the nonlinear response 

of the thermistor temperature sensors, approximate calibra

tion curves for the temperature controllers were made. 

An experiment was started by entering via the 

teletype the necessary input information. The sampling 

valve was switched to the reference position. The 

manometer toggle valves were opened. The manual sampling 

valve was set to divert the sample helium stream to the 

atmosphere. The sample helium flow rate was measured. 

Ambient temperature was measured. The manual valve was 

set to pass the sample helium through the saturator. The 

reference stream inlet and outlet pressures were measured. 

The manometer valves were closed. The reference flow rate 

was measured. Flow rates of about 20 ml/min were used. 

Three injections of nitrogen from a stoppered flask 

were made to measure experimentally the volume of the column 

and instrument (V + ). The points of injection were 

marked electronically on the recorder trace. Retention 

times were measured by hand with the 60 div/inch scale of 

an architect's rule. 

Data acquisition was started by jumping out of the 

valve-switching loop by a command entered via the teletype. 

The reference baseline was measured by setting a switch. 



72 

Setting another switch caused the voltages of the tempera

ture readout modules to be'measured. The sampling valve was 

fired, and the program started the DVM cycling. After 

passage of the pressure spike, a switch was set to measure 

the sample baseline. Incoming data were then checked with 

the threshold to detect the start of adsorption data 

acquisition. 

The remainder of the experimental procedure was 

identical to that described for the nitrogen frontal 

analysis experiments. After the acquisition of desorption 

data started, the manual sampling valve was set to divert 

the sample helium stream to the atmosphere. At the end of 

desorption data acquisition, a switch was set to measure 

again the voltages of the temperature readout modules. 

Figure 8 is a reproduction of a typical teletype Input/ 

Output. 

To begin another experiment, the temperature of the 

saturator bath was raised to give the next higher partial 

pressure of sorbate. When the final temperature in a series 

of experiments (a given adsorbate on a given column) was 

finished, the column was changed. The saturator level was 

checked at the end of each series of temperatures to ensure 

adequate saturation. 
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I RE- 6s 2-15-73 
COL # COND? POR F C-HEXENE RUN 1 2-20-73 
TYPE IN # PTS (500 MAX)! 500 
# PTS FOR AVERAGED QTYS (200 MAX)! 

1 6 54 E- 01 
50 

1 TO START! 1 

NO? TYPE 1. 
PRESS RUN. 
15 

CTEM! 
STEM! 
+00019 
+.120500E+04 

TYPE IN DVM RATE *E* S  

ADS INTERVAL IN CNTS? 
TYPE 0 TO FIRE VALVE* 
SW 0 UP TO MEAS BASE! 
SW 0 UP TO MEAS CTEM! 
SW 0 UP TO MEAS STEM! 
AFTER PRESS SPIKE* SW 3 UP TO MEAS SPL BASE! 
SW 2 UP TO MEAS PKHT! 
PUNCH ADS DATA? TYPE 0. 
ADS ONLY? YES* SW 5 UP! 
DES INTERVAL IN CNTS? 
SW 13 UP FOR DES DATA! 
DATA TAKEN! 
SW 0 UP TO MEAS 
SW 0 UP TO MEAS 
# OF ADS MDPT: 
RETENTION CNT: 
MIDPOINT: +.598000E+05 
TTL ADS AREA*MV-SEC: + « 
•.TR (SEC) OF ADS FRONT: 
•ADS AREA* MV-SEC: 
•INT ADS AREA* MV-SEC* 
ADS ONLY? YES* SW 5 UP! 
# PTS TAKEN: +00136 
# DES MDPT: +00064 
TTL TIME OF DES FRONT: 
MIDPOINT: +.608000E+05 
TTL DES AREA: MV-SEC: +.434634E+04 
•TR (SEC) OF DES FRONT: +.166889E+02 
•DES AREA* MV-SEC: +.222520E+04 
•INT DES AREA* MV-SEC: +.212114E+04 
PUNCH DES DATA? SW 7 UP! 

AVERAGE 
SPL BASE: +.209000E+05 
REF BASE: +.211000E+05 
COLM EMF: +.489001E+07 
SATR EMF: +.218736E+07 
WAVE HGT: +. 119600E+06 
COLM EMF: +.489001E+07 
SATR EMF: +.219316E+07 
RUN OVER! DO ANOTHER FOR 

i633217E+04 
+.211216E+02 
+ . 257680E+04 
+ » 37 5536E+04 

PRESS RUN. 

+.357429E+02 

STD DEV 

+ .000000 E+ 0 0 
+.707107E+01 
+.776182E+03 
+.000000E+00 
+ . 707 107 E+01 
+.548104E+03 
THE GIPPER! 

Figure 8. Typical Organic Frontal Analysis Teletype Input/ 
Output 
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Adsorbents 

The adsorbents examined by the organic frontal 

analysis experiments were the Porasils A, C, and F, and the 

Durapaks, n-Octane, Carbowax, and OPN. The respective 

adsorbents were packed into 1/4 inch o.d. precleaned 

stainless steel tubing by the method described earlier. 

Column lengths were chosen to provide low pressure drops. 

Each column was conditioned at 100°C for 24 hours in helium 

at 20 ml/min. Table 2 lists the column packings, batch 

numbers, mesh ranges, lengths, and weights. 

Table 2. Columns Used for Organic Frontal Analysis 
Experiments 

Column Batch Mesh Length Weight 
Packing Number Range cm gm 

Porasil A 117 80/100 5.1 0.27447 
Porasil C 175 80/100 14.9 0.94101 
Porasil F 162 80/100 20.1 1.74081 

Durapak-
n-Octane 10 120/150 15.8 1.19674 
Carbowax 13 100/120 15.0 1.16512 
OPN 3 80/100 15.1 1.18192 

Adsorbates 

The organic adsorbates used to examine the adsorbent 

columns described above were: n-hexane, n-heptane, cyclo-

hexane, cyclohexene, 1-hexene, and benzene. Each compound 
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was of the highest purity stocked. Quart-size clear glass 

bottles were cleaned, dried, and then filled with the 

respective adsorbates. A small amount (ca 2 grams) of 

calcium hydride was added to each bottle to reduce water 

content. Each bottle was shaken occasionally until bubbles 

(Hg) ceased to be evolved. Each bottle was then tightly 

stoppered with caps lined with aluminum foil." Samples used 

in the organic frontal analysis experiments were taken from 

these stock bottles. 

Thermodynamic Studies 

Instrumental 

The instrument used in the thermodynamic studies was 

a Varian Aerograph Series 1700 gas chromatograph. It was 

equipped with dual flame ionization detectors. The 

chromatograms were recorded on a Varian Aerograph Model 20 

variable speed strip chart recorder. 

The detector oven was maintained at 180°C. The 

injection port was maintained at 125°C. Since 1/8 in o.d. 

columns were used in these experiments, the injection port 

was modified to reduce instrumental dead volume. A 6 inch 

length of 1/8 in o.d. stainless steel tubing was fabricated 

into an insert for the 1/4 inch normal injection port. 

Since certain of the columns used were too short to reach 

from the injection port to the detector inlet, a length of 
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1/16 in o.d. stainless steel tubing was fitted to make up 

the distance with minimum extra-column dead volume. 

Between the injection port and the column, a 1/8 

inch Swagelok Union Tee was placed to provide connection to 

a manometer for measuring the column inlet pressure. A one

way toggle valve was placed between the manometer and the 

Tee to isolate during experiments the large volume of the 

manometer. 

Injection port septa were standard gray silicone 

rubber septa purchased from Varian. They were washed prior 

to being conditioned overnight in the chromatograph at 

135°C. 

The carrier gas was Matheson Reactor Grade helium. 

It was dried by passage through a drying tube which was 

o 
filled with freshly activated 4A molecular sieves and kept 

in a dry ice-acetone bath during experiments. The compressed 

air and hydrogen for the detector were from Dye Oxygen Co. 

Each gas line was fitted with a filter prior to entering the 

chromatograph. 

The column oven temperature was measured with a 

Burr-Brown temperature readout module. The output voltage 

of the module was read from a Keithley Model 160 Digital 

Multimeter (Keithley Instruments, Inc., Cleveland, Ohio). 

Temperature resolution of this instrument was 4^ 0.1°C. 
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Adsorbates and Sampling 

The organic adsorbates used in these experiments 

were the same as used in the organic frontal analysis 

experiments. They were taken from the stock sample bottles 

described earlier. Samples for injection were made up in 

250 ml volumetric flasks stoppered with rubber serum bottle 

caps. The flasks, one for each adsorbate, were cleaned and 

dried prior to use. 

A 50 HI gas-tight Hamilton Model 1701N syringe 

(Hamilton Co., Reno, Nev.) was used for measuring the 

samples into the flasks. It was also used for injection of 

the samples into the chromatograph. 

Before the introduction of an adsorbate, a flask was 

flushed with helium. A teflon-coated stirring bar was 

inserted, and the flask was then stoppered. Samples of the 

saturated adsorbates (hexane, heptane, and cyclohexane) 

were 5.0 HI of the liquid hydrocarbon injected into separate 

flasks. Each microliter of sample withdrawn from these 

—8 
flasks represented about 10" grams. Samples of the 

unsaturated adsorbates (1-hexene, cyclohexene, and benzene) 

were 25 HI of head gas injected into separate flasks. Each 

microliter of sample withdrawn from these flasks represented 

about 10""^® grams. Samples injected into the chromatograph 

were all 5.0 HI. Samples were prepared daily in this way. 

At the end of the day, used sample flasks were uncapped and 

put into a 110°C oven overnight. 
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In order to measure experimentally the volume of the 

column occupied by the gas phase, V the technique 

described by Peterson and Hirsch (105) was used. Three 

50 ml volumetric flasks were cleaned and dried. They were 

(D 
then filled with Matheson Instrumental grade methane, 

ethane, and propane, respectively. They were then 

stoppered. Appropriately sized samples (20-50 HI) were 

withdrawn and injected into the prepared sample flasks. 

Extrapolation of the retention times of these three light 

hydrocarbons gives V . Chapter III describes this tech

nique more completely. 

Each sample flask contained the adsorbate, methane, 

ethane, and propane. After being filled, a sample flask was 

placed on a magnetic stirrer for 5 min to hasten even dis

tribution of the sample. Sample volumes injected were 5.0 

HI. Preliminary experiments indicated that the sample sizes 

used were on the linear portion of the isotherm of the 

respective adsorbents. 

Procedure 

Samples were prepared daily as described. The 

desired column was connected to the column inlet. The 

manometer toggle valve was opened. After pressure 

equilibration, the column inlet pressure was measured. 

The manometer toggle valve was closed. The carrier gas 

flow rate was measured. Barometric pressure and ambient 



79 

temperature were measured. The column outlet was connected 

to the detector inlet and the manometer toggle valve was 

opened. The first temperature was set and the chromato

graphic oven was turned on. 

After equilibration of pressure and oven tempera

ture, the barometric pressure was measured. The voltage of 

the temperature read out module was recorded, and the column 

inlet pressure was measured. The manometer toggle valve was 

closed. Three successive 5.0 HI injections of sample were 

made. The points of injection were marked electronically 

on the recorder trace. 

The same procedure was followed for the next experi

ment at a higher temperature. Experiments were performed at 

temperatures of 65, 70, 75, 80, 85, and 90°C. For n-heptane 

additional experiments were performed at 95, 100, and 105°C. 

The retention distances of the adsorbate and light hydro

carbon peaks were measured with the 60 div/inch scale of an 

architect's triangular rule. 

Adsorbents 

At the very small sample sizes used in these experi

ments, column conditioning was of critical importance if 

reproducibility of retention volumes was to be achieved. 

During preliminary experiments under isothermal conditions, 

columns conditioned for 24 hours at 100°C were found to give 

increasing retention times. This was caused by loss of 
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adsorbed water; the activity of the adsorbent was therefore 

increased. Had the samples contained troublesome amounts of 

water, the retention times would have decreased. 

One column was then conditioned overnight at 200°C 

in helium at 20 ml/min. During an isothermal experiment, 

successive injections of sample had decreasing retention 

times, indicating that the sample contained sufficient water 

to compete effectively with the sample for the surface. 

Further experiments, confirmed by Gilpin (106), 

showed that the optimum conditioning was achieved by over

night purging at 150°C in helium at about 20 ml/min. After 

this conditioning, the columns were stored in a desiccator 

over Drierite®. 

Table 3 shows the column packings, batch numbers, 

mesh ranges, lengths, and weights of the columns used in 

these experiments. All columns were made from 1/8 in o.d. 

stainless steel. Table 4 is a list of the adsorbates used 

to examine each column. 

Calculations 

Calculations involving all of the data taken in the 

course of this research were performed on a computer system 

obtained on an Office of Naval Research Grant (N-0014-67-A-

0209-0014) to Professors Michael F. Burke and George S. 

Wilson. 
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Table 3. Columns Used for Thermodynamic Experiments 

Column Batch Mesh Length Weight 
Packing Number Range cm m 

Porasil A 117 80/100 5.0 0.07658 
Porasil C. 141 80/100 38.7 0.78950 
Porasil C 141 80/100 14.95 0.25824 
Porasil C 175 80/100 38.7 0.64488 
Porasil C 175 80/100 15.0 0.25394 
Porasil C 175 80/100 7.0 0.07989 
Porasil F 137 80/100 78.2 1.79897 
Porasil F 162 80/100 75.1 1.81622 

Durapak-
n-Octane 10 120/150 50.0 1.04230 
Carbowax 13 100/120 50.1 1.07600 
OPN 3 80/100 50.0 1.06408 



Table 4. Adsorbates Used for Thermodynamic Experiments 

Sorbate 

Column Batch Length Hexane Cyclohexane Heptane Benzene 1-Hexene Cyclohexene 

Porasil 
Porasil 
Porasil 
Porasil 
Porasil 
Porasil 
Porasil 
Durapak*-
n-Octane 
Carbowax 
OPN 

117 
141 
141 
175 
175 
137 
162 

10 
13 

3 

5.0 
38.7 
14.95 
38.7 
15.0 
78.2 
75.1 

50.0 
50.1 
50,0 

X 
X 

X 
X 

X 
X 
X 

X 
X 

X 

X 
X 

X 
X 
X 

X 
X 

X 

X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 

X 
X 
X 

X 
X 

X 
X 
X 
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The computer system consisted of a HP 2100A digital 

computer with a 16,392 word core memory and disc memory and 

drive (HP 7900A). Peripheral equipment used included a line 

printer (HP 2767A), a high speed paper tape reader (HP 

2748A), a high speed paper tape punch (HP 2895A), and a 

teletype (ASR-33). A Tektronix Model 4002A Graphic Computer 

Terminal (Tektronix Inc., Beaverton, Ore.) was used inter

actively, as will be shown later, with the computer for the 

calculation of surface areas and thermodynamic quantities. 

Programs were written in HP FORTRAN IV for the 

following types of calculations: nitrogen adsorption iso

therms, nitrogen surface areas, organic adsorption isotherms, 

organic surface areas, and thermodynamic quantities. Experi

mental data for the nitrogen and organic adsorption isotherm 

programs were input on paper tape. Output from these pro

grams consisted of line printer printout of appropriate 

\ 

values and paper tapes containing points for the surface 

area programs. The surface area programs calculated the 

BET isotherms from the input adsorption isotherms. Both 

types of isotherms were automatically scaled and displayed 

on the Graphic Terminal at the operator's command. The BET 

plots were displayed with the least-squares lines through 

the points. By elimination of appropriate points at the 

operator's command, the linear portions of the BET plots 

were found. The surface.areas and other appropriate values 

were printed on the line printer. 
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Experimental data for the thermodynamic calculations 

were entered on paper tape. Thermodynamic quantities are 

T o 
derived in part from plots of lnVs versus 1/T K. The 

program calculated these quantities from the input data and 

displayed the automatically scaled values on the Graphic 

Terminal. The temperature range for the calculation of AH 

and As were input via the Graphic Terminal. Outlying data 

points could be eliminated by operator's command. Output 

from this program was on the line printer. 



CHAPTER III 

RESULTS AND DISCUSSION 

This chapter will describe and discuss the results 

of the experiments performed in the course of this research. 

The frontal analysis chromatograph and the digital data 

acquisition system will be evaluated. The surface area and 

thermodynamic measurements will be presented and discussed. 

The application of these measurements to the evaluation of 

the physical and chemical characteristics of the adsorbents 

studied will be described. 

Instrument Evaluation 

Certain requirements of the frontal analysis 

chromatograph were presented in Chapter II: accurate and 

precise control of flow rate, sharp solute input profiles, 

accurate and precise retention time and area measurements, 

good control and measurement of temperature, and provision 

for pressure drop measurements. 

The flow controllers used, Brooks Model 8744 dif

ferential flow controllers, provided very good control of 

the flow rates and performed within their stated precision 

of _+ 0.3%. Their response to the large pressure reduction 

caused by immersion of the column in the liquid nitrogen 

bath was rapid. Generally, within a minute, the pressure 

85 
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drop change was equilibrated and the flow rate re

established. 

In the derivation of the retention equation for 

finite concentration gas chromatography given in Chapter 

II, Conder and Purnell used thermal conductivity detectors 

at both the column inlet and outlet to compensate for the 

fact that their stream switching valve did not provide 

adequately sharp solute input profiles. The Carle valve 

used in the frontal analysis experiments was of sufficiently 

small volume and was switched sufficiently rapidly that the 

solute input profiles were adequately sharp. The sharpness 

was verified by passing a nitrogen front through an empty 

column of the same length as the usual adsorbent columns 

used. Thus, the volume of the empty column was at least 

couble the volume of any packed column. Measurements made 

on the chromatogram showed that the profile was adequately 

sharp, in that there was no appreciable time lag between 

the tops and bottoms of the fronts so passed. That is, the 

instrument itself caused no appreciable band broadening. 

A series of preliminary experiments indicated that 

both retention times and area measurements were adequately 

accurate and precise. Retention times were reproducible to 

within + 0.5%; and areas were reproducible to within 

+ 0.2%. Programs were written to evaluate the method of 

integration used to measure areas experimentally. In 

preliminary experiments on both self-sharpening and diffuse 
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frontal boundaries, sets of 2000 data points each were 

taken. Integration of the areas under the chromatograms 

was done by rectangles (upper and lower bounds) and by 

trapezoids. The number of points used for the integration 

could be varied from every point, every second point, up to 

every twentieth point. On self-sharpening boundaries, it 

was found that the three methods of integration gave areas 

which agreed within 1% until the integration was done with 

every eighth point. For experiments on diffuse boundaries, 

no measurable differences in the integrations occurred up 

to the use of the twentieth point. Thus, the data were 

taken sufficiently rapidly that the integration of the areas 

under the chromatograms were adequately representative of 

the true area, and the results were not limited by the 

measurement technique. The diagram below depicts the three 

types of integrations tested. 

upper rectangular 
bound 

lower rectangular 
bound 

trapezoidal 
bound 

The temperature control and measurement system used 

for the organic frontal analysis experiments provided 

temperatures stable to within + 0.1°C over the course of 
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7-9 experiments. The temperature read out modules were 

calibrated with mercury thermometers calibrated by the 

National Bureau of Standards. Appropriate thermometer and 

emergent stem corrections were made. The calibration of the 

temperature read out modules was checked at the conclusion 

of the organic frontal analysis experiments and no change 

was noted. 

The pressure drop across the columns was measured 

with mercury U-tube manometers connected to the special 

column inlet and outlet fittings described in Chapter II. 

The scales were ordinary wooden laboratory meter sticks. 

Pressure drop correction factors were calculated in the 

programs. 

Nitrogen Frontal Analysis Experiments 

This section will present the results of the nitrogen 

frontal analysis experiments. The adsorption isotherms are 

presented and discussed. The nitrogen surface areas calcu

lated from the isotherms are discussed and compared, when 

possible, to values in the literature. 

Isotherms 

Appendix C presents the nitrogen adsorption isotherms 

measured in these experiments. The isotherms are plots of 

the volume of nitrogen adsorbed (STP ml/gram) as the 

ordinate versus relative pressure as the abscissa. It will 

be recalled that the data were taken in the range 
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0.1 < p/pQ < 0.4. Thus the isotherms are not complete since 

they were measured for the purpose of calculating surface 

areas. In each experiment seven points were measured. 

Several of the isotherms have fewer than seven points plotted 

because badly scattered points were not included. The plots 

were made using a HP 7200A digital plotter. The data were 

scaled by a program written in HP FORTRAN IV which was run 

on the HP 2100A computer system described in Chapter II. 

The plots are scaled to ordinary 20 lines/inch graph paper. 

The isotherms measured all showed hysteresis. This 

was expected since the adsorbents are all appreciably 

mesoporous in structure and since the measurements were made 

in the concentration region where hysteresis loops would 

normally be found (see Figure 1). The desorption branches 

of the isotherms lay above the adsorption branches, indi

cating (107) that the adsorption branches were the 

equilibrium (thermodynamic) branches. Therefore, only the 

adsorption branches are presented. From the complete 

isotherm, the specific pore volume, the pore size distribu

tion, and the average pore diameter can be calculated. How

ever, it is difficult in chromatographic systems to measure 

concentrations much over about 40% mole fraction of solute 

owing to detector nonlinearity. Since the purpose of this 

work was to measure and investigate the role of surface 

area, the other parameters used to characterize adsorbents 

physically were not computed. 
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Porapaks. The isotherms of the Porapak adsorbents, 

Q, R, S, N, T, and P, are Figures C.1-C.4. The isotherms 

indicate that these materials are predominately mesoporous 

in nature. The isotherm of the highest surface area a 

adsorbent, Porapak R, does not indicate predominately 

microporous structure. The isotherms in Figures C.1-C.4 

Were measured on 1/8 inch columns (Table 1). The isotherm 

of Porapak P in Figure C.12 was measured on a 1/4 inch 

column. The near superimposability of the two isotherms on 

Porapak P indicate the relative precision that can be 

achieved when the experimental requirements for Equation 

(20) are met. 

Porasils. The isotherms of the Porasil adsorbents, 

A, B, C, D, E, and F, are shown in Figures C.5-C.12. The 

isotherms indicate that these materials are also pre

dominately mesoporous in nature. The isotherms of Porasil 

C, Batch 175, Figure C.6, and of Porasil F, Batch 162, 

Figure C.8, were measured on 1/4 inch columns. 

Durapaks. The isotherms measured on the Durapak 

adsorbents, D-Octane, D-Carbowax, and D-OPN, are Figures 

C.9-C.12. The plots indicate predominately mesoporous 

structure. The isotherms of Figures C.9 and C.10 were 

measured on 1.8 inch columns. The experimental pressure 

drop limit of about 5% was greatly exceeded on each column. 

The surface areas calculated from these isotherms were not 
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considered reliable and will not be presented. The iso

therms of Figures C.ll and C.12 were measured on 1/4 inch 

columns which did not exceed the pressure drop limit. The 

surface areas of the Durapaks presented were calculated from 

these isotherms. 

Surface Areas 

Porapaks. Table 5 presents the results of the 

nitrogen surface area calculations for the Porapak adsorbents, 

the estimated precision of the surface areas based on the 

standard deviation of the fit of the BET plot to the data, 

and surface area values found in the literature. The 

batch numbers of the Porapaks examined are found in Table 1. 

The second surface area value for Porapak P was calculated 

from the isotherm measured on the 1/4 inch column. 

Table 5. Nitrogen Surface Areas of Porapaks 

Literature Values (Reference Number) 

Porapak Experimental (98) (99) (108) (109) (109) 

Q 533 + 37 660 634 840 639 622 
R 628 + 10 547 780 562 540 
S 455 + 18 536 670 477 473 
P 429 + 26 421 411 503 
T 292 + 10 306 450 393 150 
P 38.4 + 0.7 120 108 103 
P 36.8 + 0.5 
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The data in Table 5 present several interesting 

features. First, the precision of the fit of the BET plots 

result in a precision in surface area of about + 5%. This 

is considered reasonable precision for chromatographic 

measurements. It is recalled that the BET method is con

sidered to be reliable to about 5%, owing to the approxima

tions made in its derivation. The use of more points would 

presumably improve the precision of the fit but not the 

reliability of the value. 

The second and most remarkable feature of Table 5 is 

the large batch-to-batch variations in the surface areas of 

these materials. The surface areas found in the literature 

are based on nitrogen adsorption measured presumably by 

static techniques and calculated by the BET method. The 

surface areas listed under Reference (109) were measured for 

this work by Dr. Dean Carter using a Numinco-Orr Surface 

Analyzer (110), a commercially available instrument based 

on a static technique. Most of the measurements of 

Reference (109) were made on batches of Porapak different 

from those reported here. 

A measure of the reproducibility of the measurements 

of Reference (109) is the surface areas of Porapaks R and P 

where duplicate measurements were made on the same batches. 

The agreement between the duplicate results on Porapaks R 

and P is 1.1% and 4.8%, respectively. The only duplication 

of measurements on the same batches of Porapak between this 
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work and that of Carter is that on Porapak S, Batch 613. 

2 
The experimental result is 445 + 18 m /gm. If the result 

2 of Carter of 477 m /gm is considered correct, the agreement 

of the experimental measurement with this figure is 6.7%, 

which is considered reasonable. 

A measure of the reproducibility of the experimental 

results is the two measurements reported for Porapak P, 

Batch 488, which agree within 4.3%. The slopes, intercepts, 

and standard deviations of the BET plots are found in 

Appendix D, Table D.l. Table D.4f Appendix D, lists the 

BET c values. 

Porasils. Table 6 presents the results of the 

nitrogen surface area measurements on the Porasil adsorbents, 

the estimated precision of the surface areas based on the 

fit of the BET plots, and surface area data found in the 

literature. 

The surface areas obtained fall within the range 

given by the manufacturer (29). In some cases the measure

ments by Carter (109) can serve as references. The fit of 

the data to the BET plots falls within the expected accuracy 

of the BET method of about 5%. 

The agreement between the surface area measurements 

on Porasil A is 11%, not as good as could be expected. The 

2 
result for Porasil C of 79.8 m /gram, as discussed earlier, 

is not a good one because the pressure drop limit was 



Table 6. Nitrogen Surface Areas of Porasils 

Porasil Experimental 

Literature Values (Reference Number) 

Porasil Experimental (29) (42) (109) (111) (112) (113) (114) 

A 474 + 8 500 535 428 

B 205 + 8 130,200 118 146 125 

C 79.8 + 4 50,74,77 70,89 57.7 60 

C 124 + 3 104 

D 36.0 + .3 33,32 39.2 66 

£ 21.8 + .9 20,13,20 33.5 25 

F 6.17+ .1 4 6.16 

F 7.64+ .1 8 
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exceeded. The agreement between the surface area measure

ment on Porasil D and Reference (109) is 8.1% which is 

acceptable. The value of Reference (109) for Porasil E is 

far outside the range of the manufacturer's specifications. 

The agreement between the experimental result for Porasil R 

and Reference (109) is good. The slopes, intercepts, 

standard deviations, and c values of the BET plots are 

presented in Appendix C, Tables D.2-D.4. 

Durapaks. Table 7 presents the results of the 

nitrogen surface area measurements on the Durapak adsorbents, 

the estimated precision in the surface areas based on the 

standard deviation of the fit of the BET plots to the data, 

and a surface area value resulting from an independent 

measurement. 

Table 7. Nitrogen Surface Areas of Durapaks 

Literature Values 
(Reference Number) 

Durapak- Experimental (109) 

n-Octane 72.2 + 1.6 

H
 • 

O
 

r-

Carbowax 73.2 + 0.8 

OPN 61.7 + 1.8 
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The Durapak adsorbents, as discussed in Chapter I, 

are made by reacting Porasil C with the appropriate organic 

moiety. It is not known, therefore, whether the same batch 

of Porasil C was used in the preparation of the three 

Durapaks examined in this study. The agreement between the 

experimental result on Durapak-Octane and the value from 

Reference (109) is 3%, which is quite good. It would appear, 

assuming that the chemical modification does not alter the 

nitrogen surface area, that the same batch of Porasil C was 

used to prepare the Octane and Carbowax Durapaks. The 

nitrogen surface area of the OPN Durapak is 15% lower than 

the average surface area of the octane and carbowax Durapaks, 

indicating that a different batch of Porasil C was used or 

that the modification of the surface altered considerably 

the accessibility to nitrogen. Gilpin (115) has shown that 

chemical modification does not alter accessibility to 

nitrogen so the former hypothesis is the more likely. 

Comparison of Methods 

Chapter I mentioned briefly several other methods of 

calculating isotherms from frontal analysis. Two of these 

methods are that of James and Phillips (22) and that of 

Gregg and Stock (90). The method of James and Phillips 

involves the measurement of retention times of self-

sharpening frontal boundaries. The product of retention 

time and plateau concentration gives the volume of gas 
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adsorbed. This method has also been used by Perrett and 

Purnell (95) and by Burke et al. (96). The method of Gregg 

and Stock is formally similar to that of Conder and Purnell 

(86) used in this work in that areas on the chromatogram are 

measured. Neither method makes provision for the sorption 

effect or the compressibility of the gas phase. James and 

Phillips accounted for the instrument but not the column 

volume. Gregg and Stock accounted for neither the instru

ment nor column volume. 

Phillips and of Gregg and Stock with that of Conder and 

Purnell follows. The frontal analyses chromatographic data 

taken in these experiments were used to calculate isotherms 

and the surface areas by the two methods. The data were 

corrected for instrument and column volume. 

of James and Phillips (22) according to the following 

equation 

and by the method of Gregg and Stock (90) according to the 

following equation 

A brief comparison of the methods of James and 

Points of the isotherms are calculated by the method 

273 P„ 
— r ^ 

q ~ 760 W LT (P -p)J 

a a 
(21) 

(22) 



where q is the volume of gas adsorbed (STP ml/gram), P is 

the ambient pressure, F is the carrier gas flow rate, p is 

the partial pressure of adsorbate, W is the weight of 

adsorbent, is the ambient (flowmeter) temperature, h is 

the plateau height in mV, and a is the area (see Figure 4) 

on the chromatogram in mV/sec. 

Tables 8, 9, and 10 present nitrogen surface areas 

calculated from isotherms computed by the two methods 

described above with the method of Conder and Purnell used 

in this work. 

Table 8. Nitrogen Surfaces Areas of Porapaks: Comparison of 
Methods 

Conder- James- Gregg-
Porapak- Purnell Phillips Stock 

Q 533 572 579 

R 628 631 634 

S 445 446 450 

N 429 401 433 

T 292 294 , 296 

P 38.4 39.8 40.7 
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Table 9. Nitrogen Surface Areas of Porasils: Comparison of 
Methods 

Porasil-
Conder-
Purnell 

James-
Phillips 

Gregg-
Stock 

A 474 476 482 

D 205 191 210 

C 79.8 80.9 83.4 

C 124 126 128 

D 36.0 39.0 40.3 

E 21.8 27.7 27.2 

F 6.17 9.27 10.5 

F 7.64 10.5 10.7 
l 

Table 10. Nitrogen Surface Areas of Durapaks: 
Methods 

Comparison of 

Durapak-
Conder-
Purnell 

James-
Phillips 

Gregg-
Stock 

n-Octane 72.2 74.4 75.9 

Carbowax 73.2 75.2 76.5 

OPN 61.7 64.1 64.8 
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The Gregg and Stock method gives on all of the 

adsorbents the largest surface areas. The James and 

Phillips method gives on all but Porasil B surface areas 

intermediate between those of the Conder and Purnell and 

Gregg and Stock methods. The agreement between the methods 

(compared to the Conder and Purnell method) is about 5% 

except for Porasils A, E, Ff and F; Porapak Q; and Durapak-

OPN. The difference between the Conder and Purnell method 

and the others for Porasil A, Porapak Q, and Durapak-OPN is 

less than 10%. The difference between values for the 

Porasils E( F, and F is greater than 10%. 

The surface areas calculated by either the James and 

Phillips or the Gregg and Stock methods which differ from 

those calculated by the Conder and Purnell method by 5% or 

less are within the usual accuracy estimate of the BET 

surface area calculation method. The methods of James and 

Phillips and of Gregg and Stock are based on the same under

lying and inaccurate assumptions in that they both ignore 

the sorption effect and the effect of the curvature of the 

isotherm. The Gregg and Stock method ignores the compres

sibility of the gas phase and makes no provision for 

measuring and V^. The James and Phillips method, which 

involves measuring the retention times at half-height of a 

series of frontal boundaries, ignores the problem of 

asymmetry of diffuse boundaries (see Figure 3). Their 

method also does not provide for measuring V . Thus, these 
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two methods are expected to give rather similar results 

which differ from those obtained by the method of Conder and 

Purnell. The magnitude of the differences will depend on 

the specific systems under investigation. The method of 

Conder and Purnell is preferred for accurate work because of 

its more rigorous treatment of the experimental problems 

encountered in finite concentration gas chromatography. 

Discussion 

From the results of the nitrogen surface area 

measurements reported above, it is evident that surface area 

measurement by the frontal analysis method used gives 

surface areas comparable to those measured by static methods. 

It has been reported (87, 116, 117) that activity coeffi

cients in gas-liquid systems measured by frontal analysis 

techniques agree well with those measured statically. It 

has been reported that chromatographic measurement of 

adsorption isotherms agree well with those measured 

statically. References (32, 75, 76) contain extensive 

references to chromatographic measurement of isotherms. 

The major advantage of chromatographic measurement 

of isotherms is speed. If the adsorbate-adsorbent systems 

had been such that the desorption branch of the isotherm 

was the equilibrium branch, the surface area measurements 

would have been obtained very rapidly since a single 

experiment measuring on the diffuse boundary would have 
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sufficed. As it was, seven experiments were performed per 

adsorbent to obtain the seven points in the BET region of 

the isotherms. The experiments could be performed much more 

rapidly than static determinations. Calculations, once the 

programs were developed, were very rapid. 

Organic Frontal Analysis Experiments 

The adsorbates chosen for the measurement of surface 

areas available to organic molecules and for the measurement • 

of thermodynamic parameters were: n-hexane, n-heptane, 

cyclohexane, cyclohexene, 1-hexene, and benzene. Table 11 

is a list of physical properties obtained from the litera

ture (118). 

Isotherms 

Porapaks. Preliminary experiments showed that the 

porous polymer adsorbents behaved in a complex manner and 

not purely as adsorbents. Both front and rear boundaries 

were extremely diffuse. Retention times were much longer 

than expected. Hollis (98) has shown that the adsorbate-

adsorbent interactions observed for porous polymers was 

neither simple adsorption as in GSC nor simple partitioning 

as in GLC. Presently, it is assumed that a mixed mechanism 

contributes to the observed chromatograph behavior (120, 

121). Gearhart and Burke (122) have recently published 

a study of several porous polymers. A number of studies of 



Table 11. Physical Properties of Organic Adsorbates 

Property Hexane Heptane Cyclohexane Cyclohexene 1-Hexene Benzene 

Boiling Point, °C, 
760 mm 68.74 98,43 80.73 82.98 63.49 80.1 
AHVapt cal/mole, NBP 
Tc, 

6896 7576 7160 7361a 6760 7353 AHVapt cal/mole, NBP 
Tc, 234.2 267 280.3 287,27b 230.83 288.94 
Pc, at. 29.73 27.00 40.2 — 31 48.34 
Vc, 1/mole 0.370 0.432 0,308 0.37 0.259 
Molecular Weight 86.18 100.21 84.16 82,14 84.16 78.11 
Density, at °C 0.8610, 0.611, 0.7212, 0,76, 0.6354, 0.8134, 

70°C 100°C 80°C 80°Cc 60°C 80°C 
vanderWaal's a, 
l2at,/mole2 24.6 30.7 21,6 20.1C 23.3 18.6 
vanderWaal's br 
1/mole 02 0.175 0.205 0.141 0.13° 0.167 0.119 
Molecular Area, A0 41.5 45.8 36.5 34.7 39.7 32.1 
Molecular Diam., A e 6.73 7.07 6.31 6.15 6.59 5.92 
2-dimensional 
vanderWaal's be 42.1 47.0 36.5 — 40.8 33 

a 
No enthalpy of vaporization of cyclohexene at the normal boiling point was found. Thus, 

the AHvap in this table was calculated using Trouton's Rule and a Trouton's Rule constant of 20.8. 

b 
This critical temperature was obtained from Reference (119). 

c 
These values obtained by interpolation, 

dThese values calculated from Equation (4) using the densities given in the table. 

These values were obtained from Reference (66), and the following equation. 

D = 11091 OA/pN)2^3 x 10® (A) (23) 
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mixed chromatographic mechanisms have been published (65, 

123-127). It was decided not to study these materials 

further because of the large contribution to the retention 

by sorption of the adsorbate into the bulk of the polymer. 

Porasils. The adsorption isotherms measured on the 

Porasil adsorbents A, C, and F are presented in Appendix C, 

Figures C.13-C.25. The isotherms of the six adsorbates on 

Porasil A are Figures C.14, C.16, and C.18. Since the 

complete isotherms were not measured, not much physical 

information can be gained from the isotherms. Comparison of 

the organic isotherms with the nitrogen isotherm of Porasil 

A shows a considerable reduction in the volumes of vapor 

adsorbed which indicates a certain amount of exclusion or 

loss of surface area available. The presence of hysteresis 

and the shapes of the isothersm indicate that Porasil A is 

mesoporous in structure to the six adsorbates. The adsorp

tion isotherms of the six organic adsorbates on Porasil C 

are Figures C.19, C.21, and C.23. Again there is a reduc

tion in the volume of vapor adsorbed relative to the 

nitrogen isotherm. The presence of hysteresis and the 

shapes of the isotherms indicate that Porasil C is also 

mesoporous in structure to the organic adsorbates. The 

adsorption isotherms measured on Porasil F are Figures 

C.13, C.15, and C.17. Reduction in the volume of vapor 

adsorbed is also observed. Hysteresis was also present. 
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so that Porasil F (Batch 162) has an appreciably mesoporous 

structure. 

Consideration of the extent of adsorption of the 

adsorbates relative to each other can be used to give a 

certain amount of chemical information about the adsorbate-

adsorbent interactions. The order of increasing adsorption 

on the Porasils examined is: cyclohexane < hexane < heptane 

< 1-hexene < cyclohexene < benzene. This order is the usual 

one in unmodified gas-solid systems, based on the number of 

carbon atoms which can interact with the surface and the 

degree of unsaturation. Cycloalkanes typically elute more 

rapidly than normal alkanes of the same carbon number in 

gas-solid systems. The reverse is usually observed in gas-

liquid systems where retention is proportional to boiling 

point. Thus, cyclohexane is less adsorbed than hexane. 

Retention in gas-solid systems increases as carbon chain 

length increases, thus heptane is more strongly adsorbed 

than hexane. 

The presence of double bonds in the unsaturated 

adsorbates enables them to interact specifically with the 

silica surface. Since specific interactions are stronger 

than non-specific interactions, the unsaturated adsorbates 

are more strongly adsorbed than the saturated adsorbates. 

Cyclohexene is expected to place more carbon atoms in 

proximity to the surface than 1-hexene and so is expected to 

be more greatly retained. Benzene is generally considered 
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(128) to adsorb parallel to surfaces with the TT_electron 

system interacting with the surface. 

Durapaks. The adsorption isotherms of the adsorbates 

on Durapak Octane are Figures C.20, C.22, and C.24. The 

shapes in the portion where measurements were made give 

little information about the isotherm type. The behavior of 

this adsorbent is somewhat modified by the presence of the 

octane bonded phase. The order of increasing extent of 

adsorption is cyclohexane < hexane < heptane < 1-hexene < 

cyclohexene < benzene. The extent of adsorption is much 

lower than on Porasil C. Evidently, the Octane bonded 

phase, while affecting the adsorption, still enables this 

adsorbent to behave predominately as an adsorbent although 

there is some exclusion. 

The adsorption isotherms of the adsorbates on Durapak 

Carbowax are Figures C.25, C.27, and C.29. They also are of 

shapes difficult to classify exactly. The order of increas

ing adsorption is cyclohexene < heptane < hexane < benzene < 

cyclohexene < 1-hexene. Each of the adsorbates is adsorbed 

to a greater extent on the Carbowax-modified adsorbent than 

the Octane- or OPN-modified adsorbents. This adsorption 

order is somewhat different than the orders found for the 

other adsorbents, indicating that the Carbowax bonded phase 

has considerably altered the adsorptive properties of this 
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material. The greater extent of adsorption is additional 

evidence in support of this view. 

The Carbowax bonded phase is Carbowax 400, a pure 

polyethylene glycol. The polyethylene glycols are 

moderately polar GLC phases although Carbowax 400 is of too 

low molecular weight to be used as a liquid phase. It is 

evident that the bonded phase has altered the chromatographic 

properties of this material. In keeping with the explana

tion for the observed adsorption order, the interaction of 

the adsorbates with Durapak-Carbowax is extensively chemical 

in nature, or interaction of a different nature than that on 

the silica adsorbents. Blockage of pore volume by the 

bonded phase, which is present, would seem to contradict the 

increased extent of adsorption observed on the Carbowax-

modified support relative to the other modified supports. 

The observed behavior of the adsorbates might tentatively be 

attributed to a mixed gas-solid and gas-liquid mechanism. 

Cyclohexane is the least retained of the adsorbates, 

indicating that GLC behavior is not predominant. Heptane is 

slightly less retained than hexane. This observation might 

be explained by pore blockage. Carbowax is not a good phase 

for aromatic molecules, so the retention of benzene is 

reduced relative to that of cyclohexene and 1-hexene. The 

presence of the bonded phase appears to make the approach of 

cyclohexene, as well as of benzene, to the surface more 
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difficult. Thus cyclohexene is less strongly adsorbed than 

1-hexene. 

The adsorption isotherms of the adsorbates of 

Durapak-OPN are Figures C.26, C.28, and C.30. These iso

therms also have shapes which are difficult to classify 

exactly. The retention order is cyclohexane < heptane < 

hexane < cyclohexene < benzene < 1-hexene. This order is 

evidence of some modification of the adsorptive properties 

of this material by the OPN bonded phase relative to the 

Porasil C substrate. OPN, oxypropionitrile, is bonded to 

the surface via the oxygen atom, leaving a quite polar 

nitrile nitrogen "extending" from the surface. 

The order cyclohexane < heptane < hexane can be 

explained as ordinary gas-solid behavior with a certain 

amount of pore blockage. Cyclohexene and benzene are 

presumably hindered to some extent by the bonded phase from 

reaching the surface and thus are retained less strongly 

than 1-hexene. Benzene can interact more strongly with what 

silica surface is available and is more strongly adsorbed 

than cyclohexene. 

In the following sections of this chapter more 

evidence is presented to explain better the behavior of 

the adsorbates on these materials. 
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Surface Areas 

The technique used to calculate the effective 

molecular areas of the adsorbates was to assume that all of 

the nitrogen surface areas of Porasil F was available to 

each adsorbate. The molecular area thus calculated was used 

to calculate the surface areas available to the respective 

adsorbates or the extra adsorbents. The nitrogen surface 

2 
area of Porasil F is so low (7.64 m /gram) that this assump

tion should be reasonable. Implicit in this technique is 

another assumption that the nature of the adsorbate-

adsorbent interaction is similar in the series of adsorbents 

treated in this manner. In the course of this section, this 

assumption will be examined. 

Table 12 presents the effective molecular areas 

determined in this manner, and an estimate of the standard 

deviation of the area based on the standard deviation of the 

fit of the BET plots for the respective adsorbates on 

Porasil F. 

Table 12. Effective Molecular Areas, Am ' m 

Adsorbate Area, X2 

Hexane 58.8+ 1.6 
Cyclohexane 68.2 11.7 
Heptane 65.3 1.2 
1-Hexene 51.5 + 1.9 
Cyclohexene 35.9 ̂  1.6 
Benzene 49.0 + 1.4 
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While there appear to be no directly comparable 

values in the literature, there are some molecular area 

determinations which can give an idea of the reliability of 

these values. 

Isirikyan and Kiselev (129) found on graphitized 

thermal carbon black A for hexane to be 51.0 and for 
m 

°2 
benzene to be 40.0 A . Kiselev (50, p. 168) has found on 

another graphitized thermal carbon black Am of hexane to be 

51.5 A^, of heptane to be 57.3 *2. and of benzene to be 

°2 
40.3 A . Loeser and Harkins (130) found on a reference 

° 2  
sample of anatase A^ of hexane to be 58.9 A and of heptane 

° 2  
to be 64 A . Since none of these adsorbents were silicas, 

some differences are reasonable. Moreover, graphitized 

thermal carbon black is a Kiselev and Yashin (32) Type I 

adsorbent, while silica and anatase are Type II adsorbents. 

Gregg and Sing (44, p. 116) point out that, as discussed 

earlier, calibration of one of a set of adsorbents with 

nitrogen will give a single value for of a different 

adsorbate which may be used with some confidence on other 

similar adsorbents. The effective molecular areas presented 

in Table 12 may be compared with the molecular areas calcu

lated from Equation (4) and presented in Table 11. Those 

areas calculated by use of Equation (4) are all lower than 

the molecular areas measured in this work which shows the 

difficulty of obtaining a priori values of A^. The two-

dimensional vanderWall's b constant is said (66) to be a 
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good measure of A but it is evident that these values also m' 

lack applicability. 

Table 13 presents the results of the measurements of 

surface areas available to the chosen adsorbates on the set 

of adsorbents studied. The corresponding nitrogen surface 

areas are provided for comparison. The values of the 

precision are based on the standard deviations of the fit of 

the BET plots. It was mentioned in Chapter I that the BET 

method is considered to be about 5% accurate for nitrogen 

adsorption. The surface areas available to the organic 

adsorbates, based as they are upon nitrogen adsorption 

surface areas, should be considered reliable to within 

perhaps 10% of the nitrogen surface areas. That is, dif

ferences between the nitrogen surface areas and organic 

surface areas available are probably not really significant 

unless they are greater than about 10%. Further evidence 

of this estimate may be found in Appendix D, Table D.4, 

which presents a tabulation of the BET c constants. As can 

be seen none of the c values are very large, so that the 

10% estimate may be reasonable. Appendix D, in Tables 

D.5-D.10, also contains the slopes, intercepts, and standard 

deviations of the BET plots. 

The adsorption isotherm of Cyclohexane on Porasil F 

is oddly shaped. Hence, the Am value of Cyclohexane has a 

rather large standard deviation. The Cyclohexane surface 



2 
Table 13. Organic Surface Areas Available (m /gm) 

Adsorbent Adsorbent 

Adsorbate Porasil A Porasil C Porasil F D-Octane D-Carbowax D-OPN 

Nitrogen 474+ 8.4 124 + 3.4 7. 64+ . 07 72. 2+ 1. 6 73. 2+ . 82 61. 7+ 1. 8 

Cyclohexane 350+61 91. 4+16 7. 64+1. 3 72. 7+13 97. 0+17 61. 2+17 

Hexane 350+13 124 + 4.1 7. 64+0. 2 68. 3+ 2. 2 98. 1+ 2. 9 69. 7+ 2. 1 

Heptane 379+12 98. 0+ 2.1 7. 64+0. 1 64. 4+ 1. 9 94. 1+ 1. 9 60. 4+ 1. 4 

Cyclohexene 311+15 105 + 5.1 7. 64+0. 3 40. 7+ 2. 0 56. 3+ 2. 8 38. 1+ 1. 7 

1-Hexene 390+17 119 + 5.3 7. 64+0. 3 55. 4+ 2. 1 95. 5+ 3. 9 57. 7+ 2. 3 

Benzene 502+29 117 + 4.3 7. 64+0. 2 52. 7+ 2. 5 81. 2+ 3. 1 61. 6+ 2. 2 
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areas are not as well determined as those of the other 

adsorbates. 

Porasils. The surface areas available to the 

organic adsorbates on Porasil A are, with the exception of 

benzene, significantly smaller than the nitrogen surface 

area. The reduction in surface area is expected since an 

adsorbent of such high surface area will have a significant 

fraction of pores of too small diameter for the organic 

adsorbates to penetrate. Noting the molecular diameters 

given in Table 11, it is seen that the diameter of nitrogen 

is about half that of the organic probes. Benzene, which is 

capable of strong specific interactions, may show the larger 

surface area because of adsorbate-adsorbate interactions in 

addition to adsorbate-adsorbent interactions. Cyclohexene, 

although capable of specific interactions, is probably more 

bulky than 1-hexene. Thus, cyclohexene may experience more 

exclusion during the adsorption process, giving rise to a 

lower surface area available. 

The surface areas available to all of the organic 

adsorbates but cyclohexane on Porasil C do not differ 

significantly from that of nitrogen, indicating that nearly 

all of the nitrogen surface area is available. The surface 

area available to cyclohexane, despite the large uncer

tainty, is probably significantly lower than the nitrogen 

surface area. 
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Porasil F, as was mentioned earlier, was a calibra

tion surface for the organic surface area measurements. To 

each adsorbate used, the whole nitrogen surface area was 

assumed available. Then A values were calculated for use 
m 

on the other adsorbents. 

Durapaks. Certain of the surface areas available to 

the organic adsorbates on Durapak-Octane are significantly 

lower than the nitrogen surface area. Assuming, at 10% 

reliability, that the organic surface areas should lie 

2 
within the range 79.4-65.0 m /gm, it is seen from Table 13 

that the surface areas available to heptane, cyclohexene, 

2 
1-hexene, and benzene fall below 65 m /gm. This reduction 

in surface area available may be attributed to a certain 

amount of pore blockage by the Octane bonded phase. Thus, 

1-hexene which may approach the surface end-on and get 

farther into the reduced pore volume available apparently 

sees more surface area than the more bulky cyclohexene 

molecule. This ease of approach may explain why 1-hexene 

has a larger surface area than that of benzene. Now 

benzene, with its ^-electron system, can interact much more 

strongly with what silica surface is still available than 

cyclohexene. Thus, the surface area available to benzene 

is larger. Further, a certain amount of benzene-benzene 

interaction may increase the apparent surface area avail

able. 
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All of the surface areas available to the organic 

adsorbates on the Durapak-Carbowax support are significantly 

different from the nitrogen surface area. At the 10% level, 

the surface areas available to the adsorbates should lie 

2 " 
within the range 80.5-65.9 m /gm. While no information 

is available about the amount of Carbowax bonded to the 

substrate, this material may be viewed as a thin polymer 

or a thin liquid coating on the silica surface. That is, 

the Carbowax-modified adsorbent may be viewed as very nearly 

a GLC packing with an unusually light liquid coating.. To 

this point it is noted that all of the surface areas avail

able on the Carbowax-modified support are larger than those 

on the Octane- or OPN-modified supports. This observation 

implies the possibility of a dual mechanism: a combination 

of gas-solid and gas-liquid mechanisms. 

Of the surface areas available to the organic 

adsorbates on Durapak-OPN, those available to hexane and 

cyclohexene are significantly different at the 10% level: 

2 
67.9-55.5 m /gm. The hexane surface area is only slightly 

outside this range. With the exception of hexane all of 

the organic surface areas are somewhat lower than the 

nitrogen surface area. Cyclohexene has a considerably lower 

surface area available. Thus, a certain amount of pore 

blockage must be occurring. 



Discussion 

While not all of the data have been presented yet, 

some observations and conclusions can be made. The adsorp

tion isotherms and surface areas of the six adsorbates on 

the Porasil adsorbents are indicative of ordinary physical 

adsorption as the primary mechanism. There are indications 

of adsorbate-adsorbate interactions occurring to a signifi

cant extent for benzene on Porasil A. A certain amount of 

exclusion from pore volume is also observed. 

The adsorption isotherms and surface areas measured 

on the Octane-modified adsorbent are indicative of physical 

adsorption as the primary mechanism. A certain amount of 

exclusion of the adsorbates is also observed. The measure

ments on the OPN-modified support also indicate primarily 

physical adsorption as the operant interaction. The 

isotherms and surface areas measured on the Carbowax-

modified support indicate that the modification has pro

foundly affected the properties of the basic substrate. The 

evidence thus far adduced tentatively suggests a dual 

mechanism: adsorption and partitioning. 

It is noted that cyclohexene has the lowest surface 

area available on all of the adsorbents studied. On 

Porasil C the surface areas available to heptane and cyclo

hexene are equal within the indicated precision of the 

measurements. Thus, despite the ability of cyclohexene to 

interact specifically with silica surfaces, the approach of 
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the cyclohexene molecule must be hindered in some way. 

Alternatively, the deposition of multilayers of cyclo

hexene must be hindered. 

It is evident that more information is required to 

explain satisfactorily the observations so far made. The 

next section presents the results of the thermodynamic 

experiments. 

Experimental Note 

During the measurement of the organic adsorption 

isotherms, injections of dry nitrogen were made to measure 

experimentally the hold-up volumes of the column and 

chromatograph. Nitrogen at temperatures above ambient was 

assumed not to interact with the adsorbents. The hold-up 

volumes, V so measured were surprisingly large. Table 

14 presents the measured packing fractions. 

Table 14. Apparent Column Packing Fractions, F, Measured by 
an Unretained Species 

Column F 

Porasil F 0.74 
Porasil C 0.81 
Porasil A 0.64 
D-Octane 0.77 
D-Carbowax 0.76 
D-OPN 0.73 
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In ordinary GLC columns where a relatively non-

porous solid support is coated with a liquid phase, 

generally at least 5% by weight, packing fractions greater 

than 0.4 are not observed. In a study of column efficiency 

Hargrove and Sawyer (131) established that in columns packed 

with porous solids the flow pattern is intra-particle as 

well as inter-particle. They also found that a liquid 

phase coating substantially reduced intra-particle flow. 

Thus, it appears that the large column packing fractions 

observed are the result of the unretained nitrogen measuring 

a certain amount of intra-particle surface area. 

The packing fractions were calculated (131) using 

the following equation 

Where V° is the corrected retention volume of the unretained 

species, N2, V° is the pressure drop-corrected instrument 

dead volume, and VT is the volume of the empty column. The 

data presented in this section were corrected using the 

nitrogen-measured column hold-up volumes. 

Comparison of Methods 

Tables 15-20 present the surface areas available to 

the organic adsorbates as calculated by the methods of 

Conder and Purnell (86), James and Phillips (22), and Gregg 
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Table 15. Organic Surface Areas on Porasil F: Comparison of 
Methods 

Adsorbate 

Method 

Conder-Purnell James-Phillips Gregg-Stock 

Hexane 7.64 + .19 4.95 + .16 5.76 + .22 

Cyclohexane 7.65 + 1.3 4.79 + 1.2 5.18 + 1.3 

Heptane 7.64 + .12 3.78 + .11 4.48 + .13 

Benzene 7.64 + .20 5.33 + .16 6.09 + .17 

1-Hexene 7.64 + .28 5.71 + .35 6.26 + .36 

Cyclohexene 7.64 + .33 5.82 + .35 6.21 + .37 

Calibration adsorbent: entire nitrogen surface area 
of 7.64 ravgm assumed available to each organic adsorbate. 

Table 16. Organic Surface Areas on Porasil C: Comparison of 
Methods 

Adsorbate 

Method 

Adsorbate Conder--Purnell James-Phillips Gregg-Stock 

Hexane 124 + 8 112 + 9 120 ± 7 

Cyclohexane 91.4 + 16 79.2 + 14 85.8 ± 15 

Heptane 98.0 + 3.8 85.3 + 3.9 90.4 + 3.2 

Benzene 117 + 4.3 119 + 7.6 123 + 7.7 

1-Hexene 119 + 5.3 112 + 4.8 116 + 5.2 

Cyclohexene 105 + 5.1 98.5 + 5.6 101 + 5.0 
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Table 17. Organic Surface Areas on Porasil A: Comparison of 
Methods 

Method 

Adsorbate Cond er-Purnell James-Phillips Gregg-Stock 

Hexane 350 + 13 369 + 12 403 + 15 

Cyclohexane 350 + 61 274 + 48 317 + 55 

Heptane 379 + 12 313 + 8.3 352 + 11 

Benzene 502 + 29 454 + 35 491 + 30 

1-Hexene 390 + 17 350 + 15 399 + 17 

Cyclohexene 311 + 15 274 + 13 302 + 15 

Table 18. < Organic Surface Areas 
Comparison of Methods 

on Durapak-Octane: 

Method 

Ad sorbate Conder-Purnell James-Phillips Gregg-Stock 

Hexane 68.3 + 2.3 61.0 + 4.1 65.7 + 3.3 

Cyclohexane 72.7 + 13 64.5 + 11 69.2 + 12 

Heptane 64.4 + 1.9 56.1 + 1.7 59.7 + 1.8 

Benzene 52.7 + 2.5 46.9 + 1.8 50.8 + 2.1 

1-Hexene 55.4 + 2.1 50.3 + 1.9 53.5 + 2.0 

Cyclohexene 40.7 + 2.0 36.9 + 1.8 39.1 + 1.9 
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Table 19. Organic Surface Areas on Durapak-Carbowax: 
Comparison of Methods 

Method 

Adsorbate Cond er-Purnell James-Phillips Gregg-Stock 

Hexane 98.1 + 3.2 88.0 + 3.0 93.9 + 2.9 

Cyclohexane 97.0 + 17 84.1 + 18 91.6 ± 16 

Heptane 94.1 + 1.9 82.2 + 1.7 87.6 + 1.8 

Benzene 81.2 + 3.1 71.9 + 2.3 78.1 + 2.7 

1-Hexene 95.5 + 3.9 86.5 + 3.6 79.0 + 3.3 

Cyclohexene 56.3 + 2.8 49.8 + 2.6 53.0 + 2.7 

Table 20. Organic Surface Areas on Durapak-OPN: Comparison 
of Methods 

Method 

Adsorbate Conder-Purnell James-Phillips Gregg-Stock 

Hexane 69.7 + 1.9 61.3 + 2.3 65.7 + 2.7 

Cyclohexane 61.2 + 11 53.8 + 9 57.1 + 10 

Heptane 60.4 + 1.4 51.7 + 1.1 . 54.4 + 1.2 

Benzene 61.6 + 2.2 54.8 + 1.7 59.1 + 2.0 

1-Hexene 57.7 + 2.3 52.6 + 2.1 54.8 + 2.2 

Cyclohexene 38.1 + 1.7 34.2 + 1.5 35.8 + 1.6 
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and Stock (90). Once again it is observed that the methods 

of James and Phillips and Gregg and Stock give surface 

areas which differ from those calculated by the method of 

Conder and Purnell. The results are generally lower, but 

the differences are rarely greater than 5%, except for those 

on Porasil F. Since the flow rate of a solute boundary can 

be considerably underestimated if the sorption effect is 

not treated, the low surface areas relative to those calcu

lated by the Conder and Purnell method are not unexpected. 

The flow rate error is even greater when the partition ratio, 

k, is small as is the case with Porasil F. 

Thermodynamic Experiments 

Instrumental 

The Varian Aerograph Series 1700 chromatograph used 

in the thermodynamic experiments was equipped with flame 

ionization detectors. In contrast to the surface area 

measurements which were made at high solute concentrations, 

the thermodynamic measurements were made at effectively 

infinitely dilute concentrations in order that retention 

volume was solely a function of temperature. Since gas-

solid adsorption isotherms are linear over a much shorter 

range than gas-liquid partition isotherms, very sensitive 

detectors are necessary. It will be seen, however, that 

even the sensitivity of the FID was not sufficient for all 

of the systems under investigation. The carrier gas flow 
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rates were controlled by differential flow controllers to 

within the stated precision of 0.3%. The oven temperature 

was stable over long periods of time to within + 0.1°C. 

Results: Porasils 

At this point it is appropriate to develop more 

fully some of the considerations which have been presented 

in a general sense in the Introduction and earlier in this 

Chapter. Porous silica presents a rather complex surface 

and is capable of two types of specific interactions: those 

arising from the free hydroxyl groups which have localized 

positive charge and those arising from the bridged oxygen 

atoms which have localized negative charge. These sites 

form, respectively, what Kiselev has termed Types II and 

III adsorption sites. 

Gilpin (115) and Karger and Sibley (42) have shown 

that the mechanism of retention on chemically modified 

adsorbents must be examined in light of the following 

considerations. First, the extent of retention depends 

on the size, functionality, and surface coverage of the 

bonded phase and the size and functionality of the solute 

molecule. Second, the extent of interaction appears to 

decrease with an increase in size of either the bonded 

phase molecule or the solute molecule (132). Third, while 

considerable deactivation of a surface occurs upon chemical 
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modification (42, 43, 133), a significant contribution to 

retention arises from unreacted silanol groups. 

The various types of adsorbate-adsorbent interac

tions may thus be explained in conjunction with the follow

ing factors: 

1. The size and shape of the adsorbate molecule. 

2. The types of interaction possible to the adsorbate 

molecule. 

3. The size, shape, and functionality of the bonded 

phase molecules. 

4. The general surface homogeneity or regularity. 

5. The accessibility or exposure of specific sites for 

interaction: the surface area available. 

In order to differentiate between the various types 

of adsorbate-adsorbent interactions, a selected set of 

adsorbates was chosen. The use of hexane and heptane, 

capable of only non-specific interactions, should show the 

effect of carbon chain length on retention. The use of 

cyclohexane, also capable of only non-specific interactions, 

should show the effect of configuration on retention. The 

use of benzene, cyclohexene, and 1-hexene, which are capable 

of specific as well as non-specific interactions, provides 

differences in the potential strength of interactions as 

well as differences in configurational requirements for 

approach to the localized positive charge of the surface 
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hydroxy 1 groups. Aromatic compounds are known (134) to 

interact strongly with silica surfaces by means of hydrogen-

bonding between the silanol groups and the aromatic ring 

system. 

The differential molar free energy of adsorption, 

AG°ds, is a measure of the extent of retention and thus of 

the strength of interaction between the adsorbate and the 

adsorbent. The differential molar enthalpy of adsorption, 

AH°ds» '*"s the temPera'ture coefficient of the free energy 

and is a measure of the strength of interaction and the 

surface area available. The differential molar entropy of 

adsorption, AS°ds, is a measure of the configurational 

requirements for interaction. 

The thermodynamic data measured are presented in 

Tables 21-34 which show the differential molar free energies 

at 65 and 85°C and the differential molar enthalpies and 

entropies over the range 65-85°C. Tables 21, 22, 23, 25, 

27, 29, 31, and 33 present the thermodynamic data calcu

lated using the nitrogen surface areas measured. The 

slopes, intercepts, and standard deviations of the plots of 

the thermodynamic data are given in Tables D.11-D.18 of 

Appendix D. Tables 24, 26, 28, 30, 32, and 34 show the 

thermodynamic parameters calculated using the organic 

surface areas measured. The data of Table 24 on Porasil C, 

Batch 141, do not have great validity since the organic 

surface areas used to calculate them were not measured but 
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Table 21. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil F, Batch 137 

Temperature Range: 65-80°C 

Adsorbate 
-AH° 

(kcal/mole) 
-AS° • 
(e.u.) 

-AG°, 65°C 
(kcal/mole) 

-AG°, 85°C 
(kcal/mole) 

Hexane 6.85 12.6 2.58 2.32 
Cyclohexane 5.86 9.59 2.61 2.42 
Heptane 8.75 16.3 3.23 2.91 
1-Hexene 7.05 11.2 3.28 3.06 
Cyclohexene 10.7 20.7 3.70 3.29 
Benzene 8.26 11.3 4.45 4.23 

Table 22. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil F, Batch 162 

Temperature Range: 65-85°C 

- A h° _AS° -AG°, 65°C -AG°, 85°C 

Adsorbate (kcal/mole) (e.u. ) (kcal/mole) (kcal/mole) 

Hexane 5.84 9.28 2.70 2.51 
Cyclohexane 5.09 7.16 2.67 2.52 
Heptane 7.43 12.1 3.32 3.08 
1-Hexene 7.88 12.6 3.51 3.38 
Cyclohexene 7.43 10.6 3.85 3.63 
Benzene 12.0 19.1 5.53 5.15 
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Table 23. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil C, Batch 141, 
Nitrogen Surface Area 

Temperature Range: 65-86°C 

_AH° -As° -Ag°, 65°c -Ag° , 85°c 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 7.86 15.2 2.71 2.41 
Cyclohexane 7.95 15.4 2.74 2.43 
Heptane 9.42 18.2 3.28 2.91 
1-Hexene 7.17 9.02 4.12 3.94 
Cyclohexene 10.3 17.7 4.25 3.90 
Benzene 8.92 12.7 4.62 4.37 

Table 24. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil C, Batch 141, 
Organic Surface Areas 

Temperature Range: 65-85°C 

_AH° -AS° -AG°, 65°C -AG°, 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 7.86 15.2 2.71 2.41 
Cyclohexane 7.95 14.8 2.94 2.65 
Heptane 9.42 17.7 3.44 3.08 
1-Hexene 7.17 8.93 4.15 3.98 
Cyclohexene 10.3 17.4 4.37 4.02 
Benzene 8.92 12.5 4.66 4.41 
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Table 25. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil C, Batch 175, 
Nitrogen Surface Area 

Temperature Range: 65-85 C 

Adsorbate 
-Ah° 

(kcal/mole) 

_As° 
(e.u.) 

-AG°, 65°C 
(kcal/mole) 

-AG°, 85°C 
(kcal/mole) 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

8.37 
9.34 
11.0 

11.0 

16.0 
18.7 
21.9 

19.4 

2.97 
3.02 
3.59 

4.44 

2 .66  
2.64 
3.16 

4.05 

Table 26. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil C, Batch 175, 
Organic Surface Areas 

Temperature Range: 65-85°C 

-AH° -As° -Ag°, 65°c -Ag°, 85°c 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 8.37 16.0 2.97 2.66 
Cyclohexane 9.34 18.1 3.22 2.86 
Heptane 11.0 21.4 3.75 3.32 
1-Hexene — — — — 
Cyclohexene — — — — 
Benzene 11.0 19.3 4.48 4.09 
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Table 27. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil A, Nitrogen 
Surface Area 

Temperature Range: 65-85 C 

Adsorbate 
-AH° 

(kcal/mole) 
_As° 

(e.u.) 
-AG°, 65°C 
(kcal/mole) 

-AG°, 85°C 
(kcal/mole) 

Hexane 8.64 
Cyclohexane 11.0 
Heptane 12.6 
1-Hexene — 
Cyclohexene — 
Benzene — 

16.0 
22.4 
24.8 

3.22 
3.45 
4.22 

2.90 
3.00 
3.73 

Table 28. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Porasil A( Organic 
Surface Areas 

Temperature Range: 65-85°C 

_AH° -AS° -AG°, 65°C -AG°, 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 8.64 15.4 3.41 3.11 
Cyclohexane 11.0 21.8 3.66 3.22 
Heptane 12.6 24.3 4.37 3.89 
1-Hexene — — — — 
Cyclohexene — — — 
Benzene — — — — 
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Table 29. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Durapak-Octane, Nitrogen 
Surface Area 

Temperature Range: 65-85°C 

-AH° -AS° -AG°, 65°C -AG°; 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 7.95 15.1 2.84 2.54 
Cyclohexane 7.55 13.7 2.91 2.63 
Heptane 9.28 17.4 3.40 3.06 
1-Hexene 9.00 17.5 3.10 2.75 
Cyclohexene 9.84 19.0 3.44 3.06 
Benzene 11.0 21.3 3.82 3.39 

Table 30. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Durapak-Octane, Organic 
Surface Areas 

Temperature Range: 65-85°C 

-AH° -AS° -AG°, 65°C -AG°, 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 7.95 13.0 2.87 2.57 
Cyclohexane 7.55 13.8 2.90 2.63 
Heptane 9.28 17.2 3.48 3.14 
1-Hexene 9.00 16.9 3.28 3.94 
Cyclohexene 9.84 17.8 3.82 3.47 
Benzene 11.0 20.7 4.03 3.62 
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Table 31. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Durapak-Carbowax, 
Nitrogen Surface Area 

Temperature Range: 65-85°C 

-AH° _AS° -AG°, 65°C -AG° , 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 6.65 11.9 2.66 2.42 
Cyclohexane 6.47 11.2 2.68 2.46 
Heptane 7.92 14.0 3.20 2.92 
1-Hexene 6.87 12.2 2.75 2.51 
Cyclohexene 6.70 11.5 2.83 2.60 
Benzene 7.33 12.7 3.05 2.80 

Table 32. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Durapak-Carbowax, 
Organic Surface Areas 

Temperature Range: 65-85°C 

-AH0 -As° -AG°, 65°C -AG° , 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 6.65 12.5 2.46 2.21 
Cyclohexane 6.47 11.8 2.49 2.26 
Heptane 7.92 14.5 3.03 2.74 
1-Hexene 6.87 12.7 2.57 2.32 
Cyclohexene 6.70 10.9 3.00 2.78 
Benzene 7.33 12.9 2.98 2.73 
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Table 33. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Durapak-OPN, Nitrogen 
Surface Area 

Temperature Range: 65-85°C 

_AH° -AS° -AG°, 65°C -AG°, 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 7.76 14.5 2.84 2.55 
Cyclohexane 5.25 7.66 2.66 2.50 
Heptane 8.41 14.8 3.41 3.11 
1-Hexene 8.02 14.6 3.07 2.78 
Cyclohexene 8.26 15.0 3.19 2.89 
Benzene 9.64 17.7 3.65 3.29 

Table 34. Differential Enthalpies, Entropies, and Free 
Energies of Adsorption: Durapak-OPN, Organic 
Surface Areas 

Temperature Range: 65-85°C 

_AH° -AS° -AG°, 65°C -AG°, 85°C 
Adsorbate (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 

Hexane 7.75 14.8 2.76 2.47 
Cyclohexane 5.25 7.65 2.66 2.51 
Heptane 8.41 14.8 3.42 3.12 
1-Hexene 8.02 14.5 3.11 2.82 
Cyclohexene 8.26 14.0 3.52 3.29 
Benzene 9.64 17.7 3.65 3.30 



133 

calculated by proportion from the nitrogen and organic 

surface areas measured on Porasil C, Batch 175. It may be 

noted, however, that the nitrogen surface area of Porasil C, 

Batch 141, is lower than that on Porasil C, Batch 175 and 

that there was little exclusion of organic adsorbates from 

Porasil C, Batch 175. The data on Batch 141 will be used 

later for comparative purposes since its nitrogen surface 

area is similar to those of the modified adsorbents. 

Free Energy Considerations. The free energy data 

presented for the Porasil adsorbents in Tables 21-28 show 

that the extent of interaction of each adsorbent increases 

with increasing surface area. That is, retention increases 

and the free energy becomes more negative. With one 

exception, the retention order is hexane < cyclohexane < 

heptane < 1-hexene < cyclohexene < benzene on the adsorbents 

studied. This is the usual gas-solid order, and is the same 

as that found by Gilpin (115). The retention order of 

hexane and cyclohexane on Porasil F, Batch 162, is reversed, 

but the reversal is just barely outside the experimental 

significance of + 0.02 Kcal/mole. In GSC, retention is 

expected to increase with the number of carbon atoms able to 

interact with the surface. Thus the order: hexane < cyclo

hexane < heptane. That 1-hexene is less retained than 

either cyclohexene or benzene supports the view that the 

double bond interacts strongly (specifically) with the 
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surface, and the remainder of the molecule interacts much 

less strongly (non-specifically). 

The benzene data on the Porasils are somewhat 

anomalous. The free energy of adsorption of benzene on 

Porasil F, Batch 162, is larger than on any of the other 
t 

adsorbents and is probably the result of an improperly 

conditioned surface. 

It is interesting to note that the data for the 

adsorbates 1-hexene and cyclohexene could not be obtained 

on Porasil C, Batch 175. Data on Porasil A could not be 

obtained for 1-hexene, cyclohexene, or benzene. These 

adsorbates interact so strongly that the retention times 

were still concentration dependent at the lowest concentra

tion detectable. This finding is in accord with those of 

Gilpin (115). The flame ionization detector used in these 

studies was 10 times more sensitive than the one used by 

Gilpin, who was unable to measure retention times for 

1-hexene on a series of modified adsorbents. 

Enthalpy Considerations. The heat of adsorption or 

enthalpy data are not as regular as the free energy data. 

On the low area Porasils (Batches 137 and 162) the enthalpy 

order is cyclohexane < hexane < 1-hexene < benzene < heptane 

< cyclohexene. On Porasil C, Batch 141, the order of the 

lowest three was 1-hexene < hexane < cyclohexane. On the 
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other two Porasils the order of the first two adsorbates was 

hexane < cyclohexane. 

In general the enthalpies increase with increasing 

surface area although there are some exceptions. The 

magnitude of the enthalpy of an adsorbate generally increases 

in the order: F 162 < F 137 < C 141 < C 175 < A 117. The 

Porasil F, batch 162, has a higher nitrogen surface area 

2 
than Porasil Ff batch 137 (7.64 and 6.17 m /gram, respec

tively) and would be expected to show higher enthalpies. 

The enthalpies of benzene on the two batches of Porasil F 

are reversed from the above order, but the data for Porasil 

F, batch 162, appear to be anomalous. The enthalpies of 

1-hexene on the two batches of Porasil F also are reversed 

from the above order, but no explanations can be offered 

yet. The enthalpy, as described earlier, contains a 

pressure-volume term and is thus related to the entropy 

which is discussed in the following section. 

Entropy Considerations. The entropy loss data 

measured on the Porasils in general increase with increasing 

surface area in the order: F 162 < F 137 < C 141 < C 175 < 

A. As was found for the enthalpy data, the entropy losses 

of the adsorbates on the two batches of Porasil F are 

reversed from the expected order. One would expect the 

adsorbates to undergo greater entropy losses on the higher 

2 
surface area Porasil F (batch 162, 7.64 m /gm) than on the 
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lower surface area Porasil F (batch 137, 6.17 m /gm). How

ever,. the Porasil F batch 162 is sufficiently low in surface 

area that it is appreciably macroporous in structure. The 

Porasil F batch 137 is even lower in surface area and should 

be even more macroporous than Porasil F batch 162. The 

anomalies in the entropy loss and enthalpy data collected 

on these two batches of Porasil F may well reflect differ

ences in pore structure. Also, the Porasil F, batch 162, 

was the calibration adsorbent for the organic surface area 

measurements. Had the organic surface areas been measured 

with respect to Porasil F, batch 137, the anomalies between 

the two batches might not have been observed. 

Discussion: Porasils 

As surface area available increases, the number of 

pores in the adsorbent increases, and their volumes and 

diameters decrease. Thus, an adsorbate molecule is exposed 

not only to more adsorption sites but also to adsorption 

sites in pores where the effect of the short-range surfaces 

forces increases as pore diameters and volumes decrease. 

Thus, Ag°, As°, and Ah° are expected in general to increase 

with increasing surface area in adsorbents such as the 

Porasils. As surface area increases, exclusion of 

adsorbates from a greater percentage of the pore volume 

occurs. By that point entropic requirements will have 

become quite severe. Since the adsorbates chosen as models 
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for this study are of different lengths and shapes and are 

capable of different types and strengths of interactions, 

the effect of narrowing pore diameters and decreasing pore 

volumes has obviously affected each adsorbate differently. 

Thus, the combination of surface area available and the 

three thermodynamic parameters are necessary to describe 

the observed chromatographic behavior of the adsorbates. 

Results and Discussion: Durapaks 

It is evident that chemical modification of Porasil 

C to produce the Durapak adsorbents will modify their 

chromatographic behavior relative to that of the unmodified 

substrate. Some observations have already been made on this 

point, particularly that Durapak-Carbowax presented surface 

areas available to all of the adsorbates but cyclohexene 

that were considerably greater than the nitrogen surface 

area. This observation is in contrast to the other Durapaks 

(Octane and OPN) where the surface areas available to all 

of the adsorbates were found to be smaller than the nitrogen 

surface areas. Further, cyclohexene on the Octane- and OPN-

modified adsorbents has the lowest surface area available of 

the adsorbates studied. 

Table 35 presents the thermodynamic data gathered on 

the three Durapak supports calculated using both the nitrogen 

and organic surface areas available. The table also presents 

for comparison the thermodynamic data on Porasil C, batch 



Table 35. Comparison of Porasil C and Durapak Thermodynamic Data Using Nitrogen 
and Organic Surface Areas 

C-141 D-Octane D-OPN D-Carbowax 

Adsorbate N2 
Organic N2 

Organic N2 
Organic N2 

Organic 

_Ag° 

Hexane 2. ,71 2. 71 2. .84 2. 87 2. ,84 2. 76 2. 66 2. 46 
Cyclohexane 2. ,74 2. 94 2. .91 2. 90 2. , 66 2. 66 2. 68 2. 49 
Heptane 3. ,28 3. 44 3. .40 3. 48 3. ,41 3. 42 3. 20 3. 03 
1-Hexene 4. ,12 4. 15 3. .10 3. 28 3. ,07 3. 11 2. 75 2. 57 
Cyclohexene 4. ,25 4. 37 3, .44 3. 82 3. ,19 3. 52 2. 83 3. 00 
Benzene 4. ,62 4. 66 3. .82 4. 03 3. ,65 3. 65 3. ,05 2. 98 

_AS° 

Hexane 15. ,2 15. 2 15, .1 15. 0 14. ,5 14. 8 11. , 9 12. 5 
Cyclohexane 15. ,4 14. 8 13. .7 13. 8 7. ,7 7. 7 11. 2 11. 8 
Heptane 18. ,2 17. 7 17. .4 17. 2 14. ,8 14. 8 14. 0 14. 5 
1-Hexene 9. ,02 8. 93 17. .5 16. 9 14. ,6 14. 5 12. 2 12. 7 
Cyclohexene 17. ,7 17. 4 19. .0 17. 8 15. ,0 14. 0 11. ,5 10. 9 
Benzene 12. ,7 12. 5 21. .3 20. 7 17. ,7 17. 7 12. ,7 12. 9 

-Ah0 

Hexane 7. 86 7. 95 7. .76 6. 65 
Cyclohexane 7. 95 7. 55 5. .25 6. 47 
Heptane 9. 42 9. 28 8. .41 7. 92 
1-Hexene 7. 17 9. 00 8, .02 8. 02 
Cyclohexene 10. 3 9. 84 8. .26 6. 70 
Benzene 8. 92 11. 0 9. .64 7. 03 
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141, which has the nitrogen surface area closest to those 

of the Durapaks. The Durapak data were presented earlier 

in Tables 29-34 but are presented again for ease of dis

cussion. Table 36 lists the corrected retention volumes per 

gram of adsorbent at 65°C of each of the six adsorbates on 

the four adsorbents now under consideration. Table 35 will 

be used in conjunction with Table 36 to explain the observed 

results. 

Table 36. Retention Volumes at 65°C of Adsorbates on 
Porasil C and Durapaks, ml/gram 

Adsorbate C-141 D-Octane D-OPN D-Carbowax 

Hexane 15.1 16.5 14.1 12.7 
Cyclohexane 15.6 18.3 10.7 13.2 
Heptane 35.0 38.7 32.8 28.4 
1-Hexene 123 24.3 19.8 14.6 
Cyclohexene 149 40.1 23.9 16.4 
Benzene 259 70.9 47.0 23.0 

Durapak-Octane. If the data of Tables 35 and 36 are 

examined, it is apparent that the retention volumes of the 

saturated adsorbates are all somewhat greater than those on 

Porasil C and the other Durapaks, while the retention 

volumes of the unsaturated adsorbates are considerably 

lowered. It was noted at the beginning of this section that 

the surface coverage of the bonded phase is of importance in 

considering the behavior of modified adsorbents. Further, 
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it has been shown (42, 115) that the length of the modifying 

moiety is also an important consideration. Modification in 

general reduces surface activity and can cause a certain 

amount of pore blockage. Thus, a reduction of retention 

volume would be expected of the modified adsorbents. The 

behavior of the adsorbates on the Octane-modified support is 

somewhat different than this simple picture predicts. 

The saturated adsorbates are generally pictured as 

adsorbing parallel to surfaces. The increased retention 

volumes of the saturated adsorbates seem to be in contraven

tion of pore blockage. However, since the entropy losses on 

the Octane-modified adsorbent are slightly larger than those 

on Porasil C, the saturated adsorbates appear to be inter

acting to some extent with the bonded phase itself. The 

decrease in surface areas available to these adsorbates 

indicate a certain amount of pore blockage. The somewhat 

lower enthalpies of cyclohexane and heptane indicate that 

interaction with the bonded phase is somewhat lower than 

that of hexane. The lower organic surface areas available 

to cyclohexane and heptane are in accord with this observa

tion. Hexane, smaller than heptane, less bulky than cyclo

hexane, and of higher surface area available than either, 

apparently sees more pore volume and interacts more strongly 

with the bonded phase. The slightly higher enthalpy of 

hexane than on Porasil C and the essentially identical 

surface area and entropy losses (compared to Porasil C) are 



in accord with this observation. A model of this sort has 

been invoked by Gilpin (115) and tentatively by Karger and 

Sibley (42). 

In contrast to the saturated adsorbates, the un

saturated adsorbates undergo a considerable reduction in 

retention volume and surface area available. Benzene and 

1-hexene undergo considerable increases in enthalpy and 

entropy losses. Cyclohexene shows a moderate decline in 

enthalpy and a slight increase in entropy loss relative to 

Porasil C. Benzene and cyclohexene undergo similar and 

lower decreases in retention volume than 1-hexene. 

In light of the foregoing considerations, it appears 

that adsorbed cyclohexene is oriented more or less parallel 

to the surface as in the Porasil adsorbents. Pore blockage 

by the Octane bonded phase would account for the decrease in 

retention volume and surface area available. The double 

bond of cyclohexene presumably interacts specifically with 

the surface and the remainder of the molecule "lies" against 

or interacts non-specifically with the bonded Octane 

molecules. Benzene is generally depicted as being adsorbed 

parallel to surfaces, and the data for benzene on the 

Octane-modified adsorbent are consistent with this picture. 

The reduction of the retention volume of benzene relative 

to Porasil C and the reduction in surface area available 

indicate a certain amount of pore blockage. The large 

increase in entropy loss relative to Porasil C presumably 
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reflects the difficulty of the approach of the benzene 

molecule to the surface. 1-Hexene appears to be oriented 

parallel to the surface or, more likely, to be adsorbed at 

the double bond, and the remainder of the molecule inter

acts non-specifically with the Octane bonded phase. 

The model presented for adsorption of 1-hexene of 

specific interaction with the surface and non-specific 

interaction with the bonded phase is consistent with the 

observed decreases in retention volume and surface area 

available. The increase in enthalpy and entropy loss 

relative to Porasil C indicate a certain amount of inter

action with the bonded phase. 

Durapak-OPN. The data presented in Tables 35 and 36 

show rather interesting behavior of the adsorbates on this 

modified support. The expected effects of chemical modifi

cation have been discussed in general earlier and some of 

the effects have been discussed in particular to explain 

the data taken on Durapak-Octane support. Thus, one would 

expect to observe on Durapak-OPN a general reduction in the 

extent or strength of interaction of the adsorbates (surface 

deactivation), a reduction in surface area available to the 

adsorbates (pore blockage), and perhaps a different reten

tion order of the adsorbates (interaction with the bonded 

phase or hindrance of adsorption). The observations and 

conclusions made from the data taken on Durapak-OPN are 
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presented in succedding paragraphs to explain the behavior 

of the model adsorbates. 

The retention volumes of the saturated adsorbates on 

the OPN bonded phase are lower than on Porasil C or the 

Octane bonded phase. The retention volumes of the unsatu

rated adsorbates on the OPN bonded phase are also reduced 

relative to the Octane bonded phase. The retention volume 

of benzene is sharply reduced compared to the Octane-

modified support. The retention volume of cyclohexene is 

also sharply reduced although less so than that of benzene. 

It is also noted that the surface area available on the 

OPN bonded phase to cyclohexene is less than half that of 

nitrogen, while the surface areas available to the other 

adsorbates are not significantly different from the nitrogen 

surface area. 

The enthalpies of adsorption of all of the adsorbates 

on the OPN bonded phase are smaller than on the Octane-

modified support. All except that of 1-hexene are smaller 

than on Porasil C. The entropy losses of adsorption of the 

saturated hydrocarbons are lower than on either Porasil C or 

Durapak-Octane. The entropy loss of cyclohexane is unusually 

small. The entropy losses of the unsaturated adsorbates are 

smaller than on the Octane bonded phase. The entropy loss 

of cyclohexene is smaller than that on Porasil C, while the 

entropy loss of benzene is larger than that on Porasil C. 
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The further reduction in retention volumes cer

tainly indicate increased pore blockage relative to 

Durapak-Octane. Presumably the surface coverage of the OPN 

bonded phase is greater than that of the Octane bonded 

phase. This is not surprising since the OPN molecule 

(O-C^-CI^-CsN) is half the length of the octane molecule 

and should therefore have higher surface coverage. The 

nitrile functional group is capable of specific interactions 

so some effect of this group may be observed, at least for 

the unsaturated adsorbates. 

The thermodynamic data for hexane on the OPN phase 

are similar in magnitude relative to those on Porasil C and 

the Octane bonded phase. The surface area available to 

hexane is also similar. Thus, there is probably little 

difference in the manner of adsorption, and the presence 

of the organic bonded phase appears to make up for the 

slight loss of pore volume available. Cyclohexane is con

siderably less adsorbed on the OPN phase than on either 

Porasil C or Durapak-Octane. The enthalpy and entropy loss 

of adsorption are so low that cyclohexane probably adsorbs 

on edge. The thermodynamic data for heptane indicate 

behavior similar to that of hexane. 

The thermodynamic data for 1-hexene show a smaller 

entropy loss than on Durapak-Octane but a larger loss than 

on Porasil C. The surface area of 1-hexene on the OPN 

bonded phase is slightly larger than on the Octane bonded 
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phase. The enthalpy of adsorption of 1-hexene is lower 

than that on the Octane bonded phase but higher than on 

Porasil C. The orientation of the 1-hexene molecule is 

probably parallel to the surface and the lower entropy loss 

relative to the Octane-modified adsorbent probably reflects 

an easier approach. 

The thermodynamic data for cyclohexene on the OPN 

bonded phase show a significantly smaller entropy loss 

relative to both Porasil C and Durapak-Octane. The enthalpy 

is lower than on Porasil C and Durapak-Octane. The surface 

areas available to cyclohexene are about the same. The 

retention volume of cyclohexene is reduced to about the same 

extent as that of 1-hexene relative to Porasil C. Thus, 

cyclohexene appears to adsorb end-on, with the double bond 

interacting with what silica surface is available. The 

lower enthalpy relative to Porasil C indicates a lower 

strength of interaction, while the lower entropy loss rela

tive to Porasil C is presumably the result of easier 

approach to the surface. Since the OPN moiety is only half 

the length of the Octane group, the entropy loss of cyclo

hexene is lower on the OPN than on the Octane bonded phase. 

There appears to be no identifiable interaction with the 

nitrile group. 

The thermodynamic data for benzene on the OPN-

modified support indicate the same parallel interaction with 

the surface as on the Octane-modified and silica adsorbents. 
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There may be some interaction with the nitrile functional 

group. This argument is not conclusive, however, since the 

data are perhaps better explained by the easier approach of 

the benzene molecule to the surface of the OPN adsorbent 

than the Octane adsorbent. The entropy loss, larger than on 

Porasil C but smaller than on the Octane-modified adsorbent, 

presumably indicates this easier approach to the surface. 

The enthalpy of adsorption, also larger than on Porasil C 

and smaller than on Durapak-Octane, also supports this 

conclusion. Karger and Sibley (42) tentatively suggested 

an interaction with a very bulky organic bonded phase, but 

they could not state the conclusion as unequivocal. 

Not much has yet been said of the utility of the 

organic surface areas available for calculation of the 

thermodynamic data since the use of either the organic or 

nitrogen surface areas for their calculation has sufficed 

to this point to explain the observed behavior. Reference 

to Tables 35 and 36 shows that on the OPN bonded phase 

cyclohexene elutes before heptane. The free energies 

calculated using the nitrogen surface area also follow this 

order. The free energies calculated using the organic 

surface areas, however, reverse this order. Since the free 

energy must parallel retention volume, the free energies 

calculated using the organic surface area data are invalid. 

The reversal must be caused by an incorrect or invalid 

surface area. 
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The measurement of the surface area available to 

cyclohexene appears to be correct, so the measurement must 

be invalid. It was discussed earlier that the use of the 

effective molecular area was based on the assumption that 

the mode of adsorption was similar to that on the calibra

tion adsorbent. It is most likely that on the Porasil 

supports cyclohexene adsorbs parallel to the surface. The 

data for cyclohexene on Durapak-OPN indicate that the mode 

of adsorption was more or less normal to the surface rather 

than parallel. 

Durapak-Carbowax. The data measured on the Durapak-

Carbowax adsorbent and those presented in Tables 35 and 36 

show unusual behavior of the adsorbates on this support. 

Some of the effects of chemical modification have been 

described earlier in terms of surface deactivation, pore 

blockage, and possible interactions with the bonded phase 

as well as with the remaining unreacted surface. It was 

suggested earlier that the isotherms and surface areas 

available to the molecular probes might be indicative of a 

dual interaction mechanism: adsorption and gas-liquid type 

partitioning. The observations and conclusions made in the 

following paragraphs will discuss these possible effects of 

chemical modification. 

The retention volumes are all smaller than on 

Porasil C and Durapak-Octane. The retention volume of 
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cyclohexane is larger than on Durapak-OPN, while the reten

tion volumes of the other adsorbates were smaller. The free 

energies of interaction of all of the adsorbates but cyclo

hexane were smaller than on Porasil C or the other modified 

adsorbents. The same is observed of the enthalpies of 

adsorption: the enthalpy of cyclohexane is larger than on 

Durapak-OPN but smaller than those on Porasil C or Durapak-

Octane. The entropy losses are less ordered. 

It was proposed in an earlier section that, since 

the organic surface areas available on the OPN support to 

all of the adsorbates but cyclohexene were larger than the 

nitrogen surface area, this support interacts in a complex 

manner. The possible modes of interaction are physical 

adsorption, chemical interaction with the bonded phase, or a 

combination of both interactions. In connection with 

liquid phase-like behavior is the possibility of adsorption 

on the liquid phase (122-126). These possible modes of 

interaction are discussed in succeeding paragraphs. 

The thermodynamic data show that the free energy of 

interaction of hexane with the Carbowax support is less than 

on the other supports discussed. It is also less than on 

any support investigated but Porasil F, batch 137. The 

reduced retention volume of hexane certainly indicates loss 

of pore volume. The organic surface area available is 

36 m /gram larger than the nitrogen surface area. These 

data for hexane, and for the other adsorbates as will be 
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seen later, can be explained by either one of two models. 

One may postulate that there is extensive non-specific 

interaction with the bonded phase. Or, one may postulate 

that the bonded phase acts as a polymer-like or thin liquid 

coating. Extensive non-specific interaction with the 

bonded phase should be manifested by fairly large entropy 

losses and fairly high enthalpies of interaction comparable, 

perhaps, to those observed on the unmodified Porasil C. 

Interaction with a thin liquid coating should give rise to 

lower entropy losses and enthalpies of interaction. Now, 

the enthalpy of interaction of hexane with Durapak-

Carbowax is not large, and the entropy loss is considerably 

smaller relative to Porasil C or the other modified 

adsorbents. The energy and orientation requirements for 

interaction with even a light liquid coating should be lower 

than for interaction with a surface, so that this model 

does not appear unreasonable. 

The model presented above of adsorbate interaction 

with essentially a lightly-loaded liquid phase can also 

explain the data for cyclohexane and heptane. The enthalpy 

and entropy loss upon interaction are not large. On this 

modified support cyclohexane probably adsorbs parallel to 

the liquid coating (greater entropy loss) than edge on as 

pictured for adsorption on Durapak-OPN. 

The retention volume of 1-hexene shows decreased 

adsorption, the surface ar a shows that most of the surface 
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is available. The free energy of interaction is slightly 

greater than those of hexane or cyclohexane. The enthalpy 

is somewhat greater than those adsorbates. The entropy 

loss is only slightly greater than those of hexane or 

cyclohexane. Thus, 1-hexene is pictured also as adsorbing 

parallel on an essentially liquid surface. The greater 

enthalpy results from the double bond which is capable of 

specific interactions. 

The behavior of cyclohexene is unusual. The reduc

tion of retention volume is slightly greater than that of 

1-hexene. The surface area available is only slightly less 

than the nitrogen surface area. The free energy of inter

action is considerably less than those on Porasil C or the 

other modified supports and somewhat larger than that of 

1-hexene on the same support. The enthalpy is quite low 

and much smaller than that of 1-hexene. The entropy loss 

is also quite low. Cyclohexene is pictured as adsorbing 

edge-on on a material with a light liquid coating. The 

Carbowax molecules bonded to the solid support are much 

larger than either the bonded Octane or OPN molecules, so 

that extensive penetration of the adsorbate molecules to 

the silica surface would be difficult to explain, especially 

since the thermodynamic data indicate lesser interaction 

than on Porasil C or the other modified supports. 

The retention volume of benzene is greatly reduced, 

one-eleventh that on Porasil C. The benzene surface area is 
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2 
32 m /gram greater than the nitrogen surface area. The free 

energy of interaction is considerably lower than on Porasil 

C or the other modified adsorbents, as is the enthalpy. 

The entropy loss is also much smaller than on these 

materials. All of these data indicate that benzene inter

acts parallel to a lightly-loaded liquid phase. 

Once again the use of organic surface area data to 

calculate the thermodynamic parameters gives rise to an 

anomaly. Cyclohexene is less retained on Durapak-Carbowax 

than benzene. The use of the nitrogen surface area gives 

free energies in the correct order. Using the organic 

surface areas, however, reverses the order although the 

reversal is not significant within experimental error. It 

is probable that the surface area available to cyclohexene 

is not calculated validly. Certainly if the mode of 

adsorption of cyclohexene on a given adsorbent is much 

different than on the calibration adsorbent (Porasil F), 

then the extension of the effective molecular area to the 

other adsorbent is chancy. This difference in the mode of 

adsorption appears to be the best explanation for the 

anomalous thermodynamic data calculated for cyclohexene 

using the organic surface areas available on the OPN-and 

Carbowax-modified supports. 
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Experimental Note 

Flame ionization detectors do not respond to 

nitrogen, the unadsorbed species vised in the organic frontal 

analysis experiments to measure V the column hold-up 

volume. Thus, the technique of Peterson and Hirsch (105) 

was used to measure V . The technique involves the measure

ment of the retention times of three members of a homologous 

series of hydrocarbons. Since the logarithm of the 

corrected retention volume is a linear function of the 

number of carbon atoms in the members of the series, the 

retention volumes of the members may be extrapolated to give 

the retention volume of the member of that series with zero 

carbon atoms: an unadsorbed species. 

If the retention times of methane, ethane, and 

propane are Tml, Tm2» an(^ Tm3 > the f°H°wing equation (105) 

is used to perform the extrapolation 

2 m • T T 
m _ ml m3 " m2 ,?_v 

m = Tn,l + Tm3 " 

Where T is the retention time of the unadsorbed species. 
m 

This calculated T may be used to correct the retention time 
m 

of the analyte species. 

It was found that this technique gave anomalous 

results in that the calculated column hold-up volumes were 

quite large, larger even than those calculated during the 

organic frontal analysis experiments. 
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Table 37 presents these measured column packing 

fractions. Comparison of these apparent packing fractions 

with those listed in Table 14 shows that these are all 

larger than those measured with nitrogen. It is evident 

that the low molecular weight hydrocarbons (methane, ethane, 

and propane) used are all adsorbed to some extent. Thus, 

the extrapolated retention time is that of a species of zero 

carbon number which is adsorbed to some extent also. There

fore, the extrapolation in these systems was not considered 

valid. The thermodynamic data presented in this section 

were calculated using adsorbate retention volumes corrected 

by use of the packing fractions measured by nitrogen and 

presented in Table 14. 

Table 37. Apparent Column Packing Fractions, F, Measured by 
an Extrapolation Technique 

Column F 

Porasil F, 137 0.84 
Porasil F, 162 0.86 
Porasil C, 141 0.98 
Porasil C, 175 1.16 
Porasil A 3.00 
D-Octane 0.93 
D-Carbowax 0.88 
D-OPN 0.85 



CHAPTER IV 

CONCLUSIONS 

During the course of the research culminating with 

this dissertation, a number of goals were considered 

important. It was desired to examine the concept of surface 

area available to organic adsorbates. It was desired to 

test the utility of the concept to the explanation of the 

observed chromatographic behavior of a selected series of 

commercially available chromatographic adsorbents. It was 

further desired to measure these surface areas chromato-

graphically and to demonstrate the application of small 

computers to this type of measurement. 

The research necessitated the development of a 

frontal analysis chromatograph which has been shown 

capable of producing reasonably accurate and precise 

measurements. The research has also demonstrated the 

feasibility of the chromatographic measurement of adsorption 

isotherms from which surface areas may be calculated. The 

comparison of surface areas calculated by different methods 

has shown the problems associated with finite concentration 

gas chromatographic studies and that these problems must be 

taken into consideration for accurate measurements. TJie 

research has also demonstrated that small computers offer 

154 
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great advantages in acquiring, processing, and calculating 

the data necessary for the computation of surface areas 

available. The accuracy of computer operations offers 

advantages for the accurate measurement of retention times 

and integration of areas. The control feature of the 

computer system used enabled a more accurate time scale 

than is possible in the usual chromatographic methods. 

The utility of the concept of surface area available 

has been discussed. The concept has been shown to be useful 

qualitatively and quantitatively to characterize physically 

the adsorbents studied. The surface area available has also 

been shown to be useful for the calculation of the thermo

dynamic parameters which describe the chromatographic 

behavior of the adsorbates on the adsorbents studied. The 

surface area available has thus been shown to be capable of 

use in the qualitative explanation of the physical nature of 

the adsorbents and in the quantitative description of the 

chemical behavior of the adsorbates on the adsorbents. 

Further, the pitfalls of the measurement and use of the 

surface area available have been discussed. 

The chromatographic behavior of the model adsorbates 

on the commercially available adsorbents has been described 

in terms of the possible molecular interactions and surface 

areas available. It has been shown that the chemically 

modified supports give rise to chromatographic behavior 

different from that observed on the unmodified silica 
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adsorbents and that the behavior involves reduction of 

surface area available as well as interactions with the 

bonded phase. 

Suggestions for Further Work 

The utility of the concept of surface area available 

and its combination with thermodynamic parameters to the 

description of chromatographic behavior in terms of physical 

and chemical adsorbate-adsorbent interactions has been shown 

in this work. The concepts and techniques developed in this 

research should be extended to a wider variety of chro

matographic systems. 

Studies such as the one reported here which develop 

new techniques for investigating physico-chemical behavior 

are of interest in themselves not only because of new 

approaches described but also for the data which they pro

duce. On the other hand, the development and characteriza

tion of new gas-solid chromatographic supports, especially 

chemically modified supports, would be of great benefit to 

chromatographic analysis. In addition to aiding in the 

characterization of such materials, the information gained 

from further studies using the method of approach developed 

in this work could be of benefit in the development of new 

gas-solid supports specifically "tailored" for specific 

separations. 
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The approach taken in this work should also be 

extended to the use of more model adsorbates to gain more 

information about the interactions between adsorbates and 

adsorbents, especially modified adsorbents. Particularly 

interesting would be the use of model adsorbates with 

substituent groups which could introduce steric hindrance 

to adsorption. Further, the combination of surface area 

available and thermodynamic parameters could be extended, 

through additional studies, to the prediction of retention 

times for analysis. 

The approach of surface areas available and 

thermodynamic data might also be extended to include the 

derivation of thermodynamic parameters in s stems at finite 

concentrations. It is recalled that Equation (16), which 

was derived for finite concentration GC, can be used for 

the calculation of thermodynamic parameters. Using this 

approach, the effects of substantial adsorbate-adsorbate 

interactions might be separated from adsorbate-adsorbent 

interactions. 

Finally it should be noted that the concepts and 

techniques developed in this research can be extended to 

the study of gas-solid systems other than chromatographic. 

Adsorption systems are of enormous importance in many 

disciplines and commercial activities. For example, pre

liminary experiments have shown that the measurement of the 

nitrogen surface area of collected air particulates by 



158 

frontal analysis chromatography is feasible. It is likely 

that the measurement by the same technique of surface areas 

available to organic compounds is feasible also. The 

interaction of various gaseous pollutants with air particu

lates is very complex, and studies of model systems by the 

approach developed in this work might prove to be fruitful. 

Chromatographic techniques have been used to investigate 

catalysts and catalyst systems, and the concept of surface 

area available might be useful in such studies also. 



APPENDIX A 

DERIVATION OF EQUATION FOR FINITE CONCENTRATION GC 

The derivation presented herein merely parallels 

that of Conder and Purnell (86) and shows the divergence. 

It also points out an error in their derivation which was 

resolved by a personal communication. We start with 

Now, since pQ = P, q(pQ) = q(P) and Equation (A.2) becomes 

(A. 1) 

and 

v + v, (dq/dc)] ̂ dc 

0 
(A. 2) 

V 

| Cvg + V-j^dq/ScJp] *dc - A0VgC - ^ 

We also have 

Vp = (t - t.)F(Y?) (A.4) 
R O X o 

(A.4) 

and 

V° = jVm = Vg + Vd + V^l-YHaq/ScJp (A. 5) 
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(A.5) 
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Equations (A.4) and (A.5) here are recognized as Equations 

(15) and (16) of Chapter I. 

Equation (A.3) may be rewritten 

•^v-^qtP) = J C(-j^Y)[Vg+v1(l-Y) (3q/Sc)p]} 4dc 

- J n-j^Y)vg] 4dc - ̂ VgC - M. (A. 6) 

Now 

vs " Vg- V1 " Vl (fl-7) 

also, if T = Tcol and Tc = 

[v +v1(l-I) (3q/3c)p]^0 . - v£ (A.8) 

From Equations (1.1) and (2.11) of Reference (86) 

we have 

F(y\) = <l-2«2)F<t) = (1-f"K'(ll°ij1+K' (A-9» 

also 

I 
j— = (t^-t^)/(t^-t..) (A.10) 

o i o 1 
o 

Multiplying (A.8) by (A.10) and using (A.9), the result 

is substituted into Equation (A.6). First we have 
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j(t -t.)F(0)(1+k)(1-26Y2) 
Cv^d-Yxaq/acJpDi = °  ̂ uKd-HJ 

(t -t.) 

- vd TT^TT <A-H> 
O X 

It is at this point that this derivation diverges 

from that of Conder and Purnell (86). These authors drop 

the V° term since their instrument had a negligibly small 

dead volume. 

If (A.11) is substituted into Equation (A.6), we 

get after some rearrangement 

c n j(t -t.)(T/T„)F(0)(1+K)(1-20Y2) 

Viq(P) - I 'ct'C ri+K(i-»i J ^ dc 
0 

C  ,  v 2 < t - t . )  

~ J (IT7)^ (t -t ) ^ dc 
0 1 *ro ri' 

- v [^0C + J (3;—f) -^dc] - H (A. 12) 

If we define 

(t -t.) 
x ? r1 o i (1-28¥ ) n ... 
Z1 ~ ^ (VV C1+K^-1t) J (A.13) 

12 = vgC^0C + ̂  ̂ 1—(A. 14) 

13 = I <irT)[v| dc (A.15) 
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We can rewrite (A.12) 

Vii<p> = V^P) = j(T/Tc)F(0) (l+KJlj-Ig-I^H (A.16) 

Equation (A.16) is the same as Equation (2.12) of Conder 

and Purnell (86) with the addition of the term 1^. 

Conder and Purnell (86) evaluate 1^ and Ig as 

follows 

(a+p)p y 

I1 = ajRTh ^lntl + (l+l) (l+K) ̂ + (A.17) 

J2 - ln<1-'n (A-18) 

Private communication (135) indicates that Equation (A.18) 

requires to be multiplied by TF/TF in order that Tp may 

ultimately be factored. 

It is needed to evaluate Ig. It is evident that 

there is a relationship between Vm and , the column and 

instrument hold-up volumes. The terms involving these 

quantities ought to be of similar form. Now 

(t -t.) 
o 1 

0 -- - ,to"ti: 

C - „ (t -t.) 
I3 = i (irr^vd (t'-t1)3 dc 

The time scale is such that 0 < t. < t < t . Now, t. is 
1 o o '1 

zero if there is no inlet detector. The data taken in this 

work are taken at t = t , so that 
o o 
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X3 = | (ITT) Vd dc 

= Vj J (•, —y) dc (A. 19) 
0 

Prt 
Since, dc = a_.RT d¥ (A.20) 

I3 = ajRT }[ (lTT) d¥ (A.21) 

or 

V°p T_ 
I3 = ajRTTf (A.22) 

The terms a, j, and ¥ are defined below. See also 

Reference (86) 

a = 
l+K(l-yojl) 2yopoB22(l-Yojl> 

r, o o & &  ~o ^ 1 
L J- + Dip J 

l+K(l-y J*} RT 
o J 

i = j?[i + °°" 3—] 

* = ajyo 



APPENDIX B 

LISTING OF PROGRAM IRE-7 AND EDIT FILE 
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0001 AFMBj R, 3, LjXJC 
0002 HED IREl ISOTHERM RESEARCH A EDUCTION 1 
0003 *************4**************** 
0004 * 

0005 * 

00e6 * VERSION 7 
0007 * 21 MARCH 1973 
0008 * 

0009 * 
0010 * THIS PROGRAM CONTROLS AND TAKES. DATA IN REAL-
0011 * TIME FROM FRONTAL ANALYSIS EXPERIMENTS FOR 
0012 * CALCULATING ADSORPTION ISOTHERMS. DATA OUTPUT 
0013 * ON THE TELETYPE IS USED FOR POINT-BY-POINT 
0014 * CALCULATION OF ISOTHEPMS USING THE CONDER-
0015 • PURNELL FA METHOD. DATA OUTPUT VIA THE PUNCH 
0016 * MAY BE USED IN CONJUNCTION WITH THE TELETYPE 
0017 * OUTPUT FOR CALCULATING ISOTHERMS BY THE FACP 
0018 * METHOD. 
0019 * 
0020 * 
0021 
0022 NAM IRE 
0023 EXT WRITE 
0024 EXT MPXOP 
0025 EXT FLOAT 
0026 EXT • VMFL 
0027 EXT EDUMP 
0028 EXT VLTRD 
0029 EXT . AD2B 
0030 EXT AD2BN 
0031 EXT KYRDR 
0032 EXT EREAD 
0033 EXT .PACK 
0034 EXT • B2DC 
003S EXT SORT 
0036 EXT LEADR 
0037 EXT PVLB 
0038 EXT .IOC. 
0039 START NOP 
0040 HED IRE-7 i 3-21-73 
0041 * 

0042 * 

0043 * INPUT SECTION 
0044 * 

0045 * 

0046 JSB WRITE 
0047 DEF STMT I /IRE-I 3-21-73 
0048 DEC 8 
0049 JSB WRITE 
0050 DEF STMT2 /COL « COND7 « 
0051 DEC 7 
00 52 JSB KYRDR 
0053 DEF BULL 
0054 DEC 30 
005$ JSB WRITE 
0056 DEF STMT3 /TYPE IN # PTS <500 MAX)I • 
0057 DEC 14 
0058 JSB .AD2B 
0059 DEF TDATA 



0061 
0062 
0063 
00 64 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
01J 1 
0112 
0113 
0114 
0115 
0116 
0117 
0118 
0119 

J SB INPT 
STB NPTS 
CMBi . INB 
STB NPTS. 
J SB WRITE 
DEF STMTG 
DEC 18 
J SB INPT 
STB AVG 
CMB«INB 
STB AVG. 
LDA AVG 
J SB FLOAT 
DST AVER 
J SB WRITE 
DEF S"MT5 
DEC 12 
J SB EREAD 
STA TSCAL 
STB TSCAL+1 
J SB WRITE 
DEF STMTR 
DEC 12 
J SB INPT 
STB AWT 
CMS*INS 
STB AWT. 
SKP 

* 
* 

* VALVE SET SECT! 
* 
* 
FGSV JSB WRITE 

DEF STMTZ 
DEC 18 
JSB INPT 
SZB 
JMP BEGIN 
LDA SVVAL 
JSB MPXOP 
JMP FGSV 
SKP 

* 

* 

/* PTS FOR AVERAGED OTYS 
(200 MAX) -

/TYPE IN DVM RATE *E*t -

/ADS* INTERVAL IN CNTS7 -

/TYPE 0 TO FIRE VALVE* I 1 
/START I -

INITIAL DATA SECTION 

BEGIN LDA DDAT. 
STA • DDAT 
LDA OBUF. 
STA • OBUF 
JSB EMFM1 
JSB WRITE 
DEF STMA 
DEC 11 
LDA ADET 
JSB MPXOP 

L5 CLF 0 
JSB VLTRD 

/SV 0 UP TO MEAS BASEI 



0121 
0122 
0123 
0124 
0125 
0126 
0127 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
0141 
0142 
0143 
0144 
0145 
0146 
0147 
0148 
0149 
0150 
0J51 
0152 
0153 
0.154 
0I5S 
0156 
0157 
0158 
0159 
0160 
0161 
0.162 
0163 
0164 
0165 
0166 
0167 
0.168 
0J69 
0170 
0171 
0172 
0173 
0174 
0175 
0176 
0177 
0178 
0179 

* 
* 
* 
* 
* 

LI A I.C 
SLA.RSS 
JMP L5 
JSB EKFM2 
OLD XBAR 
DST BASER 
LDA AVG. 
STA CNTR. 
JSB STX 
SKP 

ADS DATA SECTION 

(NEAS REF BASELINE) 

L35 

L40 

L45 

L50 

CLA 
STA RACK 
STA RACK*1 
STA DPC 
STA DPC* 1 
JSB WRITE 
DEF STMT4 /AFTER PRESSURE SPIKE* SW 3 
DEC 23 /UP TO MEAS SPL BASELINE! 
LDA AVG. 
STA .AVG 
LDA NPTS. 
STA • NPTS 
LDA SVVAL 
JSB MPXOP 
JSB TIME1 (WAITS 'TILL PRESSURE SPIKE 
JSB VLTRD PASSES.) 
LZA IsC 
RAR*RAR 
RAR 
SLA'RSS 
JMP L35 
JSB TIME1 
JSB VLTRD (MEAS SPL BASELINE) 
JSB • VMFL 
FAD RACK 
DST RACK 
ISZ • AVG 
JMP L40 
DLD RACK 
FDV AVER 
DST BASES (SPL BASELINE) 
JSB TIHE1 (WAITS FOR FRONT TO BREAK 
JSB VLTRD THROUGH.) 
JSB .VMFL 
FSB BASER 
FSB •F.2E+04 
SSA 
JMP L45 
LDA AVT. (TAKES ADS DATA) 
STA .AWT 
JSB VLTRD 
JSB .VMFL 
DST .DDAT*I 
ISZ . DDAT 
ISZ . DDAT 



0180 
CIS 1 
0182 
0183 
0184 
018S 
0186 
0187 
0188 
0i89 
0190 
0191 
0192 
0193 
0194 
019S 
0196 
0197 
0198 
0199 
0200 
0201 
0202 
0203 
0204 
0205 
0206 
0207 
0208 
0209 
0210 
0211 
0212 
0213 
0214 
0215 
0216 
0217 
0218 
0219 
0220 
0221 
0222 
0223 
0224 
0225 
0226 
0227 
0228 
0229 
0230 
0231 
0232 
0233 
0234 
0235 
0236 
0237 
0238 
0239 

JSB VLTRD 
ISZ .rtUT 
JMP L 55 
ISZ • NPTS 
JMP L50 
LDA DPC 
LDB DPC+1 
JSB • PACK 
DEC 31 
DST THRCT 
J S3 WRITE 
DEF STMTT 
DEC 11 
LIA 1«C 
RAR*RAR 
SLA*RSS 
JMP L60 
JSB EMFM1 
JSB VLTRD 
JSB • VMFL 
FSB BASER 
DST • BUF* I 
ISZ .BUF 
ISZ .BUF 
FAD RACK 
DST RACK 
ISZ • AVG 
JMP L65 
DLD RACK 
FDV AVER 
DST PKHT 
DST XBAR 
LDA AVG. 
STA CNTR. 
JSB STX 
LDA NPTS* 
STA .NPTS 
LDA DDAT. 
STA .DDAT 
DLD .DDAT*I 
FSB BASER 
DST .DDAT*I 
ISZ .DDAT 
ISZ .DDAT 
ISZ .NPTS 
JMP L70 
DLD PKHT 
FDV -F2 
DST AM DPT 
LDA DDAT. 
STA .DDAT 
CLA 
STA RACK 
STA RACK*1 
DLD RACK 
FAD -F.2E+0 
DST .DDAT*I 
CLA 
STA • ADCT 
LDA DDAT. 
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(WAITS BETWEEN POINTS) 

<# CNTS TO ADS THRESHOLD) 

/SW. 2 UP TO MEAS PXHTI 

(MEAS WAVE HEIGHT A 
CORRECTS TO BASER) 

(CORRECTS DATA FOR REF BASELINE) 

(PUTS THRH IN DDAT) 



0240 
0041 
0242 
0243 
0244 
0245 
0246 
0247 
0248 
0249 
0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
0258 
0259 
0260 
0261 
0262 
0263 
0264 
0265 
0266 
0267 
0268 
0269 
0270 
0271 
0272 
0273 
0274 
027 5 
0276 
0277 
0278 
0279 
0280 
0281 
0282 
0283 
0284 
0285 
0286 
0287 
e288 
0289 
0290 
0291 
0292 
0293 
0294. 
0295 
0296 
0297 
0298 
0299 

ADA NPTS 
ADA NPTS 
ADA =B-2 
STA •DDAT 
DLD AMDPT 
FSB •DDAT#I 
SSA*RSS 
JMP L80 
LDA .DDAT 
ISZ .ADCT 
JMP L7 5 
LCA .ADCT 
CMA#INA 
ADA NPTS 
STA .ADCT 
JSB FLOAT 
DST CNTST 
LDA AWT 
INA 
JSB FLOAT 
DST TEM1 
LDA .ADCT 
ADA *B-I 
JSB FLOAT 
FMP TEM1 
FAD THRCT 
FMP TSCAL 
DST ADSTR 
LDA NPTS 
ADA »B-1 
JSB FLOAT 
FMP TEM 1 
FAD THRCT 
FMP TSCAL 
FMP PKHT 
FMP -F.IE-02 
DST ADSA1 
LDA NPTS. 
INA 
STA .NPTS 
LDA DDAT. 
STA .DDAT 
CLA 
STA RACK 
STA RACK+t 
DLD .DDAT#I 
ISZ .DDAT 
ISZ .DDAT 
FAD RACK 
FAD •DDAT#I 
DST RACK 
ISZ .NPTS 
JMP L85 
DLD RACK 
FMP -F.5 
FMP TEM1 
FMP TSCAL 
FMP »F.1E-02 
DST ADSA2 
DLD ADSA1 
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(FINDS MIDPOINT OF DATA FOR 
RETENTION TIME) 

(# OF ADS MDPT) 

(AVT+1) 

<.ADCT-1)(AWT+1) 

(RETENTION TIME OF FRONT IN SEO 

(NPTS-1) <AWT*1) 

(SEC FROM START TO END OF DATA) 

(TTL ADS AREA* MV-SEC) 

(INTEGRATES) 

(AREA UNDER DATA/ MV-SEC) 



0301 
0302 
0303 
0304 
0305 
0306 
0307 
0308 
0309 
0310 
0311 
0312 
0313 
0314 
0315 
0316 
0317 
0318 
0319 
0320 
0321 
0322 
0323 
0324 
0325 
0326 
0327 
0328 
0329 
0330 
0331 
0332 
0333 
0334 
0335 
0336 
0337 
0338 
0339 
0340 
0341 
0342 
0343 
0344 
0345 
0346 
0347 
0348 
0349 
0350 
0351 
0352 
0353 
0354 
0355 
0356 
0357 
0358 
0359 

FSB ADSA2 
DST ADSA 
JSS VFITE 
DEF STMTD 
DEC 19 
JSB INPT 
SZB 
JMP L90 
JSB DDUMP 

L90 JSB VRITE 
DEF STMT6 
DEC 13 
HLT 55B 
LIA 1#C 
RAR#PAR 
RAR# RAR 
RAR 
SLA# RSS. 
JMP L9 5 
JSB WRITE 
DEF STHT9 
DEC 6 
LDA SWVAL 
JSB KPXOP 
JMP OUT 
SKP 

* DES DATA SECTION 
* 
* 

L95 J SB WRITE 
DEF STMTC 
DEC 12 
J SB INPT 
STB DVT 
CMB#INB 
STB DVT. 
J SB VRITE 
DEF STMTQ 
DEC 11 

L100 LIA 1#C 
RAL#RAL 
SSA#BSS 
JMP LI 00 
LDA DDAT. 
STA • DDAT 
LDA NPTS. 
STA • NPTS 
DLD BASER 
FAD -F.5E+04 
DST TEMPS 
LDA SVVAL 
JSB MPXOP 
J SB VLTRD 

L105 LDA DVT. 
STA • DVT 

LI 10 JSB VLTRD 
JSB • VMFL 
STA .DDAT#I 

(ADS AREA# MV-SEC) 

/PUNCH ADS DATA? TYPE 0. 
/NO? TYPE I. -

/ADS. ONLY? YES I SV. S UPI 

/DATA TAKEN I 

/DES. INTERVAL IN CNTS? -

/SV 13 UP FOR DES DATA! 

(INITIALIZES) 

(TAKES DES DATA) 



0360 ISZ .DDAT 
0361 STB .DCAT*I 
0362 ISZ .DDAT 
0363 FSB TEMPS 
0364 SSA 
036S JMP CRT 
0366 L115 JSB VLTRD 
0367 ISZ .DVT 
036S JMP LI 1 5 
0369 ISZ • NPTS 
0370 JMP L105 
0371 JMP OVER 
0372 CRT ISZ • NPTS 
0373 NOP 
0374 LtA NPTS 
037 5 ADA .NPTS 
0376 STA NPTS 
0377 CMA*INA 
0378 STA NPTS. 
0379 STA .NPTS 
0380 OVER JSB WRITE 
0381 DEF STMT9 
0382 DEC 6 
0383 LDA .DDAT 
0384 ADA = B-2 
0385 STA .DDAT 
0386 CLA 
0387 STA RACK 
0388 STA RACK*1 
0389 FAD BASER 
0390 FAD -F.5E+04 
0391 DST .DDAT*I 
0392 LDA DDAT. 
0393 STA .DDAT 
0394 LDA NPTS. 
0395 STA .NPTS 
0396 OUTB DLD .DDAT*I 
0397 FSB BASER 
0398 DST .DDAT*I 
0399 ISZ .DDAT 
0400 ISZ .DDAT 
0401 ISZ .NPTS 
0402 JMP OUTB 
0403 LDA DDAT. 
0404 ADA -D+8 
0405 STA .DDAT 
0406 DLD .DDAT*I 
0407 DST TBUF 
0408 LDA DDAT. 
0409 STA .DDAT 
0410 LDA »D-3 
0411 STA • CNT 
0412 LI 20 DLD TBUF 
0413 DST .DDAT*I 
0414 ' ISZ .DDAT 
0415 ISZ .DDAT 
0416 ISZ .CNT 
0417 JMP LI 20 
0418 LDA NPTS. 
0419 INA 

(WAITS BETWEEN POINTS) 

/DATA TAKEN! 

CREF BASELINE CORRECTION) 

(STORES 4TH POINT IN 
FIRST THREE LOCS) 



0420 
0421 
0422 
0423 
0424 
0425 
0426 
0427 
0428 
0429 
0430 
0431 
0432 
0433 
0434 
0435 
0436 
0437 
0438 
0439 
0440 
0441 
0442 
0443 
0444 
0445 
0446 
0447 
0448 
0449 
0450 
0451 
0452 
0453 
0454 
0455 
0456 
0457 
0458 
0459 
0460 
0461 
0462 
0463 
0464 
0465 
0466 
0467 
0468 
0469 
0470 
0471 
0472 
0473 
0474 
0475 
0476 
0477 
0478 
0479 

STA .NPTS 
LDA DDAT. 
STA •DDAT 
CLA 
STA RACK 
STA P.ACK+I 
DLD . DDAT* I 
ISZ .DDAT 
ISZ .DDAT 
FAD RACK 
FAD .DDAT#I 
DST RACK 
ISZ .NPTS 
JMP L125 
LDA DVT 
INA 
JSB FbOAT 
FMP TSCAL 
DST TINT 
DLD RACK 
FMP TINT 
FMP -F.5 
FMP "F.1E-02 
DST DESA2 
LDA NPTS 
ADA =»B-1 
JSB FLOAT 
DST TBL'F 
LDA DVT 
INA 
JSB FLOAT 
FMP T3UF 
FAD *F1. 
FMP TSCAL 
DST DESTT 
LDA DDAT. 
STA .DDAT 
DLD .DDAT# t 
FDV -F2. 
DST DM DPT 
LDA DDAT. 
STA .DDAT 
DLD .DDAT#I 
FMP DESTT 
FMP "F. IE-02 
DST DESA1 
DLD DESA1 
FSB DESA2 
DST DESA 
LDA DDAT. 
STA .DDAT 
CLA 
STA .DCNT 
DLD .DDAT#I 
FSB DMDPT 
ISZ .DDAT 
ISZ .DDAT 
ISZ .DCNT 
SSA# RSS 
JMP LI27 
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(INTEGRATES BY TRAPEZOIDS AREA 
UNDER DESOF.PTION CURVE.) 

CDVM DATA RATE IN SEC/CNT) 
(TIME INTERVAL IN SEC) 

(AREA UNDER DES DATA# MV-SEC) 

(TOTAL TIME OF DES DATA) 

(TTL DES AREA# MV-SEC) 

(DES AREA# MV-SEC) 



0431 
0482 
0483 
0484 
048 5 
0486 
0487 
0488 
0489 
0490 
0491 
0492 
0493 
0494 
0495 
0496 
0497 
0498 
0499 
0500 
0501 
0502 
0503 
0504 
0505 
0506 
0507 
0508 
0509 
0510 
CSJi 
0512 
0513 
0514 
0515 
0516 
0517 
0518 
0519 
0520 
0S21 
0522 
0523 
0524 
0525 
0526 
0527 
0528 
0529 
0530 
0531 
0532 
0533 
0534 
0535 
0536 
0537 
0538 
0539 
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LDA .DCNT 
AC A = B-1 
JSB FLOAT 
DST TBUF 
LDA DWT 
1NA 
JSB FLOAT 
TKP TBUF 
FAD •Fl. 
FTP TSCAL 
DST DESTR 
SKP 

* 
* -

* OUTPUT SECTION 
* 
* 
OUT JSB WRITE 

DEF STMTH 
DEC 8 
LDA • ADCT 
JSB • B2DC 
S7A OCNT 
JSB WRITE 

OCNT DEF 0 
DEC 3 
JSB WHITE 
DEF STMT7 
DEC 8 
JSB EDUMP 
DEF THP.CT 
DEF ONE 
JSB WRITE 
DEF STMT8 
DEC 6 
JSB EDUMP 
DEF AM DPT 
DEF ONE 
JSB WRITE 
DEF STMTF 
DEC 11 
JSB EDUMP 
DEF ADSA1 
DEF ONE 
JSB WRITE 
DEF STMTtf 
DEC 13 
JSB EDUMP 
DEF ADSTR 
DEF ONE 
JSB WRITE 
DEF STMTP 
DEC 13 
JSB EDUMP 
DEF ADSA 
DEF ONE 
JSB WRITE 
DEF STMTS 
DEC 13 
JSB EDUMP 

<# OF DES MDPT) 

(.DCNT-I> 

CDUT+I) 
<•DCNT-1)*(DWT+1) 

<TR OF DES FRONT) 

/# OF ADS MDPT! « 

/RETENTION CNTl 

/MIDPOINTj « 

/TTL ADS AREA* MV-SEC I -

/* TB <SEC) OF ADS FRONTi • 

/* ADS AREA* MV-SECl 

/* INT ADS AREA* MV-SECl • 
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0540 DEF ADSA2 
0541 DEF O~E 
0542 J~D IJRlTE 
0543 DEF ~nlT6 /ADS. ONLY? YES! sw. S UPI 
0544 DEC 13 
0545 HLT .55B 
0546 LIA 1 .. c 
0547 RAR,RAR 
0548 RAR,RAR 
0549 RAR 
0550 SLA, RSS 
0551 JMP L 150 
0552 JMP NOPUN 
0553 Ll50 JSB VRITE 
0554 DEF STMTI II PTS TAKEN: -0555 DEC 7 
0556 l.DA NPTS 
0557 JSB .B2DC 
0558 STA BFFR 
0559 JSB WRITE 
0560 BFFR DEF 0 
0561 DEC 3 
0562 JSB WRITE 
0563 DEF STMTJ II OF DES MD?T: -0564 DEC 8 
0565 LOA .DCNT 
0566 JSB .B2DC 
1215&7 STA BFR 
0568 JC:: .... -0 wRITE 
0569 BFR DEF a 
0570 DEC 3 
0571 JSB WRITE 
0572 DEF STMTK /TTL. TIME OF DES FRONT: -0573 DEC 12 
0574 JSB EDUMP 
0575 DEF DESTT 
0576 DEF ONE 
0577 JSB t.JRI TE 
0578 DEF STMTL. /MIDPOINT: 
0579 DEC 6 
0580 JSB EDUMP 
0581 DEF Di·!DPT 
0582 DEF ONE 
0583 JSB \..'RITE 
0584 DEF STNTM /TTL DES AREA,MV-SEC .. 
0585 DEC 1 1 
0586 JSB EDUMP 
0587 DEF DESAI 
0588 DEF ONE 
0569 JSB '•!RI TE 
0590 DEF STMTX I* TR C SEC> OF DES FRONT: .. 
0591 DEC 13 
0592 JSB EDm1P 
0593 DEF DESTR 
0594 DEF ONE 
0595 JSB t,!RI TE 
0596 DEF STMTV '* DES AREA.. MV-SEC: 
0597 DEC 13 
"598 JSB EDu~P 
0599 DEF DESA 



0600 DEF ONE 
0601 JSB VRITE 
0602 DEF STMTO 
0603 DEC 13 
0604 JSB EDlttP 
0605 DEF DESA2 
0606 DEF ONE 
0607 OUTL JSB WRITE 
0608 DEF STMTB 
0609 DEC 12 
0610 HLT 33B 
0611 LIA 1«C 
0612 ALFJALF 
0613 SSAjRSS 
0614 JMP NOPUN 
06J5 JSB DCITIP 
0616 NOPUN JSB WRITE 
06J7 DEF STMTE 
0618 DEC 32 
0619 JSB WRITE 
0620 DEF STM1 
0621 DEC 6 
0(22 JSB EEUMP 
0623 DEF BASES 
0624 DEF ONE 
0635 JSB WRITE 
0626 DEF STM2 
0627 DEC 6 
0628 JSB EDVMP 
0629 DEF OBUF 
0630 DEF FOUR 
0631 JSB VRITE 
0632 DEF STM6 
0633 DEC 6 
0634 JSB EDUMP 
0635 DEF OBUF+8 
>1)636 DEF FOUR 
'1)637 JSB WHITE 
0638 DEF STMTA 
0639 DEC 18 
0640 HLT 77B 
0641 JMP START 
0642 FINAL HLT 1 IB 
0643 JMP START 
0644 SKP 
0645 * 

0646 « 
0647 * INTERNAL Si 
0648 * 

0649 • 
06S0 INPT NOP-
0651 JSB KYRDR 
0652 DEF TDATA 
0653 DEC 5 
0654 JSB AD2BN 
0655 DEF TDATA 
0656 DEF FINAL 
06S7 DEF FINAL 
0658 JMP INPT#I 
0659 TIME1 NOP 

/* INT CES AREA, MV-SEC: -

/PUNCH DES DATA? SW 7 UPI 

/(HEADING) 

/SPL BASE! -

/REF BASEt 

/WAVE HGTl 

/RUN OVER. DO ANOTHER FOR THE GIPPER! 



0661 
0662 
0663 
0664 
0665 
0666 
0667 
0668 
0669 
0670 
0671 
0672 
0673 
0674 
0675 
0676 
0677 
0678 
0679 
0680 
0681 
0682 
0683 
0684 
0685 
0686 
0687 
0688 
0689 
0690 
0691 
0692 
0693 
0694 
0695 
0696 
0697 
0698 
0699 
07 00 
0701 
0702 
0703 
0704 
0705 
0706 
0707 
0708 
0709 
0710 
0711 
0712 
0713 
0714 
07 J 5 
0716 
07 J 7 
0718 
0719 
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ISZ DPOl 
jr;p TIMEI, I 
tsz DPC 
JMP TIMEI,I 

DDUMP NOP 
JSB LEADR 
DEF *•3 
DEF UNIT 
DEF LNGTH 
LDA NPTS 
ADA NPTS 
STA TEMPT 
JSB PVLB 
DEF *+3 
DEF NPTS 
DEF ONE 
JSB PVLB 
DEF ••3 
DEF DDAT 
DEF TEMPT 
JMP DDUMP, I 

STX MOP 
LDA BUF. 
STA • BUF 
LDA CNTR. 
STA • CNTR 
CLA 
STA SSQDV 
STA SSQDV*1 
STA TEMP . 
STA TEMP+1 
DLD .BUF,I 
DST HI 
DST LO 

LOOP DLD .BUF,I 
FSB XBAR 
DST TEMP 
FMP TEMP 
FAD SSODV 
DST SSODV 
XSZ .BUF 
ISZ .BUF 
ISZ • CNTR 
JMP CHECK 
DLD AVER 
FSB • F1 
DST DF 
DLD SSQDV 
FDV DF 
JSB SCRT 
DST STD 
DLD XBAR 
DST .08UF, I 
ISZ • OBUF 
ISZ • OBUF 
DLD HI 
DST .OBUF,I 
ISZ .OBUF 
ISZ .OBUF 
DLD LO 

(DUMP NPTS) 

(DUMP DATA) 

(SUM DEV'S SQUARED) 

(# DEGREES OF FREEDOM) 

(STANDARD DEVIATION) 



0720 DST .OBUF*I 
072! 1SZ • OiiUF 
0722 ISZ . OBUF 
0723 ELD STD 
0724 DST • OBUF* I 
07 25 ISZ .OBUF 
072 6 ISZ • OBUF 
0727 JMP STX* I 
0728 CHECK ELD • 3UF»I 
0729 FSB HI 
0730 SSA 
0731 JMP NEXT 
0732 OLD .BUF*I 
0733 DST HI 
07 34 JMP LOOP 
073S NEXT DLD .BUF*I 
0736 FSB LO 
0737 SSA«RSS 
0738 JMP LOOP 
0739 DLD • BUF*I 
0740 DST LO 
0741 JMP LOOP 
07 42 EMFMI NOP 
0743 LDA AVG. 
0744 STA • AV6 
0745 LDA BUF. 
0746 STA .BUF 
0747 CLA 
0748 STA RACK 
0749 STA RACK+1 
0750 JMP EMFMI, I 
07 SI EMFM2 NOP 
07 52 L500 J SB VLTRD 
0753 JSB • VMFL 
0754 DST . BUF# I 
0755 ISZ .BUF 
07 56 ISZ .BUF 
0757 FAD RACK 
0758 DST RACK 
0759 ISZ .AVG 
0760 JMP L503 
0761 DLD RACK 
0762 FDV AVER 
0763 DST XBAR 
07 64 JMP EMFM2* I 
0765 SKP 
0766 SKP 
0767 * 

0768 * 

0769 * CONSTANT SECTK 
0770 * 
0771 * 

0772 ADET OCT 2 
0773 SUVAL OCT laaaez 
0774 CNTST BSS 2 
0775 THRCT BSS 2 
077 6 TINT BSS 2 
0777 TSCAL BSS 2 
0778 ACSTR BSS 2 
0779 DESTR BSS 2 
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0 840 * 
0841 * STATEMENT SECTION 
0842 * 
0843 * 
0844 SUP 
0845 STMT1 ASC 8/IRE-71 3-21-73 
0846 STKT2 AfC 7/ COL & COND? -
0847 STMT3 ASC I4*TYPE IM # PTS C500 MAX)! 
0848 STMT4 A5C 24,AFTER PRESS SPIKE# SU 3 UP TO MEAS SPL BASELINE! 
0849 STMTS ASC 12/ TYPE IN DVM RATE *E*l 
0850 STMT6 ASC 13*ADS. ONLY? YES! SV. 5 UP! 
0851 STMT7 AJC 8/ P.ETENTI ON CNT» «• 
0852 STMT8 ASC 6,MIDPOINT: -
0853 STMT9 ASC 6/DATA TAKEN! 
0854 STMTA ASC 18/RUN OVER. DO ANOTHER FOR THE GIPPER! 
0855 STMTB ASC 12/PUNCH DES DATA? SV 7 UP! 
0856 STt-JTC ASC 12/DES. INTERVAL IN CNTS? -
0857 STMTD ASC 19* PUNCH ADS DATA? TYPE 0. NO? TYPE 1* •• 
08S3 STMTE ASC 25/ AVERAGE HI VALUE LO VALUE 
0859 ASC 7* STD DEV. 
0860 STMTF ASC 1 1 / TTL ADS AREA/MV-SEC: «• 
0861 STMTG ASC 18/# PTS FOR AVERAGED GTYS <200 MAX)I -
0862 STMTH ASC 8/# OF ADS MDPT: » 
0863 STMTI ASC 7/# PTS TAKEN: -
0864 STMTJ ASC .8/# OF DES MDPTI -
0865 STMTK ASC 12/TTL TIME OF DES FP.ONTl • 
0866 STMTL ASC 6/MIDPOINT: -
0867 STMTM ASC 11/TTL DES AREA/MV-SEC: -
0868 STMTO ASC 13/* INT DES AREA/ MV-SEC» -
0869 STMTP ASC 13/* ADS AREA/ KV-SEC: 
0870 STMTQ ASC .11/SU 13 UP FOR DES DATA! 
0871 STMTR ASC 12/ADS. INTERVAL IN CNTS? -
0872 STMTS ASC 13/* INT ADS AREA/ MV-SEC: •• 
0873 STMTT ASC 11/SV 2 UP TO MEAS FKHT! 
0874 STMTV ASC 13/* DES AREA/ MV-SECl 
0875 STMTV ASC 13/* TR (SEC) OF ADS FRONTl • 
0876 STMTX ASC 13/* TR <SEC) OF DES FRONT! -
0877 STMTZ ASC 18/TYPE 0 TO FIRE VALVE/ I TO START! -
0878 STM1 ASC 6/SPL BASE: -
0879 STM2 ASC 6/REF BASE: -
0880 STM6 ASC 6/VAVE HGTx -
0881 STMA ASC 11/SV 0 UP TO MEAS BASE! 
088 2 UNS 
0883 END START 

**END-0F- TAPE 
* 
•E 

•END 
•NEXT? 



pee I 
eec2 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0042 
0043 
0044 
0045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 
0053 
0054 
0055 
0056 
0057 
0058 
00 59 

* 

* 
* 
* THIS IS AN EDIT FILE TO CONVERT PROGRAM 
* IP.E-7 TO PROGRAM IFE-6, WHICH IS USED 
» TO ACGUIPE DATA FROM AMD CONTROL 
» FRONTAL ANALYSIS EXPERIMENTS TO MEASURE 
* ISOTHERMS OF ORGANIC ADSORBATES 
* 
* 
* 

/R# 6«7 
* VERSION 6 
* . 21 MARCH 1973 
fl. 117 

JSB EMFM1 
DEC 11 
LDA CTEM 
JSB MPXOP 

L10 CLF 
J SB VLTRD 
HLT 0 
LIA 1,C 
SLA#RSS 
JMP L10 
JSB EMFM2 (MEAS INIT COLM EMF) 
LDA AVS. 
STA CNTR. 
JSB STX 
JSB EMFM1 
JSB WRITE 
DEF STMC /SV 0 UP TO MEAS STEM! 
DEC It 
LDA STEM 
JSB MPXOP 

LI5 CLF 0 
JSB VLTRD 
HLT 0 
L I A  l , C  
SLA#RSS 
JMP LI 5 
J SB EMFM2 (MEAS INIT SATR EMF> 
LDA AVG. 
STA CNTR. 
JSB STX 

/I# 480 
* 
* 

* FINAL DATA SECTION 
* 
* 

OUT J SB EJiFMl 
J SB VP.ITE 
DEF STMB /SV 0 UP TO MEAS CTEMI 
DEC 11 

LI 30 LIA 1,C 
SLA/RSS 
JMP LI 30 
LDA CTEM 



0060 J SB MPXOP 
CPfcl J Si '1L1FD 
0062 JSli £r.FM2 
0063 LDA AVG. 
0064 STA CMTR. 
0065 JSB STX 
0066 J SB EMFM1 
0067 JSB WP.ITE 
0068 DEF STMC 
0069 DEC 11 
0070 L135 LIA 1«C 
0071 SLA. rRSS 
0072 JMP L135 
0073 LDA STEM 
0074 JSB MPXOP 
0075 JSB VLTRD 
0076 JSB EMFM2 
0077 LDA AVG. 
0078 STA CNTR. 
0079 JSB STX 
0080 SKP 
0081 /R« 486 
0082 JSB WRITE 
BPS 3 / I t  619 
0084 JSB WRITE 
0085 DEF STM3 
0086 DEC 6 
0087 . JSB EDUMP 
0088 DEF OBl'F+8 
0089 DEF FOUR 
0090 JSB WRITE 
0091 DEF STM4 
0092 DEC 6 
0093 JSB EDUMP 
0094 DEF OBUF+16 
0095 DEF FOUR 
0096 /R# 624 
0097 DEF OBUF+24 
0098 /I* 625 
0099 JSB WRITE 
0100 DEF STM3 
0101 DEC 6 
0102 JSB EDUMP 
0103 DEF OBUF+32 
0104 DEF FOUR 
0105 J SB WRITE 
0106 DEF STM4 
0107 DEC 6 
0108 JSB EDUMP 
0109 DEF OBUF+40 
0110 DEF FOUR 
0111 /I« 761 
0112 CTEM OCT 4 
0113 . STEM OCT 10 
0114 /R* 823 
0115 OBUF BSS 48 
0116 / I , 8 6 8  
0117 STK3 ASC 6, COLM 
0118 STM4 ASC 6/ SATR 
0119 •1,870 

(MEAS FINAL COLM EMF) 

/SV 0 UP TO MEAS STEM I 

(MEAS FINAL SATR EMF) 

/COLM EMF I -

/SATR IMFl -

/COLM EMFI • 

/SATR EMFl • 

EMF I  • 
EMFl •  
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0120 STKB AFC UjSV 0 UP TO MEAS CTEM I 
0121 STMC ASC 11,SW 0 UP TO MEAS STEM I 
0122 /E 

••DJD-OF-TAPE 
* 

•END 
•NEXT? 
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Figure C.l. (•) Porapak Q: Nj 
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Figure C.2. (D) Porapak R: N? 
(O) Porapak N: N2 m 
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Figure C.3. (Q) Porapak S: N? 
(O) Porapak T: Nj 
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Figure C.4. (•) Porapak P: N2 

09 
U1 



200. 

150.. 

100. 

50. 

0.1 0.2 0.3 0.4 
P/E 

Figure C.5. (D) Porasil A: 
(O) Porasil B: N2 
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Figure C.6. (•) Porasil C, Batch 
175: N2 

(O) Porasil C, Batch 
141: N, 
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Figure C.7. (•) Porasil D: 
(O) Porasil E: N2 

Figure C.8. 
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R? 

(•) Porasil F, Batch 
162: N2 

(O) Porasil Ff Batch 
137: No 
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Figure C.9. (P) Durapak-Octane: ̂  
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Figure C.10. (•) Durapak-Carbowax: N 
(O) Durapak-OPN: N2 
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Figure C.ll. (°) Durapak-Octane: N-
(^) Durapak-Carbowax: ̂  
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Figure C.12. (•) Durapak-OPN: N2 
(O) Porapak-P: N2 H 

03 
vo 



0.8 

0.6 

0.4 

0.2 

0^ 02 0.3 04 

Figure C.13. (•) Porasil F: 1-Hexene 
(O) Porasil F: Hexane 
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Figure C.14. (•) Porasil A: 1-Hexene 
(O) Porasil A: Hexane 
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Figure C.15. (•) Porasil F: Cyclohexene 
(O) Porasil F: Cyclohexane 
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Figure C.16. (•) Porasil A: Cyclohexene 
(O) Porasil A: Cyclohexane 
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Figure C.17. (•) Porasil F: Benzene 
(0) Porasil F: Heptane 
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Figure C.18. (0) Porasil A: Benzene. 
(O) Porasil A: Heptane 



Figure C.19. 
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(•) Porasil C: 1-Hexene 
(O) Porasil C: Hexane 
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Figure C.20. (•) Durapak-Octane: 
1-Hexene 
(O) Durapak-Octane: 
Hexane 
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Figure C.21. (•) Porasil C: Cyclohexene 
(O) Porasil C: Cyclohexane 
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Figure C.22. (•) Durapak-Octane: Cyclo
hexene 
(O) Durapak-Octane: Cyclo
hexane 
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Figure C.23. (o) Porasil C: Benzene 
(O) Porasil C: Heptane 
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Figure C.24. (•) Durapak-Octane: Benzene 
(O) Durapak-Octane: Heptane 
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«S 
Figure C.25. (•) Durapak-Carbowax: 1-Hexene 

(O) Durapak-Carbowax: Hexane 
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Figure C.26. (•) Durapak-OPN: 1-Hexene 
(•) Durapak-OPN: Hexane 
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P/g 
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Table D.l • Slopes and Intercepts of BET Plots: Nitrogen on 
Porapaks 

Standard Standard 
Deviation, Deviation, 

Porapak- Slope Slope Intercept Intercept 

Q 8. I2xl0"3 5.70x10"^ 4.97x10"^ 3.63x10";? 
R 6. 63x10-3 1.08x10"^ 3.02x10-4 6.63x10"! 
S 9. 60x10-3 3.86x10 1.87xl0-4 2.86x10" 
N 1. 00x10"; 6.27x10-4 1.07x10-4 4.50xl0-f 
T 1. 48xl0"f 5.03x10-? 1.59x10-4 3.81xl0-4 

P 1. 10x10 2.07xl0~3 3.74x10-3 1.04x10-4 
P 1. 15xl0_1 1.46x10 2.77xl0-3 8.85x10 

Table D.2 • Slopes and Intercepts of BET Plo ts: Nitrogen on 
Porasils 

Standard Standard 
Deviation, Deviation, 

Porasil- Slope Slope Intercept Intercept 

A 9. 07x10"^ 1. 63xl0-4 1.26x10-4 1.28xl0~5 

B 2. 06x10"^ 8.30x10-4 6.11x10-4 5.21xl0-| 
C 5. 37x10-2 2.88x10"; 9.18x10-4 1.43X10~4 
C, 175 3. 48xl0"~ 9.61x10-4 2.49x10-4 4.44x10 
D 1. 21x10"?- 1.06xl0-| -1.84x10-4 6.33xl0"5 

E 1. 93x10 4.51x10"; 6.56x10-3 3.32x10-4 
F 6. 76x10-1 1.14xl0~2 3.08x10"; 6.82x10 
F ,162 5. 44x10 5.31x10-3 2.54x10 2.47x10-4 
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Table D.3. Slopes and Intercepts of BET Plots: Nitrogen on 
Durapaks 

Durapak- Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Octane 5. 78x10" 2 1.30x10"^ 2.50xl0~3 8.23x10";? 
Carbowax 5. 86x10" 2 e.egxio"'! 9.27xl0~4 4.13x10"^ 
OPN 6. 63x10" 2 1.85x10 1.64xl0-3 8.83xl0~5 

Table D.4. BET c Values 

Adsorbate 

Column 

Adsorbate A C F D-Octane D. -Carbowax D-OPN 

N2 73.1 14.1 22.5 24.1 64.2 48.3 
Cyclohexane 2.5 2.5 3.1 3.1 1.7 2.3 
Hexane 3.9 2.1 2.9 3.0 1.7 2.0 
Heptane 2.5 2.6 3.7 3.0 1.8 2.3 
1-Hexene 7.7 5.7 9.0 5.7 2.0 3.6 
Cyclohexene 4.9 2.9 4.0 4.8 . 1.8 2.8 
Benzene 6. 6 7.2 9.7 4.7 1.9 3.0 
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Table D.5. Slopes and Intercepts of BET Plots: Hexane 

Standard Standard 
Deviation, Deviation, 

Slope Slope Intercept Intercept 

Porasil A 3. 36x10" 
•2 

1.12xl0"3 1.16x10-2 1.lOxlO"4 

Porasil C 6. 63x10" • 2 1.30x10-3 6.09x10 1.04x10-4 
Porasil F 1. 35 5.09x10"? 7.18x10"! 3.23x10" 
D-Octane 1. 54x10" •1 1.30x10*J 7.77x10*2 1.04x10-3 
D-Carbowax 6. 46x10" • 2 1.30xl0-3 9.66x10 1.03x10" 
D-OPN 1. 14x10" •1 1.30xl0"3 1.13X10"1 1.04xl0-3 

Table D. 6. Slopes and Intercepts of BET Plots : Heptane 

Standard Standard 
Deviation, Deviation, 

Slope Slope Intercept Intercept. 

Porasil A 2. 75x10-2 1.18x10-3 1.88xl0"2 8.83x10"^ 
Porasil C 1. 09x10" •1 1.99x10";* 6.98xl0-2 1.47x10-^ 
Porasil F 1. 65 3.69x10 6.44x10-1 2.10x10-3 
D-Octane 1. 81x10" •1 6.23xl0"3 9.13x10 4.77x10 
D-Carbowax 8. 48x10" 2 1.42xl0-3 1.02x10-2 1.26x10-4 
D-OPN 1. 67x10" 1 3.78x10-3 1.24X10"1 3.42xl0"4 
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Table D.7. Slopes and Intercepts of BET Plots: Cyclohexane 

Standard Standard 
Deviation, Deviation, 

Slope Slope Intercept Intercept 

Porasil A 3. 13xl0~2 1.51x10-3 2.11xl0-2 7.78x10-5 
Porasil C 1. 21x10"! 6.97x10"; 7.97x10-2 4.56x10 
Porasil F 1. 63 4.12x10"! 7.74xlO-J 8.88xl0-3 

D-Octane 1. 70xl0-J 2.27x10"! 8.23x10-2 1.17xl0-4 

D-Carbowax 7. 69xl0~f 8.18x10-3 1.12x10-2 3.08x10-4 
D-OPN 1. 71x10 5.14x10 1.29xl0-1 2.78x10 

Table D. 8. Slopes and Intercepts of BET Plots : Benzene 

Standard Standard 
Deviation, Deviation, 

Slope Slope Intercept Intercept. 

Porasil A 2. 23x10-2 1.34x10-3 3.96x10-3 5.98x10"J 
Porasil C 9. 65x10 2.68x10-3 1.55x10-2 2.01x10-4 
Porasil F 1. 54 4.47x10-2 1.77x10-1 3.16x10-3 
D-Octane 1. 97x10-1 9.84x10"3 5.30x10-2 4.80x10-4 
D-Carbowax 7. 84x10 4.19x10-3 8.36x10-2 2.54x10 
D-OPN 1. 42x10"! 4.69x10-3 7.20x10-2 2.04xl0-4 
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Table D.9. Slopes and Intercepts of BET Plots: 1-Hexene 

Standard Standard 
Deviation, Deviation, 

Slope Slope Intercept Intercept 

Porasil A 3. 09x10" •2 7.84x10-4 4.63xl0-3 5.31x10"^ 
Porasil C 9. 62x10" • 2 2.67x10-;; 2.04xl0-2 1.36x10-4 
Porasil F 1. 61 6.64xl0-2 2.01X10-1 5.39x10 
D-Octane 2. 06x10" •1 9.81x10-4 4.42x10-2 7.87xl0-f 
D-Carbowax 7. 32x10" •2 2.05x10 7.17x10-2 8.81x10 
D-OPN 1. 74x10" •1 3.17xl0-3 6.59X10-2 2.20xl0~4 

Table D.10. Slopes and Intercepts of BET Plots: Cyclohexene 

Standard Standard 
Deviation, Deviation, 

Slope Slope Intercept Intercept 

Porasil A 2. 47x10" 2 7. 31xl0-4 6.30x10-3 3.82xl0"f 
Porasil C 6. 07x10" •2 2.00x10-3 3.16x10-2 7.49x10"! 
Porasil F 9. 43x10" •1 5.37x10-2 3.18x10-1 1.84x10 
D-Octane 1. 88x10" •i 5.63xl0-3 4.91x10-2 4.05x10-4 
D-Carbowax 7. 88x10" • 2 4.15x10-3 9.25x10-2 3.11x10-4 
D-OPN 1. 64x10" •1 2.30xl0-3 8.89x10-2 2.01x10-4 
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Table D.ll. Slopes and Intercepts of Thermodynamic Plots: 
Porasil F, Batch 137 

Standard Standard 
Deviation, Deviation, 

Adsorbate Slope Slope Intercept Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

3 
2 
4 
3 
5 
4 

.45x10+1 

.95x10 ^ 

.41x10+3 

.55x10+3 

.38x10+3 

.16x10 

3.28x10+} 
8.05x10+; 
1.03x10+2 
7.26x10+} 
4.60x10+} 
8.58x10 

-1.21x10+1 
-1.05x10+1 
-1.39x10+1 
-1.13x10+1 
-l. 61x10 r-

-1.14x10+1 

2.00x10-3 
3.55x10-3 
6.61x10-3 
4.52x10-3 
2.65x10-3 
4.31x10-3 

Table D.12. Slopes and 
Porasil F, 

Intercepts 
Batch 162 

of Thermodynamic Plots: 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

2 
2 
3 
1 
3 
6 

.94x10+3 

.56x10+3 

. 74x10+3 

.85x10+3 

.74x10+3 

.03x10+3 

9.60x10+1 
6.05x10+ 
6.44x10+1 
1.13x10+2 
9.70x10+1 
1.22xl0+2 

-1.04x10+1 
-9.30 
-1.18x10+1 
-5 94 
-i!ioxio+i 
-1.53X10+1 

5.25x10-3 
3.65x10-3 
3.68x10 
4.18x10-3 
5.86x10-3 
5.84x10-3 
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Table D.13. Slopes and Intercepts of Thermodynamic Plots: 
Porasil C, Batch 141 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

3 
4 
4 
3 
5 
4 

.95x10+3 

.00x10+ 

.74xl0+3 

.61xl0+3 

.16x10+3 

.49x10+ 

2.16x10+}-
7.27x10+ 
7.92xl0+1 

7.04x10+}-
6.15x10+ 
7.25x10+ 

-1.34x10+?" 
-1.35xl0+| 
-1.48x10 "• 
-1.02x10+* 
-1.46x10+1" 
-1.21x10 1 

1.36x10-;? 
4.07x10-3 
4.75x10-3 
3.73x10-3 
3.92x10-3 
4.59xl0-3 

Table D.14. Slopes and 
Porasil C, 

Intercepts 
Batch 175 

of Thermodynamic Plots: 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

4 
4 
5 

5 

.21x10+3 

.70x10+3 

.53x10+ 

.54x10+3 

6.60xl0+1 

o.o +1 

7.29x10 

1.04xl0+2 

-1.37xl0+1 

-1.51x10+} 
-1.65x10 

-1.55x10+1-

3.85xl0-3 

0.0 
4.29X10"1 

5.28xl0-3 
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Table D.15. Slopes and Intercepts of Thermodynamic Plots: 
Porasil A 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

4. 
5. 
6. 

35xl0+3 

55xl0+3 

34xl0+3 

4.29x10+1 
6.71x10+1 
5.75X10+1 

-1.38x10+1 
-1.70x10+1 
-1.82x10+1 

2.05xl0"3 

3.96xl0-3 

3.18x10 ' 

Table D.16. Slopes and Intercepts of Thermodynamic Plots: 
Durapak-Octane 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

4. 
3. 
4. 
4. 
4. 
5. 

00x10+3 
80x10+3 
67x10+, 
53x10 , 
98x10+3 
55x10+ 

3.06x10+?-
4.15x10+1 
0.0 
1.84x10+1 
0.0 
0.0 

-1.33x10+1 
-1.26x10 
-1.48x10+1 
-1.45x10+1 
-1.52x10+1 
-1.64x10+1 

1.87xl0-3 

2.27x10" 
0.0 
l.llxlO-3 

0.0 
0.0 
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Table D.17. Slopes and Intercepts of Thermodynamic Plots: 
Durapak-Carbowax 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Standard 
Deviation, 
Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

3. 
3. 
3. 
3. 
3. 
3. 

36xl0+3 
26x10+3 
99x10 
46xl0+3 
37x10+3 
69x10+ 

4.28x10+1 
3.85x10 
3.48X10+1 

4.54x10+1 
3.39x10+1 
2.81x10+1 

-1.17x10+1 
-1.13x10+1 
-1.27x10+1 
-1.18x10+1 
-1.15x10+1 
-1.21x10+1 

2.69xl0-f 
2.12x10-3 
2.04x10-3 
2.60x10-3 
1.76x10-3 
1.66x10-3 

Table D.18. Slopes and Intercepts of Thermodynamic Plots: 
Durapak-OPN 

i 

Adsorbate Slope 

Standard 
Deviation, 

Slope Intercept 

Hexane 
Cyclohexane 
Heptane 
1-Hexene 
Cyclohexene 
Benzene 

3.90xl0+3 

2.64x10+3 
4.23x10+3 
4.04x10+3 
4.16x10+3 
4.85X10+3 

3.43X10+1 

3.27x10+1 
6.65x10+1 
4.10x10+1 
0.0 
0.0 

-1.30X10+1 

-9.56 _ 
-1. 32x10+1" 
-1. 31x10 r-
-1.32x10+1 
-1.46x10+1 



REFERENCES 

1. Day, D. T. , Proc. Amer. Phil. Soc. , 3(5 (154), 112 
(1897). 

2. Heines, S. V., Chem. Tech., 280 (May, 1973). 

3. Engler, C., and Albrecht, E., Z. Angew. Chem., 889 
(1901). 

4. Tswett, M. , Ber. Deut. Botan. Ges. , 24^: 316. 

5. Weil, H., and Williams, T. I., Nature, 166. 1000 
(1950). 

6. Zechmeister, L. , Ann. N. Y. Acad. Sci. , 4]9, 146 
(1948). 

7. Williams, T. I., and Weil, H., Nature, 170. 503 
(1952). 

8. Palmer, L. S., "Carotenoids and Related Pigments," 
Chemical Catalog Co., New York, 1922. 

9. Kuhn, R., and Lederer, E., Ber. Deut. Chem. Ges., 
LXIV. 1349 (1931). 

10. Martin, A. J. P., and Synge, R. L. M., Biochem. J., 
35. 1358 (1941). 

11. James, A. T., and Martin, A. J. P., Biochem. J., 50. 
679 (1952). 

12. Turner, N. C. , Nat'l Petroleum News, _3J5, R-234 (1943) 

13. Tiselius, A. Arkiv. Kemi Mineral. Geol., 14B. 22 
(1940). 

14. Tiselius, A., Arkiv. Kemi Mineral. Geol., 14B. 32 
(1941). 

15. Tiselius, A., Arkiv. Kemi Mineral. Geol., 15B. 6 
(1941). 

16. Claesson, S., Arkiv. Kemi Mineral. Geol., 23A. 1 
(1946). 

209 



210 

17. Cremer, E. , and Prior, F. , Z. Elektrochem. , 5j>, 66 
(1951). 

18. Janak, J., Chem. Listy, £7, 817, 1184, 1348, 1476 
(1953). 

19. Glueckauf, E., J. Chem. Soc., 3280 (1949). 

20. Glueckauf, E. , Nature, .156, 748 (1955). 

21. Schay, G., and Szekeley, G., Acta Chim. Acad. Sci. 
Hung., 15., 167 (1954). 

22. James, D. H., and Phillips, C. S. G., J. Chem. Soc., 
1066 (1954). 

23. Kobayashi, R., Chappelear, P. S., and Deans, H. A., 
I&EC., 59 (10), 63 (1967). 

24. Giddings, J. C., Anal. Chem..36. 1170 (1964). 

25. Chaplin, R., Chapman, P. R., and Griffith, R. H., 
Proc. Roy. Soc., A244. 412 (1959). 

26. Hagdahl, L. R., in "Chromatography," E. Heftmann, 
ed., Reinhold, New York, 1961, p. 60. 

27. Scott, C. G., and Phillips, C. S. G., "Gas 
Chromatography 1964," A. Goldup, ed., The Institute 
of Petroleum, London, 1965, p. 281. 

28. Guillemin, C. L., LePage, M., Beau, R., and deVries, 
A. J., Anal. Chem., .39^ 941 (1967). 

29. Guillemin, C. L., LePage, M., and deVries, A. J., J. 
Chromatog. Sci., 9_, 470 (1971). 

30. Hollis, O. L., and Hayes, W. V., "Gas Chromatography 
1966," A. B. Littlewood, ed., The Petroleum Insti
tute, London, 1967, p. 57. 

31. Anonymous, "Chromosorb Century Series, FF-202A," 
Johns-Manville, 1970. 

32. Kiselev, A. V., and Yashin, Y. A., "Gas Adsorption 
Chromatography," Plenum Press, New York, 1968. 

33. Scott, C. G., "Gas Chromatography 1962," M. van Swaay, 
ed., Butterworths, London, 1962, p. 36. 



211 

34. Hargrove, G. L., and Sawyer, D. T. , Anal. Chem., 40. 
409 (1968). 

35. Sawyer, D. T., and Brookman, D. J., Anal. Chem., 40. 
1847 (1968). 

36. Brookman, D. J., and Sawyer, D. T. , Anal. Chem., 40, 
2013 (1968). 

37. Halasz, I., and Sebastian, I., Angew. Chem. Int. Ed. 
Engl., 8, 453 (1969). 

38. Aue, W. A., and Hastings, C. R. , J. Chromatog., 42. 
319 (1969). 

39. Kirkland, J. J., J. Chromatog. Sci. , J9, 206 (1971)'. 

40. Sorrell, J. B. , and Rowan, R., Jr., Anal. Chem., 42. 
1712 (1970). 

41. Little, J. N. , Dark, W. A., Farlinger, P. W. , and 
Bombaugh, K. J., J. Chromatog. Sci., 8^, 647 (1970). 

42. Karger, B. L. , and Sibley, E. , Anal. Chem., 4J7, 740 
(1973). 

43. Gilpin, R. K. , and Burke, M. F. , Anal. Chem., 45. 
1383 (1973). 

44. Gregg, S. J., and Sing, K. S. W. , "Adsorption, 
Surface Area, and Porosity," Academic Press, New 
York, 1967. 

45. Dubinin, M. M. , J. Colloid Interface Sci. , _23, 487 
(1967). 

46. Unger, K. , Angew. Chem. Int. Ed. Engl., 11^, 267 
(1972). 

47. Moreland, A. K. , and Rogers, L. B. , Separ. Sci., j>, 1 
(1971) 

48. Everett, D. H., in "The Solid-Gas Interface," E. A. 
Flood, ed., M. Dekker, New York, 1967, Vol. 2, 
p. 1055. 

49. Brunauer, S. , Deming, L. S. , Deming, W. E. , and 
Teller, E. , J. Amer. Chem. Soc. , _62, 1723 (1940). 



212 

50. Kiselev, A. V., in "Proceedings of the Second 
International Congress on Surface Activity," 
Butterworths, London, 1957, p. 213. 

51. Brunauer, S., Emmett, P. H., and Teller, E., J. Amer. 
Chem. Soc., 60, 309 (1938). 

52. Brunauer, S., Copeland, L. E., and Kantro, D. L., in 
"The Solid-Gas Interface," E. A. Flood, ed., 
M. Dekker, New York, 1967, Vol. 1, p. 77. 

53. Harkins, W. D., and Jura, G., J. Amer. Chem. Soc., 
66. 1366 (1946). 

54. Kaganer, M. G. , Zh. Fiz. Khim. , 33., 22026 (1959). 

55. Lippens, B. C., Linsen, B. G., and deBoer, J. H. J. 
Catalysis, _3, 32 (1964). 

56. Lippens, B. C., and deBoer, J. H., J. Catalysis, 4^ 
319 (1965). 

57. Kiselev, A. V., Usp. Khim., 14, 367 (1945). 

58. Langmuir, I., J. Amer. Chem. Soc., _3i3, 2221 (1916). 

59. Anderson, R. B., and Emmett, P. H., J. Applied Phys., 
19. 367 (1948). 

60. Davies, R. T., DeWitt, T. W., and Emmett, P. H., J. 
Phys. Chem., 51, 1232 (1947). 

61. Emmett, P. H. , Chem. Revs., 43^, 69 (1948). 

62. Emmett, P. H., and Cines, M., J. Phys. Chem., 51. 
1329 (1947). 

63. Emmett, P. H., Proc. Chem. Soc., 38 (1957). 

64. Hanson, R. S., Murphy, J. A., and McGee, T. S., 
Trans. Faraday Soc., j6£, 697 (1964). 

65. Martire, D. E., in "Progress in Gas Chromatography," 
J. H. Purnell, ed., Interscience, New York, 1968, 
p. 43. 

66. Livingston, H. K. , J. Colloid Sci. , 4^, 447 (1949). 



213 

67. Kiselev, A. V., and Eltekova, Ya., Proceedings of the 
Second International Congress on Surface Activity, 
Butterworths, London, 195 7, p. 228. 

68. Pierotti, G. J., Deal, C. H. , Derr, E. L., and Porter, 
P. E. , J. Amer. Chem. Soc. , _78, 2989 (1956). 

69. Gale, R. L. , and Beebe, R. A. f J. Phys. Chem., 618, 555 
(1964). 

70. deBoer, J. H., and Kruyer, S., Proc. Acad. Sci. 
Amsterdam, 55B. 451 (1952). 

71. Wilson, G. N. , J. Amer. Chem. Soc., jS2, 1583 (1940). 

72. Weiss, J., J. Chem. Soc., 279 (1943). 

73. deVault, D. , J. Amer. Chem. Soc., 6£5, 532 (1943). 

74. Glueckauf, E. , Dis. Faraday Soc., 1_, 199 (1949). 

75. Conder, J. R., in "Progress in Gas Chromatography," 
J. H. Purnell, ed., Interscience, New York, 1968, 
p. 209. 

76. Huber, J. F. K., and Gerritse, R. G., J. Chromatog., 
58. 137 (1971). 

77. Brunauer, S., "Physical Adsorption of Gases and 
Vapors," Oxford University Press, 1942, pp. 36, 42. 

78. Davies, R. G., Chem. & Ind., 160 (1952). 

79. Nelson, F. M , and Eggertsen, F. T., Anal. Chem., 30. 
1387 (1958). 

80. Reilley, C. N., Hildebrand, G. P. H., and Ashley, J. 
W. , Jr., Anal. Chem., 34, 1198 (1962). 

81. Bosanquet, C. H., and Morgan, G. 0., "Vapour Phase 
Chromatography," D. H. Desty, ed., Butterworths, 
London, 1957, p. 35. 

82. Bosanquet, C. H., "Gas Chromatography 1958," D. H. 
Desty, ed., Butterworths, London, 1958, p. 107. 

83. Peterson, D. L., and Helfferich, F., J. Phys. Chem., 
69. 1283 (1965). 



214 

84. Conder, J. R., and Purnell, J. H., Trans. Faraday 
Soc., 64, 1505 (1968). 

85. Conder, J. R., and Purnell, J. H., Trans. Faraday 
Soc., 64, 3100 (1968). 

86. Conder, J. R. , and Purnell, J. H. , Trans. Faraday 
Soc. , 65, 824 (1969). 

87. Conder, J. R., and Purnell, J. H., Trans. Faraday 
Soc., 65, 839 (1969). 

88. Wicke, E., Angew. Chem., B19, 15 (1947). 

89. Huber, J. F. K., and Keulemans, A. I. M., "Gas 
Chromatography 1962," M. van Swaay, ed., 
Butterworths, London, 1962, p. 26. 

90. Gregg, S. J., and Stock, R., "Gas Chromatography 
1958," D. H. Desty, ed., Butterworths, London, 
1958, p. 90. 

91. Burke, M. F., and Ackerman, D. G., Jr., Anal. Chem., 
43, 573 (1971). 

92. Stalkup, F. I., and Deans, H. A.t Amer. Inst. Chem. 
Eng. J., 9 ,  106 (1963). 

93. Stalkup, F. I., and Kobayashi, R., Amer. Inst. Chem. 
Eng. J., 9 ,  121 (1963). 

94. Schay, G. , and Szekeley, G. , Acta. Chim. Hung., J5, 
1 (1954). 

95. Perrett, R. H., and"Purnell, J. H., J. Chromatog., 
1_, 455 (1962). 

96. Burke, M F., Moreland, A. K., and Rogers, L. B., 
Separ. Sci., 3 ,  107 (1968). 

97. Snyder, L. R. , Separ. Sci., jL, 191 (1966). 

98. Hollis, O. L., Anal. Chem., 38, 309 (1966). 

99. Johnson, J. F., and Barrall, E. M., J. Chromatog., 
31. 547 (1967). 

(R) 
100. Anonymous, "Choosing Porapak ," Applications Bulletin, 

Waters Associates, 1970. 



215 

101. Perone, S. P., Anal. Chem., 43^ 1288 (1971). 

102. Burke, M. F., and Thurman, R. G. , J. Chromatog. Sci., 
8, 39 (1970). 

103. Thurman, R. G., Ph.D. Dissertation, The University 
of Arizona, 1971. 

104. Dollimore, D., Heal, G. R., and Martin, D. R., J. 
Chromatog., _50, 209 (1970). 

105. Peterson, M. L., and Hirsch, J., J. Lipid Research, 
1_, 132 (1959). 

106. Gilpin, R. K., The University of Arizona, Department 
of Chemistry, private communication, 1973. 

107. Linsen, B. G., and VandenHeuvel, D., in "The Solid-
Gas Interface," E. A. Flood, ed., M. Dekker, New 
York, 1967, Vol. 2, p. 1040. 

108. Dave, S. B. , J. Chromatog., ji, 39 (1968). 

109. Carter, D. E., The University of Arizona, Department 
of Chemistry, private communication, 1971. 

110. Numinco-Orr Surface Area Operations Manual, November 
1, 1964. 

111. Masukawa, S., and Kobayashi, R., J. Gas Chromatog., 
j6, 461 (1928). 

112. Ghosh, S. K., Sarkar, H. S., and Saha, N. S., J. 
Chromatog., 7 4 ,  171 (1972). 

113. Cadogan, D. F., and Sawyer, D. T., Anal. Chem., 42, 
190 (1970). 

114. Feltl, L., and Smolkova, E., J. Chromatog., 65. 249 
(1972). 

115. Gilpin, R. K., Ph.D. Dissertation, The University of 
Arizona, 1973. 

116. Urone, P., Parcher, J. F., and Baylor, E. N., Separ. 
Sci., 1, 595 (1966). 

117. Chen, C. J., and Parcher, J. F., Anal. Chem., 43, 
1738 (1971). 



216 

118. "Selected Values of Hydrocarbons and Related 
Compounds," American Petroleum Institute Research 
Project #44. 

119. Daniels, F., and Alberty, R. A. f "Physical Chemistry," 
Third Edition, Wiley, New York, 1966, p. 16. 

120. Zado, F. M., and Fabecic, J., J. Chromatoq.. 51. 
37 (1970). 

121. Gray, D. G. , and Guillet, J. E. , Macromolecules, J5, 
316 (1972). 

122. Gearhart, H. L., and Burke, M. F., J. Chromatog. Sci., 
11. 411 (1973). 

123. Martin, R. L. , Anal. Chem. , 3_3, 347 (1961). 

124. Martire, D. E., and Pollara, L. Z. , in "Advances in 
Chromatography," J. C. Giddings and R. A. Keller, 
eds., M. Dekker, New York, 1965, Vol. 1, p. 355. 

125. Urone, P., and Parcher, J. F., in "Advances in 
Chromatography," J. C. Giddings and R. A. Keller, 
eds., M. Dekker, New York, Vol. 6, 1968, p. 299. 

126. Conder, J. R., Locke, D. C., and Purnell, J. H., J. 
Phys. Chem., 73, 700, 708 (1969). 

127. Parcher, J. H., and Hussey, C. L., Anal. Chem., 45. 
188 (1973). 

128. Cusumano, J. A., and Low, M. J. D., J. Phys. Chem., 
74. 792 (1970). 

129. Isirikyan, A. A., and Kiselev, A. V., J. Phys. Chem., 
66. 210 (1962). 

130. Loeser, E. H., and Harkins, W. D., J. Amer. Chem. 
Soc., 72, 3427 (1950). 

131. Hargrove, G. L., and Sawyer, D. T., Anal. Chem., 39. 
945 (1967). 

132. Sliyakova, I. B., and Neimark, I. E., Russ. Colloid. 
J., 24, 188 (1962). 

133. Rowan, R., Jr., and Sorrell, J. B., Anal. Chem., 42. 
1716 (1970). 



217 

134. Basilia, M. R. , J. Chem. Phys., J35, 1151 (1961). 

135. Conder, J. R. , University College of Swansea, Wales, 
private communication, 1973. 


