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ABSTRACT 

DEMONSTRATION OF THE GIBBS DEFINITION OF DEW 

POINT CONDITIONS OF METHANE-N-BUTANE 

MIXTURES ON AN ORGANIC SURFACE 

by Armgard Kohler Everett 

An extended form of Gibbs’ definition of the dew 

p<?int is experimentally demonstrated to be valid. The ad¬ 

sorption K-values of methane-n-butane mixtures on a porous, 

hydrocarbon-like polymer substrate are shown to coincide 

With the known vapor-liquid K-values at five different dew 

point conditions. It is thereby shown that a chromatographic 

column packed with that substrate provides a new method to 

determine the dew point of a hydrocarbon gas mixture with 

greater precision than conventional methods. Five adsorp¬ 

tion isotherms are presented. From the total number of moles 

adsorbed at the dew point, the adsorption layer thickness is 
O 

shown to be less than 500 A or 100 layers of butane mole¬ 

cules at the higher pressures. 
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NOMENCLATURE 

O 

A « . surface area of chromatographie substrate; cm /g 

OjL = polarizability of species i 

C = concentration of carrier gas in the column; moles/cc 

c^ « concentration of component i at column conditions; 

moles/cc 

F « . flow rate of carrier gas at ambient temperature; 

cc/min 
O 

h ? height of adsorbed phase layer; A 

KjL * K-value of component i for gas-liquid or gas- 

adsorption equilibrium 

= chemical potential of component i 

m « mass of adsorbent in the column; g 
A 

N£ ?» total amount of component i adsorbed per gram of 

adsorbent; mmoles/g 

P » pressure; psia 

R = gas constant 

rCi) B molecular radius of species i (one-half the colli¬ 

sion diameter); Â 

T * absolute temperature; °K 

tp^ « retention time of species i in the column; mins 

Vads 
85 volume of adsorbed phase in the column; cc 
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V R 

n 
Z 

free gas volume in the column; cc 

retention volume of species i (non-radioactive) in 

the column at column conditions; cc 

retention volume of species i (radioactive) in the 

column at column conditions; cc 

retention volume, general; cc 

mole fraction of species i in the liquid adsorbed 

phase 

mole fraction of species i in the gas phase 

compressibility factor of the carrier gas mixture 
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I. INTRODUCTION 

A number of industrial operations involve dew point 

phenomena and retrograde behavior of gas mixtures. Ac¬ 

curate knowledge of the dew point is of importance in the 

pipeline transmission of hydrocarbon gases and in the re¬ 

covery of gas and oil from petroleum reservoirs. The 

methods for dew point determination used at present are 

based on a definition of the dew point which involves a 

quantity that cannot be determined experimentally. In prac¬ 

tice, the dew point obtained by experiment is dependent on 

subjective judgements of the experimenter and the design of 

the experiment. It is therefore of practical interest to 

redefine the dew point in thermodynamically rigorous terms 

and then to design a consistent experiment by which the dew 

point of a given gas mixture on arbitrary surfaces can be 

determined. The research presented in this thesis was aimed 

at validating a dew point definition proposed by Kobayashi 

and Carnahan in 1975, and to investigate hydrocarbon-like, 

porous polymers as substrates for a chromatographic method 

of determining the dew point. In particular, a chromato¬ 

graphic tube packed with an organic polymer and an open 

1 
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tubular column coated with a similar polymer, such as 

patented by 0. L. Hollis (6) , were investigated as to their 

applicability. 



II. DEFINITION OF THE DEW POINT 

The dew point of a gas mixture is at present de¬ 

fined as: "That pressure and temperature at which the first 

infinitesimal amount of liquid condenses from a relatively 

large amount of gas." This definition requires the experi¬ 

mental determination of an infinitesimal amount of liquid, 

in itself an uncertain quantity. Visual and optical means 

are presently employed to detect it. The size of such a 

droplet will be of the order of magnitude of the wavelength 

of light employed or greater. It will be shown that by 

means of adsorption chromatography the dew point can be de¬ 

termined on an organic substrate to an adsorption layer 
O 

thickness of less than 5Q0 A or 100 molecular layers in the 

pressure temperature region of interest. 

In 1968, Masukawa and Kobayashi studied multilayer 

adsorption of the methane-ethane system on fused glass beads 

C14) . Partition K-values for gas-liquid and gas-adsorption 

equilibria were measured. The pressure and temperature at 

which the K-value for gas-liquid equilibrium equals that of 

the gas-solid equilibrium satisfies the criterion: 

Vi(gas) * y^Cliquid) = v-^Cadsorption) 

where Ui is the chemical potential of component i in the 

3 
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phase indicated. But the above criterion is an extension 

of the Gibbsian dew point criterion 

y^Cgas) = y^(liquid) 

As long as the mixture does not contain components 

which would cause the interface between gas and liquid to 

have properties differing from those of the bulk phases, the 

mixture dew point can be defined as: "That condition of 

temperature and pressure at which the partition K-value for 

gas-liquid equilibrium is equal to the partition K-value for 

gas-adsorbed phase equilibrium." This definition was pro¬ 

posed by Kobayashi and Carnahan for mixtures free of com¬ 

ponents that cause interfacial phenomena, specifically 

hydrocarbon mixtures CH)* The multilayer adsorption work 

of Masukawa and Kobayashi was cited in support of the defi¬ 

nition (14). In the latter work, the condition of coinci¬ 

dence of gas-adsorption K-values with gas-liquid equilibrium 

K-values at the dew point is clearly demonstrated experimen¬ 

tally, Furthermore, it was shown that the absolute adsorp¬ 

tion increases rapidly in the vicinity of the dew point, 

which produces an isotherm curve with a slope very close to 

infinity at the dew point. The present research proposed to 

a. demonstrate the conditions of equality of the gas- 

adsorption K-values with the gas liquid K-values 

on a hydrocarbon-like, porous polymer substrate, 
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one from which waiter is excluded by virtue of 

hydrogen bonding considerations; 

b. to show the increase in adsorption in the vicinity 

of the dew point; and 

c. thereby to establish this hydrocarbon polymer sub¬ 

strate as suitable for dew point determinations by 

chromatography. 

The binary system methane-butane was used for the 

purpose of this study. The vapor-liquid equilibrium K- 

values and dew point of this system are known through the 

work of Elliot, Chen et al. (1»3). 



III. THEORETICAL BACKGROUND 

The gas-solid K-value of component i in a mixture 

is defined as 

Ki 
Xi 
xi 

where yi is the mole fraction of i in the gas phase and x^ 

is that in the adsorbed phase. The definition of the gas- 

liquid K-value is analogous. 

In 1963, Gilmer derived an expression which relates 

chromatographic retention volumes of infinitesimal perturba 

tions to the gas-solid K-values of the perturbation gas (4) 

Based on the work of Stalkup and Koonce (16,12), Gilmer was 

able to show that his expression could be extended to the 

case of multicomponent carrier gases perturbed by small, 

near infinitesimal, amounts of radioactively tagged samples 

of the components of the carrier gas. The expression that 

relates the radioactive retention volumes to the K-value 

is: 

(vrv (vv 
6 



where and V- are the retention volumes of components i 
J 

and j of the carrier gas at column conditions as obtained 

by injection of radioactive tracers. Vg is the free gas 

volume of the column, i.e., that volume in which no inter¬ 

action between molecules of the gas phase and the equilibrium 

surface takes place. In experimental terms, it is the re¬ 

tention volume that a perfect gas would have in the chromato¬ 

graphic column. 

The retention volume at column conditions is ob¬ 

tained by measuring the retention time of a sample in the 

column and multiplying it by the flow rate of the carrier 

gas. Since the flow rate is measured at ambient temperature, 

it must be corrected to column conditions. The expression 

f<?r the retention volume at column conditions is 

V R R F ambient 
^column‘^column 

^ambient*1 ambient 

where t^ is the retention time, F is the flow rate and Z is 

the compressibility factor of the carrier gas. The compress¬ 

ibility factors needed for this work were obtained from the 

Benedict-Webb-Rubin-Starling equation of state for mixtures 

with the parameters for methane and n-butane published by 

Starling Cl7) . For the packed column, this value of the re¬ 

tention volume must be corrected by the addition of the 

factor A*rCi)» where A is the surface area of the substrate 
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and r(i) is the molecular radius of the perturbing molecule 

i. This factor accounts for the volume excluded from pene¬ 

tration by the molecule at the surface (10). The value of 

r(i) is taken to be as one-half the collision diameter 

parameter for, e.g., the Lennard-Jones intermolecular poten¬ 

tial. In the case of the open tubular column, this correc¬ 

tion becomes insignificant because the ratio of adsorbent 

surface to free volume in the column is very small (See 

Appendix A on this subject). 

The relationship between amount adsorbed and reten¬ 

tion volumes of the components of a multicomponent carrier 

gas as obtained by injection of radioactively tagged samples 

was derived by Haydel in 1965 (5). The total number of 

moles of component i adsorbed per gram of adsorbent is 

given by 

K 

where 

m 

(vj-v 
g ) 

= total amount of i adsorbed (moles or milli¬ 

moles per gram of adsorbent) 

- concentration of the carrier gas at column 

conditions (moles per unit volume) 

= grams of adsorbent in the column 

The concentration C is obtained from the gas law: 

col 
C 
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The total adsorption is the sum of the amounts adsorbed of 

individual carrier gas components: 

* l N4 x i x 



IV. THE FREE GAS VOLUME 

An attempt vras made to determine the free gas volume 

Vg by the Hypothetical Perfect Gas method developed by 

Masukawa and Kobayashi C13,15). The retention volumes of 

helium, neon, argon and methane, together with the polariza¬ 

bilities of these gases as extrapolation parameters, were to 

be used to determine the free gas volume. It was found that 

helium and neon cannot be separated on any polymer packed or 

coated column of a length small enough to permit the deter¬ 

mination of the retention volume of butane with the avail¬ 

able 10Q cc tandem pump used to set the flow rate. The use 

of the polarizability of helium, argon and methane, which 

were separable, yielded free gas volumes that were consis¬ 

tently too low, as evidenced by the fact that the K-Values 

calculated with these free gas volumes were completely out 

of the expected range (See Appendix D for example calcula¬ 

tion, tables and graphs). It was observed, however, that 

the retention volumes of helium, when used directly as free 

gas volumes, led to K-values for butane that were within 

1% of the expected value at the dew point. On further in¬ 

vestigation it was found that the use of the critical tem¬ 

perature as extrapolation parameter in the HPG method leads 

10 
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to free gas volumes that lie within 1% of the helium reten¬ 

tion volumes. Once this was established, the helium reten¬ 

tion volume was used directly as the free gas volume in all 

calculations, since the error introduced by doing so is in¬ 

significant when compared to the error produced by the low 

separating power of the polymer for low molecular weight 

gases CSee Section VII: Error Analysis). The implication 

of this phenomenon will be taken up in the section dealing 

with suggestions for further work. 



V. EXPERIMENTAL 

A* The Chromatographie System 

A schematic representation of the system is given 

in Figure 1. The carrier gas is metered from its cylinder 

through a drying tube filled with magnesium perchlorate via 

a regulator into the charging end of a tandem proportioning 

pump. Three Heise gages in parallel were used to set the 

desired pressure accurately. One six-port valve is used to 

introduce a sample of 0.015 cc into the carrier gas stream. 

The sample pressure was measured with a Heise gage in the 

sample system. The pressure of the sample injected depended 

on the sample species. Radioactive methane was of high ac¬ 

tivity and a sample pressure of 2 psia was sufficient to 

produce a strong signal. Radioactive butane had to be in¬ 

jected at 20 to 25 psia. Helium showed no detectable sample 

size effect and was injected at a pressure equal to ten per¬ 

cent of that of the carrier gas. Argon had to be injected 

at 12% of the carrier gas pressure to give a satisfactory 

signal. 

The second valve is positioned so as to permit the 

gas stream to be directed over either the column or a bypass. 

12 
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The column is held to the valve by means of two elbows and, 

in the case of the packed columns, two 1/16 to 1/8 inch re¬ 

ducing unions, since the valve ports are made to take 1/16 

inch fittings. The bypass is cut so that its volume is equal 

to that of the elbows and unions combined. In this manner, 

subtraction of the bypass retention time from the retention 

time of the elbow-column assembly yields the retention time 

of the column. From column or bypass the gas stream passes 

into the signal side of a thermoconductivity cell and from 

there into an ionization chamber. Finally, the carrier gas 

passes into the receiving end of the pump. The sample and 

switching valves with the column, bypass and sample loop are 

located in a movable stainless steel Dewar filled with an 

ethylene glycol-water mixture C66! by weight ethylene glycol). 

This permits work at temperatures to below -40°F. Tempera¬ 

ture control was achieved by balancing a constant heat input 

against a refrigeration unit and fine control Cto Q.03°C) 

was obtained by means of a Hallikainen Thermotrol unit. A 

25-junction copper-constantan thermopile, calibrated against 

a platinum resistance thermometer, was used to measure the 

temperature. 

B. Experimental Problems 

The most serious problem of the present chromato¬ 

graph is its large dead volume between the column or bypass 
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and the detecting devices, especially the ionization chamber, 

as compared to the column volume. This is due to the fact 

that the column length must be restricted because of the 

large retention volume of n-butane, especially at low tem¬ 

peratures. Initially, an attempt was made to overcome this 

problem by positioning the TC cell and the ionization cham¬ 

ber immediately behind the column, inside the cold bath. It 

became obvious right away that the ionization chamber cannot 

be used in that locations, because the mechanical vibrations 

caused by the bath fluid stirrer produced excessive strain 

noise in the cable connecting the ionization chamber to the 

electrometer. The TC cell used was designed to operate at 

room temperature and pressure. Low temperature increases 

the resistance of the TC cell thermistors exponentially. 

At high pressures and low temperatures, the flow rate must 

be reduced drastically in order to avoid turbulent flow in 

the TC cell. The latter produces a distorted response pat¬ 

tern, which cannot be used to determine retention times. 

Furthermore, at the dew point condensation sets in also in¬ 

side the TC cell, which leads to random noise and makes 

measurements impossible. Hence, the TC cell also had to be 

removed from the bath and the increase in dead volume had 

to be accepted. The advantage of the new TC cell location 

is that the dew point is clearly indicated as a non-random, 

rhythmic noise, produced by the evaporation of droplets as 

they are carried out of the cold bath by the carrier gas 
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stream. This noise is very distinctive, does not change the 

base line on the recorder, and permits measurements. As time 

goes on, however, or if one goes into the two phase region, 

it becomes too large for measurements to be made (Figure 3). 

C, Columns 

Porous polymers made by copolymerization of styrene, 

divinylbenzene and ethylvinylbenzene were developed for 

analytical purposes (7,8,9) and marketed under the name of 

Porapak by Waters Associates. These polymers have very 

great separating power for hydrocarbons but the separation 

of low molecular weight gases, such as helium, argon and 

methane, is quite low. It was necessary to use the polymer 

of lowest separation power for light hydrocarbons, Poropak 

P CStyrene-divinylbenzene), in order to coordinate the fol¬ 

lowing requirements: 

1, The retention volume of n-butane on the column must 

be lower than 100 cc, which is the volume of carrier 

gas available from one stroke of the 100 cc tandem 

pump. 

2, The column must be of sufficient length to allow a 

meaningful separation of the low molecular weight 

gases, 

The necessary combination for the determination of 
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the isotherms of a 5$ n-butane in methane mixture at +20°, 

0° and -20°F was a column of one foot length, 1/8 inch O.D. 

and 1/16 inch I.D., filled with Porapak P. The 3% mixture 

was run at Q°F on an eight-inch column of the same diameter. 

Part of the latter isotherm (3%, -20°F) was repeated on the 

one-foot column. An attempt was made to obtain the isotherms 

of these compositions at -40°F, but it was found that for 

both compositions the retention volume of butane exceeds the 

pump capacity at this temperature. 

Finally, a 30 feet, 0.03 inch I.D, tubular column 

coated with 7QI divinylbenzene-30! ethylvinylbenzene polymer 

was reinstalled in the chromatograph, together with an ap¬ 

propriate bypass. An attempt was made to reproduce the 

results obtained for the 0°F, 5% n-butane isotherm on this 

column. Figure 14 shows that the adsorption isotherm on the 

open tubular column has a completely different shape from 

that obtained on the packed column. The dew point was ob¬ 

served at 199 psia instead of at 190 psia, the total adsorp¬ 

tion appears to decrease after 185 psia and the n-butane 

K-values are lower than expected. A possible explanation is 

that the assumption of point-to-point equilibrium in the 

column, which underlies the derivation of the formulas used 

to calculate the K-values and absolute adsorption from the 

retention volumes, is not valid in the case of this particu¬ 

lar column. This may be due to a large resistance against 

diffusion into and out of the pores of the polymer because 
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of very small pore size. Again, if the pores are very small, 

they may soon fill as the amount adsorbed increases and thus 

the area available for adsorption and multilayer formation 

diminishes. While the total amount adsorbed increases with 

pressure, the adsorbed volume for instant equilibrations 

with the carrier gas stream may actually diminish. Since a 

high crosslinking-to-monofunctional monomer ratio was used 

(70:30%, as against a usual polymerization mixture of 55:45% 

for coating purposes), small pore size, of the polymer 

coating is the most likely cause of the deviant isotherm on 

the coated column. 



VI. RESULTS AND CONCLUSIONS 

The experimental results are presented in Figures 

7 through 15 and Tables 1 through 16. The n-butane vapor- 

solid K-values are seen to be essentially constant at all 

pressures and intersect the vapor-liquid K-value curve at 

the dew point, within experimental error. The constancy of 

the adsorption K-values with pressure (Figures 4 through 8) 

indicates that after adsorption of a few layers the substrate 

no longer interacts with the bulk gas phase. This demon¬ 

strates the validity of the extended Gibbsian definition of 

the dew point on the porous polymer Porapak P, in the packed 

column. The K-values for methane are given in Tables 1, 4, 

7, IQ and 13. Their scatter is due to the form of the 

mathematical expression from which they are calculated, and 

which accentuates the experimental error (Chapter VII). 

The results on the open tubular column (Figure 15) disqualify 

this particular column from use in chromatographic dew point 

determination. 

The height of the adsorbed layer at the dew point 

is of interest for the sake of comparison with the dimen¬ 

sion of a liquid droplet detected by conventional methods. 

This height has been calculated from the volume of the 

18 
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adsorbed phase, which is obtained from the total amount of 

adsorbed material at the dew point divided by the molar den¬ 

sity as obtained by a computer calculation of the BWRS 

equation for a liquid with the composition given by the K- 

value at the dew point conditions. Table 16 shows the re¬ 

sults for the five dew points studied. The layer heights 
O 

are of the order of 500 A which is approximately a hundred 

times the molecular diameter of the heavy gas component. 

Visual methods cannot show droplets smaller than the wave¬ 

length of light. Therefore, the chromatographic method 

provides a much more sensitive means of determining the dew 

point. 

Inspection of the adsorption isotherms, Figures 9 

through 13, shows that the sharp increase in adsorption in 

the vicinity of the dew point is due overwhelmingly to the 

heavy component in the gas. Studies of ternary and quater¬ 

nary mixtures with at least one very heavy component (octane 

or decane) to simulate a true natural gas mixture, ought to 

be performed on Porapak P to determine the shape of the ad¬ 

sorption isotherms or isobars. The heavy hydrocarbons have 

an extremely large retention volume on this substrate, and 

if it is found that only the heaviest component of a gas 

mixture shows the sharp adsorption increase at the dew 

point, it may be necessary, in practice, to work with very 

short, narrow columns and to make a qualitative analysis 
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of the gas before attempting to determine its dew point. 

Finally, the result obtained on the open tubular 

column suggests that an attempt be made to determine the 

surface area and pore size obtained by the coating process. 

It is well known that polymerization conditions, especially 

the amount of inert solvent used, greatly affect the pore 

size of the final, dry product (9). If appropriate size 

could be obtained (°f the order of 100 microns), the open 

tubular column may turn out to be more suitable for dew 

point determinations because it can be tailored more easily 

to have nonexcessive retention volumes for heavyweight hy¬ 

drocarbons. 



VII. ERROR ANALYSIS 

I, pressure 

The Heise gages are certified by the manufacturer 

to be accurate to 0.1? of the full scale reading. Thus the 

low pressure readings have the maximum error. The lowest 

pressure used was 20 psia. This corresponds to a possible 

2? error on the 400 psia gage. However, all other pressures 

used were at or above 50 psia, and had therefore an error of 

less than 1%. 

II, Temperature 

The bath temperature was measured to +_ 0.01°C and 

controlled to 0.03PC. The ambient temperature at the charg¬ 

ing end of the pump was measured with a long mercury ther¬ 

mometer to the nearest 0.1PC. The largest error introduced 

in this manner would be at -40°F (=233.16°K) and is 0.04?. 

III, Flow Rate 

The pump piston measures 0.9934 +_ 0.0001 inches in 

diameter, according to the manufacturer. This leads to a 

fluctuation in flow rate of + 0.02?. Previous observations 

21 
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of proportioning pumps in this laboratory failed to show any 

demonstrable error in flow rate due to line voltage changes 

or shifts in the gear train (2). 

IV. Retention Time 

By far the largest error was introduced by the re¬ 

tention of time measurements. Because of the low flow rates 

necessary* for proper response of the TC cell at high pres¬ 

sure, the peaks, especially those of the radioactive samples, 

were broad with respect to the retention times Ç20-25%). 

Although individual retention times were reproducible to 

better than 1%, this small error leads to a much larger on 

in the factor Vmetkane - Vg, because of the small separation 

of helium and methane and of the large dead volume of the 

chromatographic system. The worst case is obtained with the 

8 inch packed column. As an example, consider the 3% mix¬ 

ture at -20°F and 199 psia (the dew point). The retention 

time is represented by t: 

Methane,column^bypass ” 13.4 +_ 0.05 - 10.75 0.05 

*= 2.65 0,1 min 

thelium,column"tbypass ~ 7.45 +_ 0.05 - 5.9 +_ 0.Q5 

« 1,55 +_ Q.l min 

whence 
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^methanehelium - min> or ±_ 18.2% 

For the butane retention time at the same conditions, 

butane,column"bypass = .(3.15+0.05) .60-11.5+^0.05 

= 177.5 + 3.05 min 

so that 

butane"helium * 175,95 ± 3*1 min or 1*76% 

For the K-value calculation, a division has to be performed 

which has the form 

(a +_ Aa) / Cb +” Ab) 

for the worst possible situation. This leads to an error 

form of 

^ r Ab ^ Aa . 

This leads to an error of 3.45% in the K-value due to 

errors in the retention time measurement. The sum of the 

remaining errors is 1.6%, leading to a total of 5.05%. The 

total adsorption has a somewhat larger error due to the re¬ 

tention time error: 

0.03 Cl75.95+3.1)+0.97(1*1+0.2) = 6.345^0.287 
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or 4.5%, which with the other error sources gives 6.4% as 

the maximum error. The experimental error in layer height 

involves division by the surface area which is known to 

+_ 1%. This leads to a total experimental error in height 

of 9,5%. These figures are obtained by assuming the error 

in concentration of the carrier gas to be negligible. In 

the cases of the 5% and 3% mixtures on the packed column, 

the devr points observed coincided exactly with those ob¬ 

tained by interpolating the data of Elliot, Chen et al. 

C3,l), so that the assumption seems reasonable. 



VIII. SUGGESTIONS FOR FURTHER WORK 

The attempt to determine the free gas volume by the 

HPG method using the polarizability as extrapolation 

parameter met with failure for the C^-nC 4-Porapak P system, 

as mentioned in the chapter on free gas volume. The criti¬ 

cal temperature proved to be a much more satisfactory 

parameter. The HPG method was developed with the heat of 

adsorption as original parameter and the use of the polariza¬ 

bility is based on the assumption that there exists a 

linear relationship between it and the heat of adsorption. 

The findings of this research would seem to indicate that 

for the polymers in question such a relationship does not 

exist for the polarizability, but for the critical tempera¬ 

ture instead. To confirm this, the heats of adsorption of 

a number of gases on Porapak might be measured and compared 

to their polarizabilities and critical temperatures. 

25 
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TABLE 1 

K-Values, +20°F, 5% n-Butane 

]/■ 
methane K, . 

butane 

P,psia 1st Run 2nd Run 1st Run 2nd Run 

50 7.927 0.0568 

100 6.069 0.0593 

150 5.042 0.0616 

200 7.135 0.0577 

300 5.264 6.493 0.0610 0.0586 

320 5.832 0.0597 

340 6.911 0.0580 

345 7.130 0.0577 

350 6.599 0.0584 

360 5.888 0.0596 

375 8.544 0.0578 

380 6.344 0.0588 
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TABLE 4 

K-Values, 0° F, S% n-Butane 

P,psia K Methane 
it 

^Butane 
it 

50 7.92 7.99 0.0568 0.0567 

100 8.54 8.32 0.0562 0.0563 

150 8.41 9.50 0.0563 0.0563 

170 8.43 9.30 0.0563 0.0557 

185 7.83 8.65 0.0569 0.0561 

190 8.46 8.49 0.0563 0.0563 

*First column calculated from smoothed data with Vg 
obtained by HPG method, using the critical temperature ratio 
as extrapolation parameter. 

Second column was calculated from data as measured 
with Vg = VRHe. 
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TABLE 7 

Adsorption, 0°F, 5% n-Butane 

P,psia NMethane >“°Wg NButane’“oles/g 
A 

N ,mmoles/g 

50 1.91 14.19 16.10 

100 2.36 18.87 21.24 

150 3.40 27.07 30.48 

170 4.07 35.80 39.87 

185 4.92 39.94 44.87 

190 6.63 52.63 59.26 
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TABLE 6 

Retention Volumes at STP 
Measured at 0°F and 5% n-Butane 

P,psia ^Methane*cc VButane»cc ^Helium*cc 

50 3.00 138.81 2.03 

100 5.29 186.00 4.09 

150 8.00 267.28 6.27 

170 9.18 352.26 7.12 

185 9.87 392.41 7.37 

190 10.54 514.55 7.18 
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TABLE 7 

K-Values, -20°F, 5% n-Butane 

P,psia TT 

Methane 
K 
Butane 

50 12.15 0.0542 

70 11.76 0.0544 

90 11.90 0.0543 

104 13.41 0.0538 
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TABLE 8 

Adsorption, -20°F, 5% n-Butane 

P,psia NMethane’“oles/8 NButane-™oles/8 mmole s/g 

50 1.61 19.04 20.66 

70 2.10 23.91 26.01 

90 3.14 36.27 39.42 

104 3.85 50.49 54.34 



35 

TABLE 9 

Retention Volumes at STP 
Measured at -20°F and 5% n-Butane 

P,psia ^Methane,cc VButane,cc VHelium,cc 

50 2.98 185.74 2.17 

70 4.13 233.58 3.06 

90 4.76 352.86 3.17 

104 6.10 490.90 4.15 



36 

TABLE 10 

K-Values, -0°F, Z% n-Butane 

P,psia ^Methane K 
Butane 

50 6.83 0.0350 

150 5.49 0.0364 

300 5.31 0.0367 

400 5.09 0.0370 

430 5.31 0.0367 

440 4.43 0.0384 
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TABLE 11 

Adsorption, 0°F, 3% n-Butane 

P,psia ^Methane >mmoles/g NButane>“oles/« 
A 

N ,mmoles/g 

50 1.35 8.12 9.47 

150 3.07 14.29 17.36 

300 5.30 23.73 29.03 

400 6.92 29.45 36.37 

430 9.21 41.18 50.39 

440 13.36 47.59 60.95 
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TABLE 12 

Retention Volumes at STP 
Measured at 0°F, 3% n-Butane 

P,psia 
^Methane>CC ^Butane,cc VHelium»cc 

50 2.81 132.72 2.14 

150 8.07 236.31 6.54 

300 16.29 395.05 13.66 

400 20.44 490.29 17.00 

430 23.15 680.47 18.57 

440 24.40 782.61 17.76 
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TABLE 13 

K-Values, -20°F, 31 n-Butane 

P,Psia K Methane ^Butane 

1st Run* 2nd Run 1st Run 2nd Run 

50 5.97 6.75 0.0358 0.0350 

100 4.66 6.76 0.0379 0.0350 

150 4.12 7.90 0.0392 0.0342 

170 4.51 6.62 0.0382 0.0351 

190 6.63 0.0351 

199 4.98 0.0372 

*Measurements on eight inch column 
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TABLE 16 

Multilayer Heights and Densities at 
Dew Point Conditions 

% Butane 
in Mixture T,°F P ,psia d,mmoles/cc (BWRS) 

0 
h,A 

5 + 20° 380 11.17 481 

5 0° 190 11.12 457 

5 -20° 104 11.02 423 

3 0° 440 11.75 445 

3 -20° 199 11.34 528 
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TABLE 17 

Molecular Parameters (14) 

He Ar CH4 C4H10 

O 

Collision Diameter, A 2.56 3.41 3.81 4.98 

Polarizability Ratio, ai/aHe 1 7.66 12.09 

Critical Temperature 
Ratio, TCi/TCHe 1 30.80 36.26 



FIGURES 
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LEGEND 

B: Bypass 

C: Carrier gas cylinder 

COL: Column 

D: Drying tubes 

G: Pressure gages 

H: Heise gages 

IC: Ionization chamber 

PC: Proportioning pump, charging end 

PR: Proportioning pump, receiving end 

RG: Regulator gage 

S: Sample cylinders 

SL: Sample loop 

TC: Thermoconductivity cell 

V: Sample and switching valves 

VA: To vacuum pump 

VG: Vacuum gage 
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Figure 1. Schematic Representation of the Chromatograph 
System 
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100 1000 

In P, psia 

Figure 4. Ln KButane vs. In P at +20°F and 5% N- 
Butane Concentration 
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Figure 6. Ln ^Butane ^ F at *20 F and 5% N* 
Butane Concentration 
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Figure 7. Ln KButane vs. In P at 0°F and 31 N- 
Butane Concentration 
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Figure 8. Ln Kgutane 
vs* ln p at _20°F and 3% N- 

Butane Concentration n 
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30 100 800 

In P, psia 

Figure 9. Ln Kfoytaç,e vs. In P at -40°F, Gas-Liquid 
Equilibrium 
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Figure 10. Total Adsorption vs. P at +20°F 
and 51 Butane Concentration 
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Figure 11. Total Adsorption vs. P at 0°F and 5% N-Butane 
Concentration 
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0 50 100 

P, psio 

Figure 12. Total Adsorption vs. P at -20°F 
and 5% N-Butane Concentration 



58 

0 200 400 
P, psia 

Figure 13. Total Adsorption vs. P at 0°F and 3% N- 
Butane Concentration 
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Figure 14. Total Adsorption vs. P at -20°F and 31 
N-Butane Concentration 



Figure 15. Total Adsorption vs. P at 0°F and 5% 
N-Butane Concentration 

Open Tubular Column 
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APPENDIX A 

INSTRUMENTATION AND MATERIALS 

I. Temperature Measurement and Control 

The low temperature bath was cooled with a Cincinnati 

Sub-zero Products refrigeration unit model PP-120. Tempera¬ 

ture fine control was achieved (to 0.03°C) with a Hallikainen 

1053A Thermotrol controller connected to a 200 watt immer¬ 

sion heater. The temperature was measured by means of a 

flexible cable, 25-junction copper-constantan thermopile 

purchased from Science Products Corporation, Dover, New 

Jersey. The sensing elements were sheathed in copper tub¬ 

ing of 1/4 inch O.D., the lower end of which was bored 

through with many fine holes. This protected the delicate 

sensor elements and at the same time permitted full circu¬ 

lation of the bath fluid or reference ice bath water. The 

thermopile was calibrated against a platinum resistance 

thermometer. 

II. Signal Detection 

Helium and argon were detected with a Gow-Mac 470 

micro-micro thermoconductivity cell connected to a power 
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supply and bridge built by Mr. D. Chronister in the Depart¬ 

ment of Chemical Engineering. The radioactive samples were 

detected with an ionization chamber designed in the depart¬ 

ment of Chemical Engineering and built by Mr. Ray Martin. 

This ionization chamber has been described previously in 

the Ph.D. thesis of T. C. Chu (2). It is powered by 12 V 

from a Kepko DC supply and is connected to a Cary 401 vi¬ 

brating reed electrometer. The signals from both the ther¬ 

moconductivity cell and the ionization chamber were re¬ 

corded on a dual channel Hewlett-Packard strip chart 

recorder. 

III. Flow 

The volumetric flow rate was set by the gear posi¬ 

tion of a 100 cc Ruska proportioning pump. The room tem¬ 

perature was read and recorded with each sample run so that 

the flow rate at the column conditions could be calculated. 

IV. Pressure 

Three Heise gages, of 400, 1000 and 2000 psia ca¬ 

pacity were used to measure the carrier gas pressure, and 

a 500 psia gage was used in the sample system. All gages 

had recently been recalibrated at the factory and in the 

case of the 1000 psia gage, purchased new for this research 

project from the Heise Bourdon Tube Company, Newtown, 

Connecticut. 
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V. Valves 

The six-port sample injection and column-bypass 

switching valves were the model CV-HPax from Valeo Instru¬ 

ments Company, Houston, Texas, with special rotors for low 

temperature work. Since the temperature expansion coeffi¬ 

cient of Teflon (the rotor material) is quite different 

from that of the stainless steel of the valve, adjustment 

of the spring tension on the rotor is necessary on lowering 

the temperature, in order to avoid leakage of the valves. 

The rotors deteriorate with time due to wear and flow of 

Teflon under pressure, and had to be substituted once in 

the course of this work. Ideally, the valves should be 

adjusted for each specific low temperature and then not be 

used at a temperature higher than that. 

All other valves used in the system were Whitey 

valves. 

VI. Vacuum Gage 

A model KTG-1 thermocouple gage from the Kinney 

Vacuum Division of the New York Air Brake Company, Boston, 

Massachusetts, was used to measure the pressure when 

evacuating the sample system or the column. 

VII. Gases and Radioactive Tracers 

Four carrier gas mixtures of composition 5%, 3%, 
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1.98% and 1.52% butane in methane were prepared from n- 

butane obtained from Phillips Petroleum Company, with cer¬ 

tification from Scientific Gas Supplies, Pasadena, Texas. 

The helium used in the sample system was Linde ultra-high 

purity grade and the argon was Matheson ultra-high purity 

grade. Tritiated methane was obtained from New England 

Nuclear, Boston, Massachusetts. Tritiated n-butane was 

found in the laboratories. 

VIII. Adsorption Substrates 

Porapak P 80-100 mesh from Waters Associates, Inc., 

Framingham, Massachusetts was found in the laboratory from 

previous experiments. Its surface area was 116.5 m /g as 

determined by BET measurement. The one foot column con¬ 

tained 0.2160 g and the 8 inch column contained 0.1338 g 

of this material. 

For the coated column, the polymerization material, 

a 70-30% mixture of divinyl and ethylvinylbenzene, as well 

as the solvent diethylbenzene, were obtained from Dr. 0. L. 

Hollis at Dow Chemical. The polymerization initiator, 

azobisisobutyronitrile (Vazo), was purchased from DuPont 

deNemours and Company., Wilmington, Delaware. It was not 

possible to determine the amount coated onto the column, 

because the density of the polymer material is very low 

(0.2-0.4 g/cc) and the coating very thin (7). Nor is the 
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surface area known. The error introduced by omission of 

the steric factor A.r(i) is negligible, however, when com¬ 

pared to the total volume of the column. A 30 feet coil 

has an inner volume of 4.16 cc. The amount of polymer de¬ 

posited is, tentatively, 0.0132 g. The highest surface 

area reported for ethylyinylbenzene-divinylbenzene is 

660 m /g, which leads to 8.7 • 104 cnr of polymer surface 

in the column (7). Multiplied by the molecular radius of 

- 8 
butane, 2.49 «10 cm, this gives a steric correction fac- 

- 4 
tor of 21.66 • 10 cc, or 0.05% of the column volume. 



APPENDIX B 

THE COATING OF OPEN TUBULAR COLUMNS 

The length of tubing to be coated was washed with 

toluene, acetone and methyl alcohol and dried with nitro¬ 

gen. The weighed-out polymer and solvent solution with 

the initiator was kept in the freezer until the time of 

use, when it had to be brought back to room temperature in 

order to redissolve the initiator. The procedure described 

in the patent of Hollis (6) was followed with the following 

exceptions : 

1. An oven was used instead of a water bath to main¬ 

tain the right polymerization temperature. 

2. A second four-inch tube charged with Porapak and 

saturated with solvent was put into the helium 

stream to insure solvent saturation of the helium 

stream throughout the polymerization process. 

3. A fact not mentioned in the patent but absolutely 

necessary to obtain successful coating is a very 

slow passage of the polymerization mixture through 

the tubing. This is accomplished by closing the 

forcing gas stream immediately upon appearance of 

69 
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the first drop of liquid at the open end. If the 

flow accelerates toward the end of the charging 

process or if sputtering occurs, the process must 

be repeated with less pressure to drive the liquid 

initially. The pressure sufficient to initiate 

the flow depends on the inner diameter of the tub¬ 

ing. For a diameter of 0.03 in. a pressure of 

8-10 psig is sufficient. Fast flow and sputtering 

rupture the coating and no separation is obtained 

on such a column. Care should be exercised to 

avoid spillage of the polymerization mixture, be¬ 

cause of its penetrant odor. The filling of the 

charging tube and the driving of the liquid is 

best done under a hood. Polymerization of the 

mixture as evidenced by gelling does not occur 

until 2 hours after heating to 50-60°C, so that 

one can work slowly. 



APPENDIX C 

SUGGESTION FOR IMPROVEMENT OF THE APPARATUS 

In order to minimize the dead volume between column 

and detecting devices, it is suggested that a Valeo CV-3-HPx 

three-port valve be installed at the exit from the bath, 

which would allow the TC cell and the ionization chamber to 

be positioned in parallel. This would eliminate the extra 

dead volume of the TC cell and connecting tubes from the 

path to the ionization chamber. In order to further bring 

the path to the detectors to a minimum, it is suggested 

that the TC cell and the ionization chamber be connected 

to this valve by the shortest length of tubing possible. 

In the case of the ionization chamber, this necessitates 

laying the electrometer preamplifier on its back side in 

order to bring the chamber ports close to the valve. 

In the case of low temperature work, the ionization 

chamber and the preamplifier should be housed in a metal or 

plastic container and separated from the top of the Riki 

box by short, soft rubber feet to dampen vibration from the 

stirrer and to prevent collection of condensation moisture. 

As an additional precaution, a small bag with silica gel 
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dessicant should be placed inside this housing and ex¬ 

changed periodically to insure absolute dryness of the 

ionization chamber and preamplifier. 
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LEGEND 

IC: Ionization chamber 

PA: Pre-amplifier 

PC: To charging end of pump 

PR: To receiving end of pump 

TC: Thermoconductivity 

V3: Three-port valve 

VA: To vacuum line 
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Figure C-l. Proposed Dead Volume Reduc¬ 
tion and Improvement 



APPENDIX D 

COMPARISON OF THE FREE GAS VOLUME AS OBTAINED BY 
THE HYPOTHETICAL PERFECT GAS METHOD USING THE 

CRITICAL TEMPERATURE AND THE POLARIZABILITY 
AS EXTRAPOLATION PARAMETERS 

The experimental retention volumes of helium, argon 

and methane for the 51 n-butane mixture at 0°F were 

smoothed on large graph paper and the resulting data were 

used to obtain 

a. linear plots of ln(V.-V ) vs. Tc./T and r i g ui cHe 
b. linear plots of lnCV^-Vg) vs. 

by a trial and error procedure with estimated V . Table D-2 

lists the free gas volumes obtained with the two different 

extrapolation parameters and compares them with the reten¬ 

tion volume of a hypothetical perfect gas as obtained by 

the two methods. Comparison of the free gas volume and 

hypothetical perfect gas retention volume obtained with the 

critical temperature ratio with the experimental retention 

volume of helium demonstrates that helium behaves like a 

perfect gas on the substrate within less than the experi¬ 

mental error. The results obtained for with the polariza¬ 

bility ratio are smaller and lead to K-values that deviate 
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considerably from those calculated with = V^e-| .jnTn 

obtained by use of the critical temperature ratio. 
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Figure D-l. Ln(Vj^-Vg) vs. Critical Temperature Ratio, 

Tc^/TCj|e for Helium, Argon and Methane at 
0°F and 51 N-Butane Concentration, 50-170 
psia 
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Tc(i) /Tc (He) 

Figure D-2. Ln(VR^-Vg) vs. Critical Temperature Ratio, 
TCi/TCHe for Helium, Argon and Methane at 
Q°F ana 5% N-Butane Concentration,.185 and 
190 psia 
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