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CHROMATOGRAPHIC DETERHINATION OF ADSORPTION 
AND DIFFUSION IN A BIDISPERSED POROUS SOLID 

Peter G. Boisvert* and E. E. Petersen 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

The purpose of this work has been to study mass transfer within 

a well defined bidispersed solid structurally similar to coal, namely 

5A molecular sieves. It was hoped that such a study would ultimately 

yield more efficient liquifaction processes by better using the internal 

surface area in coal. 

The diffusion and adsorption of nitrogen, argon, and carbon dioxide 

have been studied using a chromatographic technique. A monodispersed 

pore model was used to describe the bidispersed pore system of the 5A 

molecular sieve. This model was an accurate representation of the SA 

pore system since negligible mass transfer resistance was measured in 

the m.icropores. 

These studies indicate that much larger solid-adsorbate inter-

actions occur with carbon dioxide than with argon or nitrogen. This 

may explain the enhanced penetrability of carbon dioxide into the micro-

porous structure of zeolites. This study also cites the higher polar-

izibility and linear molecular geometry of carbon dioxide as a possible 

reason of its increased penetrability. 

Extrapolation of these results to coal suggests that highly polar 

solvents may exhibit better penetrability into coal due to the higher 
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surface interactions. This should yield more efficient coal liqui

faction processes by increasing the amount of internal surface area 

contacted by the solvent. 

The results obtained from the chromatographic technique illustrate 

the merits of this method for investigating mass transfer within bidi- '
1 

spersed porous solids that do not exhibit transport resistances within 

their micropores. Extension of this technique to bidispersed solids 

which do exhibit mass transfer resistances in their micropores, such 

as coal and 4A molecular sieves at low temperatures, presents some 

difficulty, but it is believed that this problem can be overcome by 

increasing the temperature of the determinations. 
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I. INTRODUCTION 

In order for coal liquifaction processes to be effective, the 

solvent must contact as much coal surface area as possible. Morpholog-

ical investigations upon coal demonstrate that it possesses an extremely 

fine pore network which manifests itself as a large internal surface 

area. Many process designs, therefore, strive to exploit this pro-

perty of coal; however, they have attained only limited success. 

For the past two decades, the inaccessibility of the internal coal 

structure has attracted much attention. The most convincing argument 

for this behavior is based on BET surface area measurements. Using 

coal, these measurements sho~ that the amount of surface area available 

to an adsorbate varies considerably depending on the temperature and 

adsorbate used in the determinations. This observation suggest that 

coal-adsorbate interactions and diffusive and adsorptive rate limitations 

might play a prominent role in surface area calculations. Presumably, 

these same phenomena limit the dissolution of coal in a liquifaction 

solvent. Therefore, the aim of this work is to study the physical pro-

cesses surrounding gaseous adsorption by a well defined porous solid 

similar to coal. From this study one hopes to acquire an understanding 

of the diffusive and adsorptive mechanisms occuring within coal, and 

of how these processes interrelate with the pore structure of coal, so 

as to yield lo~ surface area accessibility. Ultimately, this knowledge 

will allow the design of more efficient and economical coal liquifact-

ion processes. 
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A. Internal Surface Area of Coal 

Using argon at -183°C, Lahiri et al1determined the surface area of 

four coals of different rank. Using the conventional BET procedure, he 

2 obtained surface areas of 13.0, 1.8, 1.7, and 1.4 m /gin order of in-

creasing carbon content. Altering the BET procedure by admission of 

argon before chilling the coal, he measured areas of 22.1, 3.5, and 

7.2 m2/g, respectively. 

Using xenon at 0°C and a variety of coals, Kini2 observed that the 

2 surface areas of his coals ranged from 140 to 200m /g. Using the same 

coals, Kini also determined their surface areas with argon at -196°C 

and krypton at -78°C. Both the argon and krypton adsorptions gave sur

face areas less than 1 m2/g for every sample of coal he measured. 

Anderson et a13 measured the surface areas of samples of Pittsburg 

(HVB) and Pocahontas (LVB) coal using nitrogen at -195°C and carbon 

dioxide at -78°C. For the respective coals, nitrogen gave surface 

areas of 0.62 and 0.78 m2/g while carbon dioxide gave surface areas of 

114 and 140m
2
/g. 

The literature cited above indicat~s that the computed surface 

area of coal is a function of adsorbate, temperature, and type of coal. 

Lahiri1 cited "peculiarities" in the pore size distribution as the 

cause of these variations. More specifically, he believed that such 

observations are the result of an exceedingly fine pore structure in 

coal. 4 Bond suggested that this structure should account for ninety 

five percent of the surface area in coal. In the light of Bond's and 

3 5 Lahiri 's suggestions, Anderson and Walker concluded from their stud-

- -~ ---=-' ........ - -··-~ -
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ies that carbon dioxide gives the most satisfactory internal surface 

area measurement of coal since it reflects a large surface area which 

is characteristic of ultrafine pore networks. 

B. Pore Structure of Coal 

The mysterious nature of the internal coal structure has prompted 

many morphological investigations upon coal. The work of van Krevelen 

and Zwietering6 proved the existence of a very fine pore structure in 

coal. They estimated that this structure possesses a surface area of 

2 
about 100 m /g. They believed these pores were inherent to the molec-

ular structure of the coal itself. Furthermore, they demonstrated the 

presence of a wide distribution of macropores in the coal structure 

having a total surface area on the order of 1 to 2m2/g. They postu-

lated that these macropores were due to microcracks permeating the 

structure of coal. 

The comprehensive work of Gan, Nandi, and Walker 7 on roughly 

thirty American coals corroborated the existence of a bidispersed pore 

structure in coal. Their work showed that the morphology of coal is 

made up of three distinct types of pores: micropores (4-12 A dia.), 

transitional pores (12-30 A dia.), and macropores (30G-29,600 A dia.). 

They found that in lower rank coals (carbon content less than 75%), the 

pore volume was due primarily to the presence of macropores. For 

middle rank coals (carbon content between 76-84%), they noticed that 

80% of the pore volume was due to the micro and transitional pores; 

whereas, microporosity dominated the structure of higher rank coals. 

Since a majority of coals have a carbon content greater than 75%, 
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Walker et al concluded that transition and micropores predominate the 

morphology of coal. 

The high surface areas observed using carbon dioxide as the ad-

sorbate for BET calculations further substantiated the work of 

Zwietering6 and Walker? Lahiri1, Anderson3 , and Walker 5, suggested 

that the fine pore structure of coal does not preclude carbon dioxide, 

resulting in a larger and more accurate surface area determination. 

These workers also suggested that the low surface area results using 

gases other than carbon dioxide could be caused by mass transfer re-

strictions originating from the structure of coal. 

C. Coal-Molecular Sieve Pore Similarity 

For the past two decades an abundance of experimental evidence 

has been amassed that shows the strong similarity between the pore 

f 1 d 1 1 . v Kr 1 d z . . 6 structure o coa an mo ecu ar s~eves. an eve en an w~eter~ng 

concluded from their work that the fine pore structure of coal deviates 

from a normal porous system and resembles the behavior of zeolites. 

They remarked that zeolitic behavior has also been found in many other 

organic compounds due to the formation of "cage structures" in which 

gases can be trapped. They maintained that the results of their inves-

tigations indicate similar "cage structures" occur in the molecular 

framework of coal. 

4 Bond proposed that the microporous structure of coal simulates the 

behavior of molecular sieves. Furthermore, Bond suggested that the 

ultrafine pore structure of coal consists of an extensive system of 

cavities or "cages" interconnected by a maze of narrow capillary 
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constrictions. He claimed that these "cages" appear to be flatly shaped 

rectangles and are about two or three times as long as they are wide. 

8 Anderson et al maintained that coal is a unique adsorbent, acting 

like molecular sieves with a pore opening of about 5 angstroms in dia-

meter. They stated that the adsorptive behavior of coals is also char-

acteristic of Linde 5A molecular sieves. 
. 9 7 

Lamond and Walker give additional insight into the pore structure 

of coal. Lamond examined the adsorption of nitrogen at -196°C and car-

bon dioxide at -78°C on Linde 4A and SA molecular sieves. For the SA 

sieve, he observed nitrogen and carbon dioxide areas of 770 and 695 m2/g, 

respectively. On the 4A sieve, he measured nitrogen and carbon dioxide 

areas of 1 and 610 m2/g, respectively. Working independently, Walker 

et al used both carbon dioxide (-78 °C) and nitrogen (-196 °C) to deter-

mine the surface areas of a series of American coals. On the majority 

of coals tested, they found that using nitrogen gave areas less than 

2 1 m /g. In striking contrast, their carbon dioxide adsorptions gave 

surface areas between 96 and 426m2/g. By comparing Lamond's results 

10 to his own, Walker concluded, by analogy, that coal has a significant 

number of pores of size close to those of Linde 4A molecular sieves. 

In a study conducted at the University of California (Berkeley), 

Petersen and Medeiros11 compared the adsorptions of coal and molecular 

sieves. Medeiros used four gases: nitrogen, argon, carbon tetraflouride, 

and carbon dioxide and four solids: Wyoming Wyodak-Roland seam subbi-

tuminous, Illinois No. 6 bituminous, and Linde 4A and SA molecular 

sieves. Medeiros conducted the nitrogen and argon adsorptions at 
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TABLE 1-1 

Surf ace Area of s~me Selected Solids 
(m /g) ~ .. 

f' 
Adsorbates Ro1and.Seam Illinois No. 6 4A Sieve SA Sieve 

Nitrogen < 1 94 11 480 

Argon < 1 68 10 540 

Carbon 
Tetrafluoride < 1 43 < 1 250 

Carbon 
Dioxide < 1 227 480 570 
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-196°C; whereas, the carbon dioxide and carbon tetrafluoride adsorptions 

were conducted at -78°C. Table 1-1 presents Medeiros' results. He be

lieved these data confirmed Walker's
10 

conclusion: coal has a significant 

number of pores in the range of 3.5 to 4.0 angstroms. 

The arguments cited above illustrate the strong similarity between 

the pore structure of coal and molecular sieves. Moreover, Marsh and 

12 Wynne-Jones assert that a comparison of the adsorptive properties of 

carbons (like coal) to those of the Linde 4A, SA and 13X molecular 

sieves is extremely useful. 

D. Molecular Sieve Pore Structure 

24 In the manufacture of molecular sieve pellets, small singular 

molecular sieve crystals are mixed with a clay binder and then fed 

through an extruder which compresses the mix into 1/8 inch pellets. 

This extrusion process gives the molecular sieve pellets their bidis-

persed structure. That is, the molecular sieve crystals provide the 

microporous framework in which gases can be adsorbed; while the voids 

between the clay binder constitute the macropores. These macropores 

can be envisioned as a piping system that brings the adsorbate gas from 

the particle surface to the molecular sieve crystals. ~wreover, the 

macropore diameters range from 12 to 29,600 angstroms in diameter. The 

molecular sieve crystals are composed of many octagonal "cages", approx-

imately 11 angstroms in diameter and about 925 cubic angstroms in 

volume. The cage walls provide the sites for gas adsorption. Molecules 

have access to the cages by way of eight micropore "windows" which are 

3.5 to 4.p angstroms in diameter. Surrounding each micropore window are 
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four cations which act as sites of strong localized positive charge, and 

these cations are responsible for the very strong and selective adsorp-

tive forces that electrostatically attract molecules to the micropore r 

windows. The elasticity and kinetic energy of the incoming molecules 

usually allow passage of molecules up to 0.5 angstroms larger than the 

diameter of the windows, but, before the gas molecules can penetrate a 

pore window, they must gather enough kinetic energy to overcome the 

repulsive forces exerted on them by the atoms that constitute the pore 

windows. This energy barrier, which is determined by the combined 

strengths of the attractive and repulsive forces exerted on the adsor-

bate, creates the process of adsorptive diffusion. 

From the above discussion, it is clear that the well known pore 

structure of the molecular sieves should enhance the study of zeolitic 

gas adsorption by facilitating the interpretation of the results. 

Therefore, all of the experiments performed in this work have been con-

ducted on a 5A molecular sieve. Once adsorption and diffusion are 

better understood in this material, similar concepts can be applied to 

coal, ultimately yielding a more efficient use of its large internal 

surface area. 

E. Mass Transfer Limitations 
. 

The literature demonstrates that at low temperatures the micropore 

structure of coal excludes many gases, both organic and inorganic, from 

its internal surface area. Therefore, a low BET surface area deter-

mination results from the use of these adsorbates. Conversely, the 

micropore surface of coal admits carbon dioxide. Many postulates have 

been forwarded in explanation of this behavior. Three of the most 
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popular are: (1) closure of the micropores at lower temperatures be-

cause of thermal contractions; (2) decreased vibration of the atoms, 

surrounding the pore opening, about their equilibrium position, at 

lower temperatures; and (3) activated diffusion. 

8 13-15 Many workers ' have measured the thermal expansion of coal. 

All of these researchers determined the coefficient of linear expansion 

of coal to be on the order of 10-SoK-1• From this data, Anderson cal-

culated that the total volume of coal shrinks less than three percent 

in cooling from 0 to -195°C. On this basis, Anderson discounted pore 

contraction as the cause of coal surface area anomilies. 

Kellett and co-workers16 studies the amplitude of carbon atom vi-

brations in two partially graphitized materials. They illustrated that 

the amplitude of vibration for atoms perpendicular to a carbon crystal-

lite layer plane increases only 0.022 angstroms in going from -173°C to 

27°C. Walker10 reasoned that this should produce a negligible differ-

ence in the activated diffusive energies of carbon dioxide at -78°C 

relative to nitrogen at -196°C; therefore, Walker and Nandi rejected 

vibrational arguments as the cause of surface area anomilies in coal. 

By the elimination of vibrational and contractive arguments, many 

workers arrived at the follwing conclusion: when using nitrogen and 

like gases, activated diffusion causes limited rates of mass transfer 

in microporous materials, thereby producing low calculated internal sur-

face areas when measured at liquid nitrogen temperatures. 

F. Activated Diffusion 

The motion of molecules in the pores of zeolitic materials should 

have aspects of both adsorption and diffusion. The description of the 
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molecular sieve pore structure illustrates that the adsorbate molecules 

can never be very far from the pore walls, and thus, strong interactions 

with the surface area are the rule rather than the exception. Conse-

quently, adsorptive diffusion differs from the square root temperature 

dependency of knudsen diffusion in that it has a temperature dependence 

of the form: 

D = D exp(-E /RT) 
a o a 

(1.1) 

where D is the adsorptive diffusivity; D is the pre-exponential 
a o 

factor; E is the activation energy; R is the gas law constant; and T 
a 

is the absolute temperature. Equation 1.1 is analogous to the Arrhen-

ius expression used in chemical reaction kinetics, and Ruthven and 

18 Derrah have shown that, like the Arrhenius law, this equation can be 

derived from transition state theory. 

Strong arguments in support of activated diffusion have prompted 

many workers to investigate this effect experimentally. These studies 

are generally performed by measuring rates of gaseous desorption (or 

adsorption) from the microporous solid in question. The results of the 

mathematical model used to analyze the data obtained from these exper-

iments is as follows: 

w 
t 

- s: 

GO 

1- ~2 :E 
71 n=l 

(1. 2) 

It is a Bessel's series solution assuming unsteady state Fickian dif-

fusion in a spherical pellet. In Equation 1.2, L is the diffusion path 

length; Da is the radial adsorptive diffusivity; t is time; and Wt and 

W are the weights of gas at time t and infinity, respectively. 
cc 

-··- .... . -~ .. , ___ -··-.:--,---- -~ -----
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Curve-fitting the experimental volume versus time information, using a 

non-linear regression technique in the form of Equation 1.2, yields a 

value for D /L
2

. Since it is difficult to assign a value to the actual 
a 

diffusion path taken by a molecule, L, so as to yield an absolute dif

fusivity, the results are often expressed in terms of D /L 2. As long a . 

as the experimenter does not vary the particle size, L remains constant; 

therefore, changes in temperature can reflect only changes in the dif-

fusion coefficient. 

Nandi and Walker 10 investigated the role of activated diffusion in 

the desorption of carbon dioxide and nitrogen from coal between a temp-

erature range of 25 to 140°C. They used four coals of different rank, 

ranging from a low volatile anthracite to a high volatile bituminous. 

Their experimental procedure consisted of first, outgassing the coal 

samples in a cylinder for 24 hours at high temperature and low pressure, 

and subsequently, pressurizing the cylinder with pure adsorbate gas. 

Next, they waited 24 hours for the gas to seep into the pores. Finally. 

after the system had equilibrated, they decreased the pressure suddenly, 

and they followed the release of gas, at constant pressure, as a func-

tion of time. 

From their results, they found that L was some value not equal to 

the particle radius. Walker did not desire to determine this parameter, 

and consequently, they could not calculate absolute diffusivity values. 

However, when Nandi and Walker plotted their data as log(D~/L) versus a 

1/T, they obtained a straight line, which, they argued, confirmed 

the occurence of activated diffusion. 
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Their results also showed a significantly higher activation energy 

for nitrogen adsorption than carbon dioxide adsorption; for example, 

measurements they acquired from a Pratt coal gave activation energies of 

1.9 and 6.4 Kcal/mole, respectively. Using these activation energies 

and Equation 1.1, Nandi and Walker calculated that the diffusivity ra-

tio for carbon dioxide at -78°C to nitrogen at -196°C is on the order 

of 10
13

• Nandi and Walker inferred from their extrapolation that even 

if an unlimited amount to time were available for adsorption, a neg-

ligible amount of the ultra fine pore system would be available to 

nitrogen. 

Using the same techniques and working with molecular sieves, 

19 2Q-23 17 Eberly , Ruthven , and Satterfield demonstrated activated dif-

fusional behavior of the c1 to c8 straight chain hydrocarbons. Further

more, Satterfield and Ruthven determined the diffusional path length 

for a molecule using photomicrography, which permitted them to calcul-

ate an absolute diffusivity. For a temperature span of 25 to 200°C, 

both workers obtained diffusion coefficients in the range of 10-9 to 

-10 2 10 em /sec. Since diffusivities of such small magnitude could not 

be explained by existing diffusion theories, Satterfield and Ruthven 

accepted the validity of activated diffusion arguments. 

G. Drawback with Desorption Experiments 

A serious drawback associated with the use of Equation 1.2 to des-

cribe the process of adsorptive diffusion is that the mathematical model 

is overly simplified and thereby unrealistic. This equation assumes 

that the pores within a solid are merely inert reserviors which fill 

.. · 
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with gas upon pressurization. Once the pressure is released, the model 

assumes the gas flows from these reserviors unimpeded except by the 

vaguely defined process of adsorptive diffusion. Such a model can not 

explicitly recognize the individual contributions of solid-gas inter-

actions or diffusive and adsorptive rates to the overall rate of gas 

adsorption. Instead, these terms are lumped together to form one con-

glomerate parameter, the effective adsorptive diffusivity. Consequently, 

one can not investigate the individual transport processes which govern 

the rate of gaseous adsorption. Furthermore, the desorption method 

makes it difficult to ascertain the true temperature dependency of intra-

particle diffusion on temperature. 

H. Chromatographic Curve Analysis Technique 

Most diffusion studies on microporous solids have generally in-

volved the measurement of adsorption or desorption rates under either a 

constant-volume or constant-pressure system. The drawback of such a 

method has been discussed. One alternative is gas chromatography. For 

many years the principles of gas-solid chromatography have been used to 

measure heats of adsorption and the initial slopes of adsorption iso-

19 tberms. (See references listed in Eberly's paper.) Similar techniques 

have been used to measure the macropore diffusivi~y of gases in porous 

solids. Most recently, this technique has been applied to the measure-

ment of effective micropore diffusion coefficients of hydrocarbons and 

inorganic gases in zeolitic'materials. (See Smith's papers cited in 

Chapter II.) 

Basically, the chromatographic method consists of injecting a 
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pulse of adsorbate under study into a carrier gas stream, transporting 

it through a packed column of porous adsorbent, and recording the dis-

persian of the emergent pulse. Analysis of these curves for a series 

of flow rates and particle sizes yields a solid-gas equilibrium constant 

(a measure of solid-adsorbate affinity), a macropore diffusion coeffi-

cient, and an adsorption rate constant. 

The chromatographic technique exploits the benificial aspects of 

desorption studies. Since both methods are unsteady state techniques 

they can "see" both connected and "dead end" macropores. This is im-

portant since the BET method also measures both connected and "dead 

end" pore surface area. Also, both methods are adaptable to use with 

low sorbate concentrations which is an important constraint that must 

be observed if the mathematical formulation is to apply. 

The chromatographic technique also has its own advantages. For 

example, chromatography has a relatively simple experimental set-up and 

a rapid experimental procedure. Most important, however, chromate-

graphic theory, unlike desorption theory, differentiates between the 

various rate processes, resulting in a more realistic picture of ad-

sorption. 

I. Summary and Objective 

It has been shown that coal behaves much like a zeolitic material. 

Because of this structure, certain adsorbates appear to have limited 

access to its micropores, thereby yielding low surface area determin-

ations. Mass transfer limitations in the form of activated diffusion 

is the most accepted argument for this behavior. Unfortunately, the 

..._..~- - -- ---
--- ~-~-..~--:- --=-----=~----:--~-... --~-
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interpretation of experiments that illustrate activated diffusional 

behavior have been based on a lumped parameter model which does not re-

solve the overall process of adsorption into its fundamental components. 

Furthermore, it is difficult to determine the true dependency of intro-

particle diffusion upon temperature. Thus, to gain· a better understand-

ing of the individual transport processes controlling gas adsorption 

within the pores of coal, another technique, gas-solid chromatography, 

is warranted. Ultimately, this knowledge may allow the design of 

liquifaction processes which utilize the total internal surface area of 

coal, thereby making these processes more efficient. However, before 

studying coal, it appears that initial studies should be conducted on 

a well defined solid structurally similar to coal. One such material 

is the SA molecular sieve. Certain experiments using 5A sieves should 

provide greater insight into the transport processes within the poorly 

defined structure of coal. Thus, it is the objective of this work to 

study the nature of diffusion and adsorption in a 5A molecular sieve. 
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II. CHROMATOGRAPHIC THEORY 

A. History 

Chromatographic measurements are receiving increased attention 

as a procedure for measuring rate parameters in packed beds. For linear 

processes, rapid and simple experiments can provide the contribution of 

each transport and surface process in gas-solid adsorption. 

Lapidus and Amundson1 made the first theoretical contribution to 

chromatography by solving a linear system where axial disperson and ad

sorption were the significant rate processes. The work of van Deemter 

and Zuiderweg 2 improved Lapidus' theory and laid the groundwork for th~ 

chromatographic evaluation of intraparticle diffusivities. Unfortunate

ly, van Deemter's chromatographic theories are applicable only at 

high carrier gas flow rates. This impasse was removed by the work of 

Kubin3•
4 

and Kucera5 • The Kubin-Kucera theory was more general than 

the earlier work of van Deemter, and van Deemter's equations were shown 

to be special cases of the Kubin-Kucera theory. But even the theories 

of Kubin and Kucera were limited in scope; that is, the porous adsor

bent was assumed to have a unimodal pore structure. This limitation 

hindered the rigorous analysis of bidispersed pore .systems. Eventually, 

this drawback was also removed when Haynes and Sarma6 extended the 

theories of chromatography to bimodal pore distributions. 

B. Selection of the Chromatographic Model 

The pore system of molecular sieves is known to be bidispersed. 

Thus, to be rigorous, a bidispersed pore model should be employed. How

ever, the work of Hashimoto and Smith9 has shown that the practical 
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application of bidispersed theory to molecular sieves entails a con-

siderable amount of experimental work and that some of the parameters 

describing the micropore network are difficult to obtain. To avoid 

this complication, it is often assumed that a bidispersed pore system 

can be described in terms of a monodispersed pore model. Obviously, 

such an approach can only be rigorous when mass transfer in the micro-

pores is negligible since only in this case will the bidispersed pore 

system behave like a monodispersed system. 7 Nevertheless, Eberly and 

8 Mancel have shown that, in practice, very useful information can be 

obtained using this approach. In any event, the monodispersed model 

of chromatography will be better than the lumped parameter model used 

in desorption studies. Thus, the monodispersed pore model was chosen 

for the present study. 

C. Assumptions in Chromatographic Model 

When a pulse of adsorbate gas is introduced into a packed bed 

of crushed pellets, mass transfer is believed to occur by the following 

processes: (1) axial dispersion in the interparticle void fraction, 

£, according to a dispersion coefficient E; (2) gas-to-particle surface 

transport with mass transfer coefficient, kf; (3) intraparticle mass 

transport in the intraparticle void fraction £ , according to a macro
p 

pore diffusivity, D ; (4) and reversible adsorption of adsorbate gas 
m 

by the micropore solid surface according to a first order rate constant, 

k d , and equilibrium constant K. a s 

Assuming negligible mass transfer resistance in the micropores, 

then the adsorption of an adsorbate molecule by the surface of the 
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micropores can be written mathematically as follows: 

k 
ads 

(adsorbate) ~ macropore .... 
voids kdes 

(adsorbate) . mJ.cropore 
solid surface 

(2.1) . .;.. 

The forward and reverse adsorptions are assumed to be first order with 'J" 

respect to concentration; consequently, at equilibrium, the ratio of 

the micro to macropore adsorbate concentrations yields the equilibrium 

constant. 

K e kads =(Cads) 
kdes _Ci equil 

(2.2) 

(Note that K is not dimensionless since the concentration on the micropore 

solid surface is based on unit weight not volume.) 

The various assumptions made in deriving the chromatographic model 

are summarized as follows: 

(1) The equilibrium adsorption isotherm is linear. 

(2) The forward and reverse adsorption processes are reversible 

and first order with respect to concentration. 

(3) The beat of adsorption causes a negligible local temperature 

rise in the adsorbent. 

(4) The macropores are chemically inert and do not adsorb ad-

sorbate molecules upon their surface. 

(5) The crushed pellet particles are spherical. 

(6) Axial dispersion and macropore intraparticle diffusion occur 

according to Fickian diffusion. 

(7) The interstial gas stream exhibits plug flow behavior, and 

any deviations from such behavior will be accounted for by 
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the axial dispersion coefficient. 

(8) A negligible pressure drop occurs across the chromatographic 

column. 

(9) Gas-to-particle mass transport can be described by an over-

all mass transfer coefficient times the difference between 

intersitial gas and particle surface concentratrations. 

(10) Negligible mass transfer resistance occurs within the micropores. 

Assumptions 1 and 2 are the most restrictive assumptions put upon 

this mathematical treatment. To effect a solution from the mathematical 

model, the Laplace transform of the model equations must be employed. 

Unfortunately, the Laplace transform will give an algebraic expression 

only when it operates upon a linear differential equation, and thus, 

assumptions 1 and 2 are needed. In practice, these assumptions can be 

observed by the use of very low sorbate concentrations of about one to 

two mole percent. 

The use of low sorbate concentrations also assists in the satis-

faction of assumption 3 by minimizing the total amount of heat released 

to the solid. Assumption 3 also implicitly assumes that the solid has 

a large thermal conductivity thereby causing immediate dissipation of 

any local increases in the solid temperature. 

The validity of assumption 4 has been shown by Ruthven and 

Loughlin13 They show that the inert clay binder used in molecular 

sieves does not increase the sorbency of the zeolite pellet. They 

state that sorbency is dependant only on the number of sieve crystals 
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contained in the pellet. This phenomena may be due to the negligible 

amount of surface area possessed by the macropores as compared to the 

surface area contained in the sieve crystals. 

Assumption 5 is not strictly true; however, for a large sample 

of crushed particles, the average particle geometry approaches a sphere. 

Assumption 10 is merely a simplifying assumption that allows a 

bidispersed pore system to be approximated by a monodispersed pore model. 

The accuracy of this approximation will be dependant on the degree of 

transport resistance in the micropores; the smaller the resistance 

the better the approximation. In the event of no micropore resistance 

the model will be completely rigorous. The accuracy of this assumption 

will be checked later by examining the adsorption rate constant data. 

D. Derivation and Solution of the Chromatographic Model 

When a square wave adsorbent gas pulse of injection time t 
0 

is introduced into the bed, the following differential equations de-

scribe the concentration of adsorbate species as a function of time 

and axial position in the bed: 

Mass balance for the interparticle voids 

oc E o2c oc 3(1-E)Dm c:i) = --- - v-- (2. 3) 
ot E oz 2 

oz ER r=R 

with boundary conditions 

C(z,o) = 0 for 0 < z < z (2.4) 

C(o,t) = c for 0 < t < t (2.5) 
0 - 0 

C(o, t) & 0 for o > t > t (2. 6) 0 

-.S 
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Mass balance for the intraparticle voids 

2 
6C. D (5 C. 2 6C ·~ __ l. = __!!! __ l. + - __ l. 

2 6t £ or r or 
p 

with boundary conditions 

== 0 
r=o 

C. (r,o) = 0 
l. 

for o < r < R 

Rate of gas adsorption by micropores 

~s = k C. _ ads oc ( c ) 
ot ads l. K 

with boundary condition 

c = 0 ads for t = 0 

(2.7) 

(2.8) 

(2.9) 

( 2 .10) 

(2.11) 

(2.12) 

The reader is referred to the work of Smith et a111 , 12 for a more 

detailed account of the equations. 

The solution of Equations 2.3 through 2.12 is too complex to per-

form in the time domain, but these equations may be transformed to the 

Laplace domain and solved for C (z,s). Though it is not feasible to 

invert the transform, it is possible to obtain explicit information 

from C (Z,s) in the form of a moment of the chromatographic curve C(Z,t). 

These moments are commonly called the mean, ~' and the variance about 

. 2 the mean, o • The mean, or first absolute moment, characterizes the 

position of the center of gravity of the chromatographic curve. The 
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variance about the mean, or second central moment, characterizes the 

width of the chromatographic curve. For the outlet of the column, 

these two quantities can be defined mathematically as: 

loo tC(Z, t) dt 
~ = ~------------

f00C(Z,t) dt 
0 

(2.13) 

(2.14) 

Inspection of Equations 2.13 and 2.14 shows that the actual ad-

sorbate concentr~ion exitingthe column is not needed. Because these 

equations have concentration terms in both the numerator and denominat-

or, a signal which is merely linearly proportional to the adsorbate 

concentration can be used. This greatly simplifies the experimental 

procedure, and the signals obtained directly from a sensing device 

(e.g. a thermal conductivity cell) can be used to calculate the chro-

matographic moments. 

The evaluation of the moments from a knowledge of C(z,s) at the 

column exit (z=Z) is based on the following equation: 

m = (-l)n 
n 

(2.15) 

The application of Equation 2.15 to C(Z,s) is a long and complicated 

procedure; therefor~ the details have been omitted. The same method 
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has been employed by many others, and the reader is referred to 

Smith
12

, Kubin3•4, and Kucera 5 for a more detailed account of the pro-

cedure. 

The result of applying Equation 2.15 to C(Z,s) yields the follow-

2 ing mathematical expressions for ~ and o 

z t 
~ = - < 1 +o ) + ....£. 

v 
0 

2 
(2.16) 

o2 = 2z [o + ~ (l+o ) 2 .LJ + ~ 
v 1 E o v2 12 

(2.17) 

p K2 R2E p 
p + ~(1 + .:.£ 

E k d 15 E p a s p 
(2.19) 

The experimental values of the first and second moments can not be 

used directly in Equations 2.16 and 2.17. Because it is not physically 

possible to locate the adsorbate injection port or adsorbate sensor 

immediately before and after the chromatographic column, respectively, 

metal tubing must be used to connect these devices to the column. 

Since this tubing is unrelated to the column itself, the experimental 

moments must be corrected for dead time and dispersion incurred by 

the tubing. These corrections can be consisely stated as: 

~ = ~exp - ~d (2.20) 

2 2 2 
0 = 0 - 0 exp d (2.21) 

2 
The calibration results for the dead time and dispersion, ~d and od, 
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are contained in Appendix I. 

Note that for a non-adsorbing gas, such as helium, the equilibrium 

constant, K, is equal to zero. Thus Equation 2.16 can be reduced to 

z 

lJinert = V 
+ 1-e:: e:: ) + t 0 

e:: p 2 

This equation can be used to determine the particle porosity. 

Having presented the working equations, the procedure for deter-

mining the transport paramenters can be summarized as follows: first, 

the experimental chromatographic curves of the effluent from the bed 

are used in Equations 2.13 and 2:14-to evaluate the moments-].] -andexp 
02 

exp Data is then obtained at different gas velocities and particle 

radii, giving the experimental moments as a function of Rand V. 

Finally, Equations 2.16 through 2.21 can be used to evaluate the inter-

particle dispersion coefficient, E ; the intraparticle diffusion co-

efficient, Dm; the mass transfer coefficient, kf; the adsorption rate 

constant, k d ; and the equilibrium adsorption constant, K. a s 

:;::----- ;._-:-- -~-::..:::.:: 
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NOMENCLATURE 

C adsorbate concentration in the interparticle voids, moles/cm2 

C adsorbate concentration on the solid adsorbate surface within ads 

C(z,s) 

D 
m 

E 

K 

k ads 

k des 

m 
n 

r 

R 

s 

t 

t 
0 

v 

z 

the micropores, moles/gm 

3 adsorbate concentration in the adsorbent macropores, moles/em 

adsorbate concentration of the square wave injection pulse, 

3 moles/em 

Laplace transform of C(z,t) 

2 macropore or intraparticle diffusivity, em /sec 

2 effective axial dispersion coefficient, em /sec 

equilibrium adsorption constant, defined by Equation 2.2, 

3 
ern /g 

3 adsorption rate constant, em /g-sec 

-1 
desorption rate constant, sec 

mass transfer coefficient, defined by Equation 2.7, em/sec 

nth moment integral, defined by Equation 2.15 

radial distance in the spherical adsorbent particle measured 

from center, em 

radius of the spherical adsorbent particle, em 

-1 
Laplace transform variable, sec 

time, sec 

duration time of the adsorbate gas injection, sec 

intersitial gas velocity in packed bed voids, em/sec 

axial distance down the adsorbent bed measured from the column 

inlet, em 
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z total length of adsorbent bed, em 

Greek Letters 

6 
0 

E: 
p 

lJexp 

quantity defined by Equation 2.18 

quantity defined by Equation 2.19 

interparticle void fraction 

intra particle void fraction 

mean or first absolute moment, sec 

first absolute moment of tubing dead volume, sec 

experimental first absolute moment before dead volume cor-

rec tion, _sec 

first absolute moment for a non-adsorbable gas, defined by 

Equation 2.22, sec 

apparent particle density (wt. of particle/volume of particle 

including intraparticle voids), g/cm3 

2 variance about the mean or second central moment, sec 

second central moment of tubing dead dispersion, sec 2 

experimental second central moment before dead dispersion 

. 2 
correct~on, sec 
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III. EXPERIMENTAL 

A. Experimental Apparatus 

The procedure and apparatus for measuring the transport parameters 

in a packed bed of adsorbent is quite simple. It consists of injecting 

a square-wave pulse of adsorbent gas to a column of adsorbent particles, 

recording the adsorbate profile at the column exit, and relating the 

square-wave broadening to the transport parameters through the use of 

the equations developed in Chapter II. 

The transport parameters were measured using the experimental 

apparatus illustrated in Figure 3-1. A high pressure cylinder, fitted 

with a pressure regulator, supplied the pure helium carrier gas. The 

helium flowed from the cylinder, through a metering valve and rotameter, 

and into a cold trap. This trap removed any trace quantities of water 

that were present in the helium carrier. 

The cold trap was constructed of stainless steel tubing, 

0.528 em in diameter and approximately 50 em long. Dried 13X molecular 

sieve filled the trap, and the 13X was regenerated every time new SA sieve 

particles were placed in the chromatographic column. To maintain the 

trap temperature at -78°C, the trap was immersed in an isopropanol-

dry ice temperature bath. 

From the cold trap, the helium flowed to a 25°C water bath, which 

reheated the helium to room temperature, and then to the reference 

side of a thermal conductivity detector. The detector employed was 

an Aerograph model A-90-P thermal conductivity cell, and a detector 

current of 200 mA was used in all experiments. 

-·--~- -·-- ~-~ ---~~-.------~.--~---""(' ---·- -----. -":' -"\-...... , ...... -- ·-- . ·-
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Upon exiting the detector, the helium traveled to the sample in

jection valve where a square wave of adsorbate gas was injected into 

the carrier gas. A 500 ml high pressure cylinder supplied the adsor

bate gas solution. A Carle six port sampling valve (model 2018) was 

used to inject the adsorbate gas. 

After injection, the adsorbate gas slug flowed to the adsorbent 

bed which was thermostated to the desired temperature. The column 

packing adsorbed the injected gas, and gradually, adsorbate-free carrier 

gas eluted the adsorbate down the column. Once the adsorbate exited 

the column, it again traveled through a water bath which brought it 

back to room temperature. The adsorbate gas then passes through the 

measuring side of the thermal conductivity cell, and finally, to a soap 

bubble flow meter. 

The bubble flow meter was used to accurately measure the carrier 

gas flow rate, while the rotameter facilitated ease in setting the 

desired flow conditions. 

The presence of adsorbate gas in the thermal conductivity detector 

caused it to send a direct current millivolt signal to both a chart re

corder and computer system. (The detector signal was directly propor

tional to the adsorbate gas concentration.) The chart recorder gave a 

graphic representation of the chromatographic curve. A computer inter

face containing a digital voltmeter, with a sensitivity down to one 

thousandth of a millivolt, provided the hardware connections between 

the thermal conductivity cell and the computer system. The computer 

system recorded a voltage reading at a predetermined interval by 

. . 
r 
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writing the datum to a magnetic disk. Later, the data was recalled, 

corrected for baseline drift, and then reduced into moment form. 

B. Dead Volume Calibration 

.• , .. The equipment was designed so that the dead volume in the tubing, 

which connected the injection port and detector to the column, would be 

as small as possible. This was effectuated by using small diameter 

tubing and locating the injection port and detector as close as possi-

ble to the entrance and exit of the column, respectively. Nevertheless, 

the dead volume within the tubing was significant; therefore, the exper-

imental apparatus was calibrated to determine the first and second 

moment errors caused by the dead volume. This was done by removing the 

chromatographic column and injecting pulses of 1.5% nitrogen, argon, and 

carbon dioxide in helium and pulses of 1.5% helium in argon through the 

apparatus. These calibrations were done at 21°C since most of the pip-

ing containing the dead volume was exposed to an ambient room temper-

ature of 21°C. The results of these calibrations are contained in 

Appendix I. 

In addition to the tubing dead volume correction, the moments must 

be corrected for the dead volume incurred by the glass wool wadding 

that was used to hold the SA sieve adsorbent within the chromatographic 

column. (See part E, first paragraph.) After making the needed chro-

matographic measurements, the true wadding volume was calculated by 

using the wadding to displace water within a graduated cylinder. The 

wadding dead volume was then calculated from the difference between the 

bulk wadding volume and the true wadding volume. 
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C. Adsorbent 

The Linde SA molecular sieve (Lot 5943446016) was reduced from its 

original 1/8 inch pellet size by hand grinding in a mortar and pestle. 

These g~d particles were sieved by hand to obtain two fractions of 

particles falling between 60-65 and 28-32 Tyler equivalent mesh. This !t 

gave an average particle radius of 0.230 mm and 0.548 mm, respectively. 

The particles were then washed with distilled water to remove fines and 

dust that had accumulated throughout the grinding process. Next, the 

particles were dried in a vacumn oven for twenty-four hours at 180°C, 

and finally, to activate the particles, the 5A sieve was heated in an 

evaporation dish for ten minutes by using a bunsen burner. 

The particle density of the activated SA sieve was determined 

from a large number of cylindrical pellets 1/8 inch in diameter. The 

length of each pellet was measured, and the total pellet volume was 

calculated from the pellet diameter and total length. The activated 

particles were then weighed, and subsequently, a particle density of 

1.19 g/cm3 was obtained. It was assumed that this particle density was 

independent of particle size; therefore, this value was used for both 

the 60-65 mesh and 28-32 mesh particles. This value is in close agree

ment with the value of 1.205 g/cm3 obtained by Hashimoto and Smith1 

using a mercury displacement technique. 

The particle porosity of the 5A sieve was determined chromatograph

ically by injecting helium pulses over a 52.8 em long bed of 60-65 mesh 

SA sieve. Argon was used as the carrier gas. These runs were conduct

ed at 21°C, and it was assumed that no adsorption of the helium occured 

-- ---~ •·-- ,. .. !------.-~ . .....,.~-----.----r-~:-·-.-.:.-~.- , ... --
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(i.e. the adsorption equilibrium constant, K = 0). The bed porosity, 

E, was measured to be 0.44. Using the first moment data from the helium 

chromatograms and the bed porosity, the particle porosity was calculated 

using Equation 2.20. The moment measurements are illustrated in Figure 

3-2, and they resulted in a particle porosity of 0.574. Also, it was 

assumed that the particle porosity was independent of particle size. 

This value is in exact agreement with the value obtained by Hashimoto 

and Smith1 using a helium pycnometer. 

D. Sample Gases 

Nitrogen, argon, and carbon dioxide, of stated purity greater than 

99.9%, were used as the adsorbate gasses. The concentration of these 

gases was maintained at a very low value to fulfill the assumptions 

in the model. From the previous investigations of Schneider and Smith2 

on silica gel, it was decided that a 1.5% solution of adsorbate gas in 

helium should fulfill the model assumptions. This concentration was 

tested by injecting 3.0% nitrogen and argon samples to a 60-65 mesh 

5A sieve adsorbent bed thermostated at -51°C. The results of these tests 

are discussed in Chapter V. 

The gas solutions were prepared in a two port 500 ml high pressure 

sample bottle. Pure sample gas was flushed through this bottle for ten 

minutes before pressurizing it to 41.7 em of mercury. The bottle was 

then slowly filled with pure helium to a final pressure of 1500 psig. 

The bottle pressure was monitored by a Heise 0 to 5000 psig pressure 

gauge. The argon and nitrogen adsorbate gas solutions were dried by 

passing them through a isopropanol-dry ice cold trap prior to adsorption. 
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No such drying was performed upon the carbon dioxide gas solution 

since the temperature in the cold trap would have condensed the carbon 

dioxide. 

E. Chromatograph Columns 

The chromatograph column was made of 1/4 inch stainless steel tub-

ing, 0.528 em in diameter and 5 em in length. The column was tapped 

as the sieve was being added to it to insure that the bulk density of 

the sieve would remain constant upon handling. After the column was 

filled with SA sieve, the remaining unpacked column lengths were measur-

ed and the bed length was calculated by difference. This gave a bed 

length of 4.3 em for both the 60-65 and 28-32 mesh beds. Glass wool 

wadding was then placed in each end of the column to prevent spilling 

and movement of the sieve. 

The bulk bed densities of the SA sieve beds were measured for both 

particle sizes. This was accomplished by calculating the bulk volume 

displaced by the particles within the column and measuring their weight. 

This resulted in bulk densities of 0.652 g/cm3 and 0.617 g/cm3 for the 

60-65 and 28-32 mesh fractions, respectively. 

Bed porosities were calculated from the bulk and particle den-

sity measurements by the equation 

(3.1) 

where £ is the intersitial void fraction; p is the apparent particle 
p 

density; and p is the bulk bed density. This yielded bed porosity values 

of 0.452 and 0.482 for the 60-65 and 28-32 mesh beds, respectively. 
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Once the bed had been packed and placed within the experimental 

apparatus, the bed was again activated to remove any water that may 

have been adsorbed by the sieves during the packing procedure. This 

was accomplished by heating the column in situ with a bunsen burner 

for five minutes and passing a high flow rate of dry helium over the .~ 

bed. 

F. Chromatographic Measurements 

Nitrogen, argon, and carbon dioxide chromatograms were made 

between temperature ranges of 21 to 51°C, 0 to 78°C, and 97 to 60°C, 

respectively, The less than 0 to -78°C temperatures were maintained 

by a methanol bath cooled with solid carbon dioxide (-78°C) and warmed 

by an electric immersion heater which was regulated by a precision 

temperature controller. Runs made at 0°C were chilled by an ice bath 

and runs made at 21°C were thermostated by ambient room conditions. 

To obtain temperatures in the range of 60 to 97°C, an electrically con-

trolled and heated glycerine bath was used. All temperature baths were 

thermostated within l°C of the desired set point. 

The nitrogen, argon, and carbon dioxide runs were conducted at 

carrier gas flow rates between 0.09 to 3.22, 0.09 to 0.63, and 1.42 to 

3.33 ml/sec, respectively, when measured at 21°C and l atm pressure. 

A data general Nova 830 computer system was used to record the 

chromatographic curves. Since baseline drift before and after the 

chromatogram was a common occurence, it was necessary to correct the 

moments calculations for drift. After correction, the chromatograms 

were reduced to moment form by a numerical integration procedure. 



- l 

The detailed instructions on the use of the computer system for 

data acquisition, correction, and reduction are quite lengthy; 

therefore, these procedures are presented in Appendix II. 
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IV. RESULTS 

A. First Absolute Moments, ~ 

From Equations 2.16, 2.18, and 2.20, it follows that: 

lJexp - lJ 
1-£ ] + --£ 

£ p_ = (4 .1) 

According to Equation 4.1, a plot of the reduced first moment (left side 

of Equation 4.1) versus Z/V should be a straight line through the 

origin. Furthermore, for a particular temperature and adsorbate gas, 

the theory predicts that first moment data for different adsorbent par-

ticle sizes should fall on the same line. 

The first moment results for nitrogen, argon, and carbon dioxide 

are illustrated in Figures 4-1 through 4-3, respectively. The ord-

inates and abscissas of these plots were calculated by a computer pro-

gram. (See the listing of computer program "Plots" in Appendix III.) 

The co-ordinates generated by the computer program were subjected to 

a least mean square curve fit which gave the best straight line rep-

resentation of the data. The solid lines in Figures 4-1 through 4-3 

denote the results of the curve fits. Notice that the data fall on 

straight lines which intersect at the origin, as the theory predicts; 

however, contradictory to the theory, the reduced first moments 

for dissimilar particle sizes do not fall upon the same line. A dis-

cussion of this phenomenon is contained in Chapter V. 

Figures 4-1 and 4-2 also show the first moment results for 3% 

nitrogen and 3% argon adsorbate injections, respectively. 

= -~- ,-- --"-·=·"'-------------~------------~----=--c~_ """!=-:='"""~ 
~-~·.:-=---
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1. Adsorption Equilibrium Constants, K 

Equation 4.1 reveals that the slopes of the lines in Figures 4-1 

through 4-3 determine the adsorption equilibrium constants. The equil-

ibrium constants are tabulated in Table 4-1, and the temperature de-

pendance of these data are illustrated by the van't Hoff plots of Figure ~ 

4-4. The slopes of the van't Hoff plots correspond to the respective 

heats of adsorption for a particular solid-gas pair. 

B. Second Central Moments, 2 
a 

From Equations 2.17, 2 .18, 2.19 and 2.21, it follows that: 

2 2 
t2 

0 
a - ad - 12 E 1 exp = (1+6 ) + 61 (4.2) 2Z 0 v2 

v £ 

(See Equation 2.18 and 2.19 for the definition of· cS and 61). 
0 

Accordingly, Equation 4.2 predicts that a plot of the reduced second 

moment (left side of Equation 4. 2) versus l/V
2 

should yield a straight 

line. Moreover, the theory discloses that the slope of this line is 

proportional to the axial dispersion coefficient, E; whereas, the 

ordinate intercept equals 61 • 

The second moment results for nitrogen, argon, and carbon di-

oxide, plotted in the form of Equation 4.2, are illustrated in Figures 

4-5 through 4-10. The slopes and intercepts of these plots are pre-

sented in Table 4-2. Like the first moment co-ordinates, the ordinates 

and abscissas of these plots were also calculated by a computer program 

and curve fit for the best straight line representation. The solid 

lines in Figures 4-5 through 4-10 portray the results of the least mean 



. . 

() 0 
,., 

L,~ ~ u u 0 0 ',_} u 
43 

square curve fit. In most cases, the plot of the reduced second 

moment versus l/V2 is well described by a straight line, in accordance 

with the_theory. 

1. Axial Dispersion Coefficients, E 

Equation 4.2 displays that the axial dispersion coefficients can 

be calculated from the slopes of the reduced second moment plots by 

using the equation: 

E = Sc/(1 + 6 ) 2 
0 

(4. 3) 

where S is the slope of the lines. cro evaluate 6 , the values of K from 
0 

Table 4-1 were substituted into Equation 2.18.) The axial dispersion 

coefficients calculated from Equation 4.3 are presented in Table 4-3. 

While it is not rigorous to assume that axial dispersion is due 

solely to molecular diffusion, approximate values of the tortuosity 

factor, '!, can be obtained using this assumption from the equation: 

E: 
E = T Dab (4 .4) 

The tortuosity factors are presented in Table 4-3. Also, the bulk 

diffusion coefficients, Dab' that were used in Equation 4.4 are pre

sented in Table 4-3; they were calculated by using the Chapman-Enskog 

equation for bulk diffusion. 

2. Mass Transfer Coefficients, kf 

The effect of the mass transfer coefficient on the overall dis-

persion of the adsorbate gas pulse was found to be minimal. In most 

cases, this term accounted for less than 1% of the total peak spreading. 

Thus, to simplify the evaluation of the more important transport para-

meters, the value of kf was calculated rather than determined experimentally. 
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Bird1 has proposed the equation: 

(4.5) 
• < 

where v is the kinematic viscosity. Since very low carrier gas flow 

rates were used in these experiments, Equation 4.5 reduced to 

(4.6) 

Thus, the mass transfer coefficients were calculated from Equation 4.6. 

3. Macropore Diffusivities and Adsorption Rate Constants 

Using Equation 2.19, D and k were solved for simultaneously m ads 

by writing Equation 2.19 twice: once for the 60-65 mesh particles and 

once for the 28-32 mesh particles. For a particular adsorbate gas and 

temperature, this gives two equations in two unknowns. The results of 

these calculations are tabulated in Table 4-4. Also, the Arrhenius 

plots in Figure 4-11 show that temperature dependence and corresponding 

activation energies of the adsorption rate constants. 
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!First Moments for Argon on sJ.. Molecular Sieve 
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Adsorption Equilbrium Constants versus Temperature 
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TABLE 4-1 

Adsorption Equilibrium Constants 
for 

Nitrogen, Argon, and Carbon Dioxide on SA Molecular Sieve (cm3/g) 

Particle Size 
Gas Temp (oC) 28-32 mesh 60-65 mesh 

1.5% Nitrogen 21 14.2 11.7 

0 27.0 22.9 

-26 42.3 98.3 

-51 135 364 

3.0% Nitrogen -51 443 

1.5% Argon 0 4.18 4.48 

-26 7.26 7.69 

-51 13.1 13.2 

-78 32.7 35.7 

1.5% Carbon Dioxide 97 293 366 

75 521 821 

60 985 1510 



56 

TABLE 4-2 

Slopes and Intercepts of the Reduced Second Moment Plots 
for 

Nitrogen, Argon, and Carbon Dioxide on SA Molecular Sieve 

Particle Size 
28-32 mesh 60-65 mesh 

Gas Temp S~ope Intercept S~ope Intercept ... 
(oC) (em /min) (min) (em /min) (min) 

1.5% N2 21 1.106 X 10
4 0.142 1.133 X 10

4 
0.0598 

0 3.287 0.475 3.107 0.313 

-26 6.950 0.500 52.03 0.923 

-51 62.52 2.470 682.5 7.220 

1. 5% Ar 0 4.277 X 103 0.0233 1.668 X 103 0.0253 

-26 2·490 0.0413 3.386 0.0352 

-51 5.818 0.0931 8.130 0.0769 

-78 26.41 0.2740 47.09 0.1090 

1. 5% C02 97 7.172 X 106 8.860 1. 710 X 107 10.50 

75 3.611 24.50 7.368 37.50 

60 20.48 87.40 28.86 62.80 

- .. ~ --~-- ~- ·--: ..... -.~ -· ---. ----~..:--;- -- -· - -·. --.;-·· .. -·-- ... ·~--
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TABLE 4-3 

Axial Dispersion Coefficients and Bed Tortuosity Factors 
for 

Nitrogen, Argon, and Carbon Dioxide on SA Molecular Sieve 

Particle Size 
28-32 mesh 60-65 mesh 

Temp 
D'b E T E T 

Cc) (cm2 sec) (cm2/sec) (cm2J sec) 

21 0.685 0.227 1.45 0.248 1.25 

0 0.605 0.203 1.44 0.195 1.40 

-26 0.512 0.180 1. 37 0.190 1. 22 

-51 0.428 0.167 1.24 0.185 1.04 

0 0.630 0.211 1.44 0.189 1.51 

-26 0.533 0.168 1.53 0.156 1.55 

-51 0.445 0.138 1.59 0.143 1.44 

-78 0.357 0.113 1.53 0.125 1.29 

97 0.836 0.408 0.987 0.460 0.821 

75 0.755 0.650 0.560 0.394 0.867 

60 0.701 0.442 0.765 0.457 0.694 
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TABLE 4-4 

Macropore Diffusivities and Adsorption Rate Constants 
for 

Nitrogen, Argon, and Carbon Dioxide on SA Molecular Sieve 

( oc) 2 3 Temp D (em /sec) K d (em I g-sec) m a s 
Gas 

1.5% Nitrogen 21 3.00 X 10 -3 68.5 

0 7.85 42.6 

-26 4.81 537 

-51 11.3 769 

1. 5% Argon 0 5. 34 X 10-3 20.0 

-26 4.07 45.5 

-51 6.69 60.0 

-78 5. 36 636 

1.5% Carbon Dioxide 97 30.5 X 10-3 346 

75 24.8 537 

60 14.6 2386 
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V. DISCUSSION OF RESULTS 

A. First Moments upon SA Molecular Sieves 

1. Variation in Adsorption Coefficients with Radius 

Figures 4-1 through 4-3 reveal that the first moment data fall on 

straight lines through the origin when plotted in the form of Equation 

4.1, but the slopes of these lines vary with the radius of the adsorbent 

particle. The theory presented in Chapter II does not predict this be-

havior. Because observations such as the above often indicate that the 

adsorption isotherm is nonlinear, it is prudent to consider this phenom-

enon. 

It is well known that, in a chromatographic system which possesses 

a linear isotherm, the average adsorbate retention time, ~. varies lin-

early with the inverse of the carrier gas velocity. Conversely, for a 

nonlinear adsorption isotherm, the average adsorbate retention time varies 

nonlinearly with the inverse of the carrier gas velocity. Thus, a quick 

and convenient test for determining the linearity of an adosrption iso-

therm can be conducted by plotting these quantities. If the adsorbate 

isotherm is linear, the plot will be linear; conversely, if the isotherm 

is nonlinear, the plot will also be nonlinear. 

Since the bed length was not a variable, Figures 4-1 through 4-3 

actually illustrate the relationship between the average adsorbate re-

tention time and the inverse of the carrier gas velocity. As mentioned 

above, these plots all exhibit linear behavior and thereby confirm the 

linearity of the carbon dioxide, argon, and nitrogen adsorption isotherms. 

Thus, one can eliminate nonlinearity in the adsorption isotherms as the 
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cause of the observed variations in the adsorption equilibrium constant 

with the particle radius. 

The only remaining plausible explanation for the observed variations 

is that the beds of different particle size may not have been activated 

to the same degree of residual water content. The reader should recall 

that the particles were activated in an evaporation dish which was heated 

for ten minutes using a bunsen burner. This resulted in an activation 

state that was dependant upon the time-temperature history of the molecu-

lar sieves. Varying the flow rate of methane to the bunsen burner varies 

the activation temperature and thereby the time-temperature history. 

Since the activation temperature was not well controlled, it was believed 

to be the cause for the observed variations. 

To investigate this hypothesis, six different beds of SA sieve, 

ranging in particle size from 20 to llS mesh, were dried using a random 

activation procedure, and subsequently, the respective adsorption con-

stant for each bed was determined. These experiments were conducted 

at -Sl°C using a l.S% nitrogen in helium adsorbate gas. The results of 

this study are shovm in Figure 5-l. The adsorption equilibrium constants 

on the 28-32 mesh particles (1/R equals 0.4 x 102) are particularly inter-

esting since two different values of the adsorption equilibrium constant 

were measured for the identical particle radius by altering the acti-

vation procedure. The smaller adsorption constant was obtained by using 

a moderate activation temperature, while the larger adsorption constant 

was obtained using an unusually high activation temperature. In accord-

ance ~th this altered procedure, the magnitude of the adsorption 
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3 coefficient, K, observed for these runs was 603 em /g as compared to 

the value of 135 cm3/g. (Note that K in Figure 5-l is equal to p K.) 
0 p 

These results strongly support the contention that the adsorbent 

activation state is highly sensitive to the activation procedure and, 
~· 

more specifically, the time-temperature history. It is believed that 

the molecular sieve beds used to obtain the data in Figures 4-1 through 

4-3 were not heated to the same activation temperature, and thus, 

these differences caused the resulting variation in the adsorption 

equilibrium constants with particle radius. The fact that the argon 

data do not exhibit these variations might be explained by the low 

magnitudes of the argon adsorption equilibrium constants. 

Fortunately, correction of the second moments for variations in 

the adsorption equilibrium constants can be accommodated quite easily 

by the theory developed in Chapter II. Thus, the variations in the 

adsorption constants do not invalidate the information extracted from 

the second moments. 

2. 3.0% Argon and Nitrogen Adsorbate Gas Injections 

Figures 4-1 and 4-2 show the results of the 3.0% nitrogen and 

argon adsorbate gas injections. These injections were conducted at 

-51°C on 60-65 mesh SA molecular sieve particles. These data provide 

additional evidence that the 1.5% argon and nitrogen runs were indeed 

within a linear adsorption isotherm. 

In chromatography, a nonlinear adsorption isotherm causes the 

observed adsorption equilibrium constant to depend upon the carrier gas 

velocity. It also affects a similar dependence of this parameter upon 
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the concentration of the adsorbate gas injected to the column of adsor-

bent. Thus, another test for a linear adsorption isotherm, which is 

less convenient but more stringent than the method mentioned earlier, 

can be conducted by varying the concentration of the adsorbate gas. If 

the adsorption isotherm is linear, the adsorption equilibrium constant 

will be identical for each gas concentration; if the adsorption isotherm 

is nonlinear, the adsorption equilibrium constant will be different for 

each gas concentration. 

Comparison of the 3.0% and the 1.5% results for argon demonstrates 

that the adsorption equilibrium constants remain unchanged for a twofold 

increase in the adsorbate concentration. Similarly, the 3.0% nitrogen 

injections agree with the 1.5% nitrogen injections; however, there is 

some discrepancy between the two experiments. Since the molecular sieve 

bed was reactivated before performing the 3.0% experiments the degree o£ 

sieve sorbency may have varied between the two studies. Thus it is be-

lieved that the discrepancy was caused by the variation in the degree 

of adsorbent activation. As noted earlier, the fact that the argon data 

do not show these variations is probably due to the low magnitudes of 

the argon adsorption constants. 

The dependence of the adsorption equilibrium constant upon the 

concentration of carbon dioxide was not studied, but it is believed that 

these experiments would have exhibited behavior analogous to the nitro-

gen experiments. 

3. Discussion of the Adsorption Equilibrium Constants 

The adsorption coefficients show large differences in their 



66 

magnitude between the various gas species. For example, carbon dioxide 

at 60°C gives an average value for the heat of adsorption and adsorption 

coefficient as 8.5 Kcal/mole and 1250 cm3/g, respectively. Using these 

values, the extrapolated value of the adsorption coefficient at -5l°C 

yields 7.4 5 3 x 10 em /g, as compared to an average adsorption coefficient · • 

of 250 and 13 cm3/g for nitrogen and argon, respectively. The very large 

differences in the adsorption coefficient of carbon dioxide as compared 

to nitrogen and argon may be indicative of some unique property of carbon 

dioxide that makes it such an ideal adsorbate for studying the microporous 

structure of solids. 

It is interesting to note that the trend in the molecular polar-

izabilities follows the same trend in the adsorption coefficients. 

Carbon dioxide, nitrogen, and argon have polarizabilities of 26.5 x 10- 2~m3 , 

17.6 x l0- 25 cm3, and 16.3 x l0- 25 cm3, respectively. 1 This correlation 

between the adsorption equilibrium constants and the polarizability 

suggests that the adsorption process is strongly influenced by inter-

molecular forces, as expected. Also, the relative values of the adsorp-

tion constants and the polarizabilities indicate that the magnitude of 

the polarizability is a very sensitive measure of the intermolecular 

forces. 

In agreement with the polarizability data, the heats of adsorption 

of Figure 4-4 show that much larger forces bind the carbon dioxide 

molecules to the solid surface than the forces that bind argon and 

nitrogen to the surface. 
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The variation in the heats of adsorption with particle radius was 

probably caused by the variation in the activation procedure. Thus, to 

the extent to which the adsorbent activation varied, it is believed that 

each of these values is accurate. Also, the linearity of the van't 

Hoff plots suggests that the chromatographic method gave an accurate 

determination of the adsorption constants. 

B. Second Moments upon SA Molecular Sieves 

1. Problems in Data Acquisition 

Chromatogram tailing is a long, low concentration profile that 

takes a considerable amount of time to elute from the chromatographic 

column. Because of the squared dependance of the second moment upon 

time, the second moment, unlike the first moment, is very sensitive to 

chromatogram tailing. Thus, multiplication of small baseline drift 

errors, due to line voltage fluctuations, by the square of a large time, 

results in a significant error in the second moment calculation. Another 

source of error in the second moment is caused by the uncertainty in 

determining the exact end of the chromatogram, even in the absence of 

baseline drift. 

Tailing, and thereby, tailing errors, occurred with all three of 

the gases used in these experiments. As would be expected, these errors 

become more pronounced as the adsorption constants increase because gases 

with larger adsorption constants need more time to elute from the column. 

Thus, the sensitivity of the second moment to large times caused the 

errors to become more resolute. Because of the random nature of these 

errors, their effect was reflected in a scattering of the data. 
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For example, carbon dioxide has a large adsorption coefficient so it 

was very difficult to get satisfactory reproducibility in the second 

moment measurements. Nevertheless, by repeating each chromatographic 

run two to three times and using a baseline drift correction routine, 

the effect of tailing errors upon the second moments were held to a 

minimum. 

2. Axial Dispersion Coefficients and Bed Tortuosity Factors 

The Peclet number (Pe) for a packed bed is defined as 

p 
e = RVe: 

E 
(5.1) 

where R is the particle radius; V is the intersitial gas velocity; e: is 

the bed porosity; and E is the axial dispersion coefficient. It has been 

shown that when molecular diffusion controls axial dispersion, the Peclet 

number may be calculated by the equation: 2 

p 
e 

1 = R S e c e: 
(5.2) 

where R is the Reynolds number; 1 is the bed tortuosity and S is the 
e c 

Schmidt number. (Refer to any text on transport processes for a defini-

tion of R and S .) 
e c 

The nitrogen and argon runs were conducted at an average inter-

sitial gas velocity of approximately 1.4 em/sec; whereas, the carbon 

dioxide runs were conducted at an average intersitial velocity of 

18 em/sec. (The larger carbon dioxide flow rate was needed to get 

reasonable elution times.) Using an average particle radius of 0.04 em, 

the theoretical values for £ and T of 0.4 and 1.41, respectively, and 

assuming standard temperature and pressure, Equation 5.2 gives a 



0 0 ,,~ 
, .. 
:> 0 0 6~ 3 

Peclet number of approximately 0.1 and 1 for the nitrogen-argon and 

carbon dioxide runs, respectively. Calculation of the Peclet number 

from Equation 5.1 using the experimental axial dispersion coefficients 
.• 

gives 0.11 and 0.65 for the nitrogen-argon and carbon dioxide runs, 

respectively. Comparison of the experimental and theoretical values 

shows good agreement. However, the theoretical Peclet number for 

carbon dioxide is a little high. This is because the higher flow rates 

used in the carbon dioxide runs caused the Peclet number to become 

dependent on both the molecular diffusivity and the fluid velocity, 

as suggested by Equation A.2 in Appendix I. In this case, Equation 5.2 

is not entirely correct in predicting the Peclet number and leads to 

large estimates. 

The bed tortuosity factor expresses the average path length 

followed by the gas as it flows down the column relative to the bed 

length. The bed tortuosity values for nitrogen and argon agree well 

with the theoretical value of 1.41 for a bed of uniformly packed spheres 

of equal radius. On the other hand, the tortuosity values for carbon 

dioxide are less than unity, which is impossible. 

This is explained by the fact that Equation 4.4 used to calculate 

the tortuosities assumes that molecular diffusion is the sole determinent 

of the tortuoisty. As shown by the above discussion, this is not strictly 

true for the carbon dioxide runs, and thus, the tortuosity factors are 

incorrect. 

3. Intraparticle Diffusivity 

Knudsen diffusion in small pores can be calculated theoretically 
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. 4 _ (2R T) 1/2 
D = - R ___g_ 

k 3 TTM 
(5. 3) 

where R is the average macropore radius; R is the ideal gas law constan~;
g 

T is the temperature; and M is the molecualr weight of the diffusing 

species. Equation 5.3 immediately shows that Knudsen diffusion exhibits 

weak dependence on the gas temperature. Analogously, the intraparticle 

diffusivities illustrated in Table 4-4 also show little dependence on 

temperature. Thus, the data suggest that the intraparticle diffusivities 

are representative of Knudsen diffusion. 

Using Equation 5.3, it is possible to estimate the Knudsen diffus-

ivity for nitrogen at -26°C as it travels through a pore system of 20 

angstroms in diameter. This calculation yields a diffusivity of 

-3 2 3 x 10 em /sec and suggests that the chromatographic method can be 

used to obtain a diffusivity of the right order of magnitude. In view of 

the variations illustrated by Table 4-4, this method will be most useful 

when only approximate but rapid determinations of the intraparticle 

diffusivity are needed. 

The fact that the carbon dioxide intraparticle diffusivity is a 

factor of ten larger than the nitrogen or argon diffusivities is unex-

plained. Perhaps this difference may be attributed to the difficulty 

in obtaining accurate second moments for carbon dioxide. 

4. Adsorption Rate Constants 

The accuracy of the adsorption rate constants of Figure 4-11 is 

uncertain due to the high sensitivity of these values to errors in the 

- -·-·· -4•• -·------.-.---·-- ~-~--_ ...... _ •••. ·- -- •• ·-·. -· .-.-· ...... 
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second moment. Nevertheless, the values increase with an increase in 

the adsorbate molecular weight and with a decrease in temperature, as 

would be expected. Also, the magnitudes of these data demonstrate that 

the gas-solid adsorption process is very rapid and thereby is essentially 

in equilibrium. Since the adsorption rate constant has been defined 

between the macropore voids and the solid micropore surface, the large 

rate constants implicitly demonstrate that mass transfer resistance 

within the micropores is negligible. Medeiros4 has also suggested that 

the micropore structure of 5A molecular sieves do not restrict the rate 

of nitrogen, argon, or carbon dioxide adsorption. This conclusion is 

significant since it has been arrived at from the data of two very 

different types of experiments. Moreover, these data are strong evi-

dence to support the accuracy of assumption 10 in Chapter II and in turn 

a justification for using a monodispersed model to describe what is 

kno~~ to be a bidispersed pore system. 

C. Significance of Results with Respect to 4A Molecular Sieves 

1. Potential Cause .of Mass Transfer Resistance in 4A Sieve 

Micropores 

Medeiros4 has shown that accurate surface area determinations can 

be made upon 5A molecular sieves using argon and nitrogen; however, he 

found that these gases give incorrect results when used upon 4A sieves. 

These findings suggest that, unlike the 5A sieve, the 4A sieve windows 

greatly restrict the adsorption of argon and nitrogen into its micro-

porous structure. Furthermore, Medeiros cited the difference in the 
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diameter of the 4A and SA sieve micropore windows as the cause of this 

behavior. 

5 The theoretical calculations of Ruthven and Derrah have shown . -
that the amount of energy needed to pass through a micropore window is 

highly dependent upon the window diameter. They show that decreasing 

the window diameter by only 0.1 angstrom will cause a large increase in 

the energy needed to pass through the pore window. If the molecular 

sieve micropore windows are small with respect to the diameter of the 

adsorbate molecule, the activation energy, which slows the adsorption 

of the gas, will be very large. The presence of this large energy barrier 

causes micropore adsorption to become extremely slow since most molecules 

do not have enough energy to penetrate the micropore windows. Because 

the 4A and SA sieves differ in window diameter by 0.5 angstroms, an 

enormous difference in view of Ruthven's calculations, it may well be 

that 4A sieves highly limit the rate of argon and nitrogen adsorption 

because of the decreased size of the micropore windows. As suggested by 

many other workers, this mass transfer limitation would account for the 

low BET surface areas obtained on 4A sieves when using nitrogen and argon 

as the adsorbate. 

2. Possible Causes for the Enhanced Penetrability of Carbon 

Dioxide 

Medriros4 has shown that carbon dioxide exhibits good penetration 

into the 4A sieve micropores. In light of the preceding discussion, this 

raises the question as to why carbon dioxide should possess this ability. 

One possibility for this behavior might be attributed to the linear 
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geometry of the carbon dioxide molecule. 

To simplify the determination of the size of a molecule, it is 

commonly assumed that the molecule possesses spherical geometry. Con-

sequently, the molecular diameters of carbon dioxide, nitrogen, and 

argon have been determined experimentally as 4.0, 3.7, and 3.4 angstroms, 

respectively. These values are representative of the true size of 

nitrogen and argon since these molecules are indeed spherical, but the 

value of 4.0 angstroms for the diameter of carbon dioxide is misleading 

since the linear geometry of this gas has. been neglected. Thus, one 

should expect that the cylindrical diameter of carbon dioxide would be 

much less than 4.0 angstroms. Since the cations inherent in the mole-

cular sieve structure can induce a negative charge on the oxygen atoms 

in carbon dioxide, it is reasonable to believe that the orientation of 

the carbon dioxide molecule, relative to the pore window, is such that 

the smallest dimension of its cylindrical shape enters the pore window. 

In the light of Ruthven's and Derrah's5 findings, such an orientation 

would drastically lower the energy needed to penetrate the pore window. 

Therefore, this "worming" phenomenon may greatly facilitate the adsorp-

tion of carbon dioxide by the micropore structure. 

Another possible reason for the enhanced penetrability of carbon 

dioxide.in 4A molecular sieves may be attributed to its high degree of 

interaction with the molecular sieve cations. The workers at Union 

Carbide's Linde Division6 have shown that, like the SA sieves, the 4A 

sieves exert attractive forces upon an adsorbate molecule due to the 

presence of the cation. Also, the data of the present work demonstrate 
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that much larger intermolecular forces exist between carbon dioxide and 

the 5A sieve adsorbent as compared to the forces that exist between ni-

trogen or argon and the SA sieve. Because the pore frameworks of 4A and 

SA sieves are structurally quite similar, and differ only in the diameter 

of their micropore windows and the type of cation incorporated into their·· 

composition, then it is reasonable to assume that the intermolecular 

forces of similar magnitude would be exerted upon carbon dioxide by the 

4A sieve. If this is true, then the larger penetration of carbon dioxide 

into the micropores of the 4A sieve might be due to the increased inter-

molecular forces that might exist between this gas and the 4A adsorbent. 

3. Failure of the Monodispersed Pore Model Due to Micropore Mass 

Transfer Resistance at Low Temperatures 

As mentioned in Chapter II, the accuracy of approximating a bidi-

spersed pore system by a monodispersed model will depend on the degree of 

transport resistance in the micropores. Based on the work of Medeiros.
4 

it is believed that at low temperatures the 4A sieves will greatly in-

hibit mass transfer though its microporous network. Thus, at low temp-

eratures the monodispersed model used in this work will not accurately 

describe the 4A pore system thereby necessitating the use of the more 

complex bidispersed theory. But, as also mentioned in Chapter II, this 

theory has its drawbacks, primarily in its practical application. The 

alternative is to minimize the micropore transport resistances by in-

creasing the temperature of the chromatographic determinations. This 

should increase the accuracy of the monodispersed model in approximating 

a bidispersed system. 
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D. Significance of Results with Respect~ Coal 

1. Design Criteria for a Liquifaction Solvent 

The unifying theme underlying this work has been to apply the 

chromatographic technique to the study of the pore structure of coal so 

that mass transfer in these pores might be better understood. To this 

end, the well defined pore structure of molecular sieves appeared to be 

better suited for initial studies. The ?im of the following discussion 

is to make use of the knowledge gained in this study by cautiously 

suggesting some general criteria that might aid the design of a better 

commercial processing fluid for coal. 

As discussed previously, the findings of this work suggest that 

increasing the molecular forces between a solid and a fluid, may increase 

the fluid penetration into the microporous structure of the solid. If 

it is assumed that larger intermolecular forces will effect a similar 

phenomenon between coal and a solvent, then the ability of the solvent 

to contact the internal coal surface could be increased merely by in-

creasing the coal-solvent interactions. This might be accomplished by 

exploiting the aromaticity of coal. 

It is known that the basic unit in the chemical composition of coal 

is the aromatic ring. Thus, like benzene, the coal molecule should have 

a high density of pi electron clouds above and below the plane of the 

aromatic rings. Also, these pi electrons have a high polarizability. 

This suggests that a highly polar solvent might induce large inter-

molecular forces between it and coal thereby allowing enhanced penetra-

bility. Moreover, the penetrability of carbon dioxide on 4A sieves 
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suggests that a linear solvent molecule with a highly polar constituent 

attached one or both ends might allow it to take advantage of "worming". 

It is also well kno~~ that the larger the intermolecular forces 

between two substances, the better their mutual solubility. Thus, in 

addition to increasing the solvent penetration, the larger intermolecular 

forces afforded by a highly polar solvent should also enhance the solu

bility of coal in this solvent. 

2. Failure of the Monodispersed Pore Model on Coal 

The data from this study suggest that at low temperatures the micro

pore structure of SA molecular sieves do not inhibit the rate of gas 

adsorption. Because most coals tend to exhibit restricted rates of mass 

transfer to the internal structure of coal, then it must be concluded 

that the micropore structure of coal is dissimilar to that of SA sieves. 

As suggested by many workers, the micropore structure of coal probably 

resembles the micropore structure of 4A molecular sieves. Thus, it is 

believed that at low temperatures the monodispersed chromatographic 

model will not adequately describe mass transport in this bidispersed 

material. However, it is believed that this problem can be alleviated 

by increasing the temperature of the chromatographic determinations. 
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VI. CONCLUSION 

These studies indicate that the sorbency of the SA sieve is 

very sensitive to the activation procedure. These variations do not 

greatly hinder the interpretation of the adsorption results. Similar 

variations may be encountered in future studies on similar adsorbents, 

but these variations can be eliminated by improved control of the 

activation procedure. 

The first moment results indicate that the carbon dioxide adsorp

tion equilibrium constants are much higher than the respective values 

for nitrogen and argon. The heats of adsorption demonstrate that much 

larger forces bind carbon dioxide to the solid surface than nitrogen 

or argon. These observations suggest that carbon dioxide has some 

chemical or physical property not possessed by nitrogen or argon that 

increases its ability to penetrate the microporous structure of zeolites. 

This also suggests that the enhanced penetration of carbon dioxide may 

be due to greater interaction with the solid surface. 

The molecular polarizibilities follow the same trend in magnitude 

as do the adsorption coefficients. This suggests that the adsorption 

process is strongly influenced by intermolecular forces, as expected. 

The relative values of the polarizibilities and adsorption coefficients 

also suggest that the polarizibility is a very sensitive measure of the 

intermolecular forces existing between the solid and gas. 

Tailing errors in the chromatograms were responsible for scatter

ing in the second moment results. This does not appear to be a major 

drawback of the chromatographic method since these effects can be 

' -
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minimized by performing a statistical number of runs. 

The axial dispersion coefficients and tortuosity factors agree 

well with the theoretical values. The intraparticle diffusion coef-

ficients appear to be representative of Knudsen diffusion and agree 

well with the theoretical Knudsen diffusivity for nitrogen traveling 

within a pore 20 angstroms in diameter. 

The accuracy of the adsorption constants is uncertain but increase 

with an increase in adsorbate molecular weight and with a decrease in 

temperature, as would be expected. The magnitudes of the adsorption 

rate constants demonstrate that mass transfer resistance within the SA 

sieve micropores is negligible. This justifies the use of a monodispersed 

pore model to describe a bidispersed pore system. 

The above results demonstrate that the chromatographic method 

is indeed a very useful tool for investigating the fundamental trans-

port phenomena occuring within porous solids. Furthermore, the method 

offers much more insight into these phenomena than can be obtained with 

the desorption technique. The data from this method may not always be 

highly accurate but they will be accurate enough so that reliable 

qualitative conclusions can be drawn. 

Due to the drawbacks associated with the bidispersed model, the 

chromatographic method is most useful when used in conjunction with a 

monodispersed model. This model will incur less accurate results when 

large mass transfer resistances are encountered in the micropores, but 

this drawback can probably be solved by increasing the temperature of 

the determinations. This may be important when applying the method to 
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coal or 4A sieves. 

The results contained in the literature suggest that, at low 

temperatures, mass transfer limitations will be present in coal and 4A 

molecular sieves indicating the need for increasing the temperature of 

the experiments. A stndy of the literature strongly suggests that mass 

transfer resistances in the 4A sieve micropores may be due to the difference 

in the micropore diameter of the 4A and SA sieve. 

As suggested by the SA sieve results, the better penetration of car

bon dioxide into the coal and 4A sieve microstructure may be due to in

creased intermolecular forces existing between it and the adsorbent. Its 

inhanced penetration may also be due to "worming" caused by its linear 

geometry and highly polarizible oxygen atoms. 

Extrapolation of the work conducted on the 5A sieves to coal 

suggests that a highly polar solvent may increase the intermolecular 

solid-fluid forces thereby increasing the solvent penatrability. Better 

penetration would afford more efficient liquifaction solvents merely 

by increasing the amount of surface area contacted by the solvent. 
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EQUIPMENT CALIBRATION RE$ULTS 

2 Dead Dispersion Corrections, od 

For the flow of a gas pulse down a hollow tube, Equation 2.17 

reduces to: 

(A.l) 

where Zd (em) is the length of tubing containing the dead volume. 

(Refer to the nomenclature of Chapter II for a definition of symbols.) 

At low velocities, E is proportional to the molecular diffusivity, 

Dab (cm
2
/sec), while at high velocities, E is proportional to the 

velocity. Hence, E can be expressed in terms of both Dab and V accord

ing to the equation: 

where A and n are unknown constants. 

qZd 
v = vd 

Also 

(A. 2) 

(A. 3) 

3 . 3 
where q (em /sec) is the volumetric flow rate and Vd (em ) is the dead 

volume in the apparatus tubing. Combining equations A.l, A.2 and A.3 

gives: 

where 

b -

2 2 
Thus, a plot of odq versus 1/q should yield a straight line. 

---- ---- ··- -·-- •-• -- •··-··~~· _...._,. ___ ... ,. •- -- ~- -• -· -··· r-- ..-···. ··-- • . 

(A.4) 

(A. 5) 

(A. 6) 
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Plotting the dead dispersion corrections in the form of Equation 

A.4 gave the results illustrated in Table A-1. 

B. Dead Volume Corrections, ~ 

For the flo~ of a gas pulse down a hello~ tube, Equation 2.16 

reduces to: 

combining Equations A.3 and A. 7 gives 

vd 
lJd = q 

Thus, a plot of lJd versus 1/q should yield a straight line. 

(A. 7) 

(A.8) 

Plotting the dead volume correction in the form of Equation A.8 

gave the results illustrated in Table A-1 . 
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TABLE A-1 

Calibration Constants 

Gas 7 A (em ) 6 B (em ) 3 
vd (em ) 

Nitrogen + 0.1152 0.8668 4.29 

+ Argon 0.1127 0.9035 4.29 

Carbon Dioxide+ 0.1333 0.8936 4.29 

Helium ++ 0.09886 0.9916 

+ 1.5% solution in helium 
++ 1.5% solution in argon 

-- .•. ..,. ... ~,- --- --.-··-·---~ _____ .,_... --·--·-·:"•A--~-.,. ...... ·-·--- ..,.__ --~-- •,•:··------, ··-~·-, >, --

4.41 

. . 
Dab 

2 at 2l°C (em /sec) 

0.683 

o. 714 

0.567 

o. 714 
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PROCEDURES 

A. Thermal Conductivity Detector 

(1) Turn on all wall switches located behind apparatus. 

(2) Flip furnace and fan switch to "furnace only". 

(3) Open carrier gas valve to produce a carrier gas flow of 

at least 5 ml/sec. 

(4) Turn on filament switch. 

CAUTION: A filament current of more than 200 m~ will burn out the 

filament. 

CAUTION: Reversing the order of steps 3 and 4 will burn out the 

filaments. 

NOTE: The detector should be allowed to equilibrate for 

twenty-four hours before taking data. 

B. Computer System Interface 

(1) Turn interface on. 

(2) Turn digital voltmeter (DVM) on. 

NOTE: The DVM should be allowed twenty-four hours to 

equilibrate. 

(3) Turn DVM function selector to mv-dc. 

(4) Turn DVM range selector to 10-mv. 

(5) Plug detector voltage output into DVM input. 
. . 

(6) Set interface switches to "zero base line" configuration. 

(see Table A-2) 

(7) Set detector anntenuation switch to "zero". 
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TABLE A-2 

Computer Interface Switches 

Scan 

bypass 
scanner 

bypass 
scanner 

DVM 

remote 

local 

Filter 

on 

on 

DVM Read 

direct 

direct 
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(8) Turn DVM mv-offset to get a zero voltage reading on the 

DVM. 

C. Computer System 

NOTE: Before attempting to operate the computerized data 

acquisition system, the following Data General manuals 

should be read. 

(1) User's Manual, Fortran IV (093-000053-08) 

(2) Introduction to the Real Time Disk Operating System (RDOS) 

(093-000083-03) 

(3) Reference Manual, RDOS Command Line Interpreter (CLI) 

(093-000109-00) 

(4) User's Manual, Text Editor (093-000018-08) 

These manuals will familiarize the reader with the Data General 

Nova 830 computer and give him a detailed knowledge of the system. This 

knowledge is a prerequisite to the efficient operation of the computerized 

data acquisition system. 

1. Computer System Start-Up 

(1) Switch cathode ray tube terminal (CRT) to "on line". 

(2) Turn on switch behind computer. 

(3) Turn on central processing unit (CPU). 

(4) Turn on upper disk drive. 

NOTE: Load lamp lights up. 

(5) Load working disk into disk drive. 

(6) Switch disk drive from "LOAD" to "RUN". 

(7) Put 376 (OCTAL) in CPU switches. 

(8) Hit "EXAMINE" switch. 
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(9) Put 60133 (OCTAL) in CPU switches. 

(10) Hit "DEPOSIT" switch. 

(11) Put 377 (OCTAL) in CPU switches. 

(12) Hit "EXAMINE" switch, then "DEPOSIT" switch. 

(13) When "READY" lamp on disk drive lights up, hit "STOP", 

"RESET", "START" switches, in that order. 

(14) Go to CRT. 

(15) After "FILENAME?" is printed on the CRT, hit "RETURN" 

button. 

NOTE: The computer will ask the date and time. 

(16) Answer these questions. 

NOTE: An "R" (ready) will be printed by the CRT. The CLI is 

now in service. 

(17) Switch teletype to "ON LINE". 

(18) Type "EXFG CLI" at the CRT and hit return. 

NOTE: An "R" will be printed at the teletype. The foreground 

(teletype) now has a CLI which can be used to record data. 

2. Data Acquisition 

To make a chromatographic elution curve and to have the data 

recorded by the computer system, the following procedure must be 

followed. 

(1) Select a carrier gas flow rate and column temperature. 

NOTE: The column temperature should be selected one day in 

advance so that the temperature bath can be prepared and 

allowed to equilibrate. 

(2) Wait five minutes for the detector to equilibrate to the 

change in carrier gas flow rate. 
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(3) Put interface switches in "Zero Base Line" configuration. 

(see Table A-2) 

(4) Select the detector anntenuation factor. 

(5) Adjust the detector bridge resistance, using the rheostat 

labeled "FINE", to obtain a DVM reading of zero. 

(6) Determine and record the carrier gas flow rate using the 

bubble flow meter. 

(7) Type "DATMONl", "DATMON3", or"DATMON5" at the teletype, 

and record which program was selected. 

This activates a data acquisition program using a one, 

three, or five second interval between each voltage reading, 

respectively. 

A listing of this program is contained in Appendix III. 

It should be studied in order to gain a better understanding 

of how this program works. 

(8) After the teletype prints "FILENAME?", enter a less than 

ten character name for the voltage data that will be 

generated by the detector. 

(9) Enter a delay time, in tenths of seconds, but do not hit 

a "RETURN". 

The delay time allows the operator some time to fill the 

injection valve sample loop with adsorbate before the pro

gram begins to take data. About 15 to 20 seconds is needed 

to fill the sample loop. 

(10) Check the base line voltage to see if it is still zero. 

·~ 
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If it is, put the interface switches in the "Data Acqui-

sition" configuration. (See Table A-2.) If it is not, 

repeat step 4 and then put the interface switches in the 

"Data Acquisition" configuration. 

(10) Hit "RETURN" on the teletype, quickly switch the sample 

injection valve that controls the adsorbate gas flow. 

(11) When the teletype bell rings, shut off the adsorbate gas 

flow, and prepare to inject the adsorbate gas. 

(12) When the teletype bell rings again, immediately turn the 

sample injection valve to "INJECT". 

Data acquisition begins simultaneously with the second 

bell ringing; therefore, it is important that the sample 

is injected as soon as the bell begins to ring. 

(13) After the adsorbate elution curve returns to a constant 

base line, type "0" at the teletype to terminate data 

acquisition. 

The teletype will print the number of data points recorded. 

(14) Record the number of data points and the filename for 

later use. 

3. Base Line Correction 

As the chromatogram emerges from the column exit, the base line 

of the detector may shift due to fluctuations in the power source. 

These shifts must be corrected for or else the reduction of the 

data will be in error. The correction procedure is listed below. 

(1) Using the CRT, invoke the Text Editor. 
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(2) Recall the datafile to be corrected. 

(3) By inspection of the data file, determine and record 

the pre-peak offset, the number of the data point where ' 

the peak begins, the number of the data point where the 

peak ends, and the post-peak, or tail, offset. 

(4) Return to the CLI. 

{5) Activate the data modification program by typing "DATMOD" 

on the CRT. 

See the second note after step 6 in the data acquisition 

procedure. 

(6) Answer the questions asked by the data modification pro

gram. 

The program corrects the old datafile for base line shift 

and creates a corrected datafile with the same name as 

the old datafile. The old datafile is deleted. 

4. Calculation of Moments from Datafiles 

NOTE: 

NOTE: 

Once a datafile has been corrected for base line drift, it 

may be analyzed by the following procedure: 

(1) Type "DATAN1","DATAN3", or "DATANS" to invoke a data 

analysis program. 

The above programs are for a one, three, or five second 

interval between each voltage reading, respectively. 

See the second note after step 6 in the data acquisition 

procedure. 

(2) Answer the questions generated by the program. 
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NOTE: The program responds by printing the area under the curve, 

the mean, and the variance, respectively. 

(3) Record these values. 

5. Computer System Shut-Down 

(~ Turn off the teletype. 

(2) At the CRT, depress the "CONTROL" (CTRL) and "F" buttons 

simultaneously. 

(3) Type "RELEASE DP0" at the CRT to halt the CPU. 

(4) Switch disk drive from "RUN" to "LOAD". 

(5) Once the "LOAD" lamp lights up, switch off the upper disk 

drive, the CPU, and the main switch behind the computer. 

NOTE: To keep dust off the disk heads, always leave a disk in 

the disk drive. 
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APPENDIX III 

Computer Program Listings 

DATMONl 
DATMOD 
DATANl 
PLOTS 
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DATA ACQUISITION PROGRAMS 

DATMONl 
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C DATA ACQUISITION MONITOR PROGRAM 
C THIS PROGRAM DIRECTS THE COMPUTER TO TAKE VOLTAGE 
C READINGS ON A PREDETERMINED SHEOULE VIA THE COMPUTER INTERFACE. 

EXTERNAL DAT 
C OMMOr~ I C OvNT 
COMMON INAME<lO> 
CALL PRI<l> ;SET TASK TO LOWER PRIORITY 
TYPE I FILENAME~· 

READ<11,300> INAME<l> ;READ FILNAME INPUTED FROM TELETYPE 
300 FORMAT<S20) 

CALL RESET 
CALL FOPEN<2. INAME> ;OPEN CHANNEL 2 FOR DATAFILE 
ACCEPT 'DELAY= ', IDE~Y 
CALL FDELY<IDELY> ;DELAY EXECUTION OF TAS~ OAT 
CALL ITASr-:.<DAi, L O, IER) ; START TASII, DAT 
IF <IER NE 1> GO TO 30 
CALL FDELY<200/ 
ACCEPT 'TYPE 0 TO KILL ~DB ',N 
TYPE'DATA POINTS= ', ICOUNT 
CALL ABOPT(l, !E~) ;KILL TAS~ OAT 
CI-.LL CLOSE i 2. l ER) ; CLOSE CHANI...JEL 2 
!FtiER NE 1) GO TO 40 
c..:..:.....L E'CT d'.l!...L THE iASI'. 

3•:) ;~;:~ EP;:.:o~ H~ DAiA TAS~· lNlTIATlDr•· CODE '.. IEP 
G: TC· e..:_. 

40 T'r'PE 'ERRC•:.. IN DATA TA~.v V.l!...L OF: CLOSE, COI)E '.·lEi 
GC• TC• 60 

~0 CALL EXIT 
p~~ 



. . 

... 

() 0 
C DATA ACGUSITION TASK 

TASK OAT 
E)'TERNAL USDCT 
COMHON/KEY/IKEY, lSRERR 
COMMON/CHSEL/lCHNL<lO> 
COMMON ICOUNT 
DATA ISRERR. lKE~/0,0/ 
IPOINT=l 
NC:t-l=l 
lCHNL<l>=O 

0 ·;. 7 (.,. 97 

CALL FINTD<42K~USDCT> 
CALL ElNBCD<NCH~ lCHNL> 
WF-lTE<lO.lO> ;DELL TO 

; IDENTIFY USER INTERUPT SERVICE ROUTINE 
; SET BIT PATTERN 

STOP ADSORBATE FLOW 
10 FORMAT< '<7><7><7><7><7><7><7><7>') 

CALL FDELY<50> ;5 SEC DELAY BEFORE INJECTION 
WRITE (10.20> ;BELL SIGNAL TO INJECT 

20 FORMAT ( '(7:>(7> I) 

ICOUNT=O ; INITIALIZE DATA COUNTER 
30 CALL STRT<ICHNL<IPOINT>> ; ISR TAKES DATA POINT 

CALL REC<IKEY. IVOLT> ;RECEIVES DATA POINT FROM ISR 
IF ( ISPERJ;· > 15: 2· 15 
lF(lVO~T-30000)2002,2003.2002 ; IVOLT=30000 IS ACTUALLY lVOLT=O 

2C: .. :~~: 1: C•i...J:-..:-r =] C~'··'".:7-r- J ; INCREMENT DATA CQi)~~1ER 

~-~:~IE,;:, 4::·. 1'-·l_,._.,. , WRITE [iAT?: FC1Ni TO DISh VlA CHAr-..~ 2 
40 FOPM~~Iltl 

C w..:.} T P C:J!.li P.J~ It,: NE .Ci L 1 NE IS FOP D~.TMON 1. FOF DATI"'iON3 Arm 
C D~TMON5, REP~ACE l B~ 3 OR 5, RESPECTIVELY. 

CALL WAJi < 1. 2, IEF-· · ; WAIT 1 SEC BEFORE TA~INC.: NEXi DATA POJtn 
IF<!E~-l l ~0 30. ~G ;CHEC~ ERROR 0~ WAIT 

1 :. Tr' FE I E R F-. Q;:.. I r" I E R -- I • I M S c 
CALL EXIT 

5Q TYPE 'ERRO~ 0~ WAIT tALL', IE~ 
Er·m 
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SUBROUTINE BJNBCD<NCH. ICHNL> 

C TAKE BINARY CHANNEL NUMBERS AND CONVERT TO 2 DlGI1 
C BCD CODES. THEN ADD A BASE OCTAL VALUE TO EACH 
C WORD, RESULTING IN A 16 BIT CODE WHICH WILL BE SENT 
C TO THE DVM <DI0:4~). THE BASE OCTAL VALUE IS 
C SET UF TO REQUEST A READING OF 10. 000 MILLIVOLTS 
C FULL SCALE. WITHOUT A FILTER 
c 

THE BlT PATTERN JC _,. 
BlT 0 FCN A < 1--MI.' l 

BIT 1 FCN B < 1--M'.') 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

Eii 2 AUTO RANGING--l.FIXED RANGE--0 
BIT 3 FILTER--l.UN~ILTERED--0 

ElT 4 RAN-:;E. A < 1--1 o ooc) M'/FSJ 
E'JT 5 RANGE B <0--10. OOOMVFS' 
I:: IT t. RANC:;E c (l--10. 000 M'JFS;. 
f· T T .... 7 R At·h.::E D (l--10. 000 MVFE) 
BIT 8-l ~· CHANNEL NUMBER IN 2 BCD 

c 

c 

·~ 

D : · 1 ·~ I = 1 . ··~ ~ H 
i ..,.E.t,.::-= j Ci-H'~:.. I J I/ 1 (; 
:iU!'.;ITE-:JCt-ihL ( J > - ITEI\IS-J-1(• 
l:HNLII~~IUNITS + ITENS•16 

) "TVP[ 'ICHNi.. (I)' I !CHN:... ( j ~ 

DIGITS 

_, C.:ET 1 0 'S D J G 1·; 
'GET UNITS DIC.:Jl 
.FOR~~ DIGIT BCD 

~ ;>·1:~ ... 1 1 ! = E H;~~ ( 1 ) + I s,c..s~ , AL•r• BASE 'I.'ALUE (Fer .... Rf~.:~ 

). ...,;;:-.I TE ( l 0, 3C.•O i I CHhL~ • 1 j 

;::::::':· ::-c:i::-~,:..T:; HHr.~.._<:FJr~A:... FDP1"'11 DCTA:..',Olc/ 
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STRT. 
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0 0 '.i t) "'~ s 0 d 0 :r:! 8 

SUBROUTINE STRT <ASSEMBLY LANGUAGE> 
99 

0 TITL 
. ENT 
0 EXTD 
0 NREL 

STRT ;THIS PROGRAM ACTIVATES INTERRUPT SERVICE ROUTINE 
STRT 

0 CPYL. FRET 

0 FS=l 
lCHNL=-167 

;SET FRAM~ SlZE TO 1 (1 ARG) 
;STACK DISPLACEMENT OF ARG 
;ADDRESS <TO GET ICHNL<I>> 

DI0=42 

.FS 

JSR 
LDA 

DDAS 
JSF 
. EI'JL' 

;FRAME SIZE BEFO~E. CPYL 

@ CPV~ ;ENTER SUBROUTINE 
@0, ICHNL.3 ;GET lCHNL<I> 

;WHICH IS ARGUMENT IN CALL TO STRT 
0.010 ;OUTPUT 16 BIT CODE 
~FRET ;RETURN TO CALLING PGM 



l.UU 

SUBROUTINE DATCHAR <INTERRUPT SERVICE ROUTINE. ASM LANGUAGE> 

; 

. DL'SR 

ADRES: 

AIXHT: 
USDCT: 

DISAVE· 
DCODE: 

OTITL 

. ENT 

. EXTN 
o COMM 

0 NREL 

DI0=42 

0 GADD 

IXMTT 
DISAVE 
177777 
DINTS 

. BL~ 
DID 

Dli~TE · 1\1 uC 

STA 
STA 

DI~ 

LDA 
Ahlt• 
L}jA 
SUE<*i 
'-'M;:. 
LDA 
AND 
'-'SR 
LDA 
ADD 
INC 
"""'~=' 
'-'Sk' 
STA 
lSZ 
'-'1'1::. 

CKSGN: [1IA 

LOA 
AND 

NEG 

STORE: I'IOV 

LDA 

DIOISR ; INTERRUPT SERVICE ROUTINE FOR DVM 

DINTS.USDCT 
. U lEX , I X MT T 
~EY 2 ;1ST ELT IS MSG ~EY FOR lXMTT 

;2ND ELT IS ERROR CODE FROM ISR 
;O=Oo~o, 1-c=CHARACTER couNT ERROR 
;43=1'1SG ADDRESS ALREADY IN USE 
; 115=ZERO MSG WORD 

; DEVl CE CODE=42 

KEY 0 ; ADDRESS OF MSG ~EY 

; 8 WORD STATE SAVE AREA 
; INTERRUPT MASV, 
; INTERRUPT SERVICE ROUTINE ADDRESS 

10 ;8 WORD STATE SAVE AREA 
; DEVICE CODE 

DJCJ ;CLE.AF lNTERRUi=-1 
2.· C~: ; GET -5 
0,0 ;QENERATE 0 IN ACO 
O.COUNT ; INITIALIZE CHARACTER COUNTER 
O, lVO~T ; INITIALIZE VOLTAGE 

o.DIO 
1.Cl7 
o. 1 
3.COi.JNT 
1.3,SZR 
IERR 
3,CI"\ASK 
3.0 
RSH4 
1. IVOL T 
1. 0 
~.2.SNR 

CKSGN 
f"llO 
O, IVOLT 
COUNT 
MUX 

;GET A WORD FRO~ DlO 
;GET MASK WORD <LOW 4 BITS> 
;0E1 CHAR COUNT OF INPUT WORD 
;GET PGM'S CHAR COUNT 
; COMi=ARE--0 K":'' 
;NO.CHAR COUNT ERROR 
;YES. GET CHARACTER 
; FROM INPUT WORD 
;SHIFT RIGHT 4 BITS 
; GET RUNNING SUM 
;UPDATE RUNNING SUM ClN ACO> 
; ANY MORE DATA WORDS-:. 

. J NO. CHECtl-. SIGN 
;YES. MPY RUN'G SUM BY 10 
;STORE SUM IN CORE 
; INCREMENT CHAR CTR 
;QET ANOTHER VOLTAGE DIGIT 

t.DIO ;QET ANOTHER WORD <WHICH HAS 
;SIGN OF VOLTAGE> 

2,C200 ;MAS~ FOR SIGN 
1.2,SNR ;1 IN SIGN POS=+ 

sO IN SIQN POS.=-
0,0 sNEGATI'JE, NEQATE ACO <IVOLT) 

O, l,SNR ;t=JSG lS IVOLT 
JF ZERO. LOAD ACl WITH ClER0~30000C10> 
TO AVOID XMTT'G A ZERO MSG 

1, ClERC J CZER0a30000 C10) 

--- ·-- -M- ··-.----------.-•-:-- --- ···-·· .. --------- -,-..·~..-···-·- ~ ·-·-·- 'o •• 

. ' 
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RTN: 

XERR· 

IERR: 

RSI-l4. 

1'11 0. 

CZERO 
CM5: 
SVACO: 
IVOL T: 
COUNT: 
C200: 
C17: 
CMASK: 

0 0 ·J u l;~ 5 t) d 0 2 9 

TRANSMIT MSG TO FORTRAN TASK 
MSG=IVOLT 
ACl HAS IVOLT<SIGNED> 

LDA O.ADRES ; MSG ADDR INTO ACO 
..JSR ,@AI XMT ; WAKE UP FORTRAN TASK 
'-'MP XERR ; ERROR RETURN FROM XMT 
LDA 1. CM5 ; NON-ZERO ACl FORCES 

;RESCHEDULING ON EXIT 
. UIEX ; EX IT FROM USER ISR 

LDA 3.ADRES ; GET ADDR OF COMMON 
STA @2, 1. 3 ;PUT AC2 FROM ERROR RTN 

; FROM IXMTT INTO 2ND ELT 
; OF KEY COMMON. 

JMP RTN ;13YE' 

MOV 3 -, 
I C.. ; GET CHAR COUNT INTO AC2 

JMP XERR ; PUT CHAR COUNT INTO 
; 2ND ELT OF COMMON KEY 

MO'...'ZF' 0.0 ; SHIFT RIGHT ONE BIT 
M::>n:~ o.o ; A~.;IN 
M- ·--.._! .,.:L~ co · AC:.:.:,J N 
l'lC., .·: i' (:, 0 , LA=-1 TIME 
Jr-·~;:: o. 3 ; RETURN T(l NEXT INSTRUCTION 
MCI\iZL (:,0 ; M.J:... ACO B'T' -. .... 
STA O. SVACCt ; STORE. 
MO\'ZL o.o ; MUI... ACO BY -. .... 
P.E:J_.iZL o.o ; MJ:... ACO py 2 <ACO=AC0.-8) 
LDA 1, SVA·:O ; GEi AC0*2 
ALD 1.0 ;ACO=ACO+:lO DECIMAL 
JP.1F 0,3 ;REiURtJ 

30000 
-5 
. BLK 1 
. BLK 1 
. BL.,C. 1 
200 
17 
360 
. END 

. -.4.. ~ ~- - - ~~ .=:- ::- -~:-:-~;: · __ 
- -~-- ·-oo-=._,·,C"- . ,--•. ------ -··-- ~------· ,.---=--·---....---- ---- ~--------- .. ~- --~---·-··· ·-···-~~·. ___ ,. .. 

101 
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BASE LINE DRIFT CORRECTION PROG~1 

DATMOD 



c 
c 
c 

2 

3 

0 J 0 103 

DATA MODIFICATION PROGRAM 
THIS PROGRAM CORRECTS A SPECIFIED DATA FILE 
FOR A CONSTANT BASELINE SHIFT OR LINEAR BASELINE SHIFT 
COMMON !COUNT 
COMMON INAME<lO> 
DIMENSION IVOLT<101> 
TYPE'FILE TO BE MODIFIED' 
READ<11.2> INAME<l> 
FORMAT<S20) 
CALL RESET 
CALL FOPEN<2, INAME> 
CALL FOPEN<3. "MODFIL") 
ACCEPT'OATA POINTS= ',!COUNT 
ACCEPT "LINEAR SHIFT< 1 > OR CONSTANT SHIFT< 0 > -:, ", I FLAG 
IF <IFLAG. EG. O> GO TO 3 
ACCEPT'PRE-PEAK OFFSET= ',PPO 
ACCEPT'DATA POINT WHERE PEAK STARTS= ',S 
ACCEPT'TAIL OFFSET= ',TO 
ACCEPT'DATA POINT WHERE PEAK ENDS= ',E 
GD TO 4 
ACCEFT'TAIL OFFSET= ', ICORR 

4 NROUND=<JCOUNT/100'•100 

5 

8 

20 
6 
7 

10 

NCI;)D= l COUNi -Nr:OUND 
5LOFE=(T0-PP0l 1 CE-S' 
):• .OLir~T= 1 
ISREC=l 
NREC= 1 0·:, 
IF<<ISREC-1). EG NROUND) NREC=NODD 
CALL RD(2,ISREC, IVDLT.NREC> 
DQ 10 l=L NREC 
lF(JFLAG EG. O> GO TO 20 
JF(CXKOUNT. LT. Sl. OR CX~OUNT. GT.E>> L=O 
IF<<XKOUNT. GE. Sl. AND <XKOUNT. LE.E>> GO TO 6 
GO TO 6 
CORR=SLOPE•<XKOUNT-S>+PPO 
ICORR=CORR 
IF<<CORR-ICORR>.GE 0. 5> ICORR=ICORR+l 
L=IVOLT(J)-lCORR 
WRITE<3.7> L 
FORMATC16l 
XKOUNT=XKOUNT+ 1. 
CONTINUE 
ISREC=ISREC+100 
IF<NREC.NE NODD> ~0 TO 5 
CALL CLOSE<2. IER> 
CALL DFILW<INAME, lER> 
CALL CLOSEC3. IER> 
CALL RENAM<"MODFIL", !NAME, IER> 
END 



c 
c 

10 

104 

SUBROUTINE RD<ICHAN, ISREC, IVOLT,NREC> 
THIS PROGRAM READS A SPECIFIED AMOUNT OF DATA STARTING A1 A 
SPECIFIED DATA POINT 
COMMON ICOUNT 
COMMON lNAME<lO) 
DIMENSION IVOLTC101> 
J=O 
DO 30 I=l, ICOUNT 
READ(ICHAN, 10> IDUM 
FORMAT< I 6 > 
IF( I. GE ISREC) GO TO 15 
GCi TO 30 

15 J=--,1+1 
I 1

w
10L T ( J > =I DUM 

IFCJ EG NREC> I=ICOUNT 
30 CONTINUE 

REWIND !CHAN 
RETURN 
EhiD 

-. 



s 0 

MOMENTS CALCULATION PROGRAM 

DATANl 



C DATA ANALYSIS MONITOR FOR MODIFIED DATA 
EXTERNAL MOMENTS 
COMMON ICOUNT 
COMMON INAMEC10) 
TYPE'FILENAME' 
READ<11, 10> INAME<1> ;READ FILENAME FROM CRT 

10 FORMAT<S20> 
CALL RESET 

106 

CALL FOPEN<2, INAME> ;OPEN CHAN 2 FOR DATAFILE 
ACCEPT'DATA POINTS= ',}COUNT ;READ NUMBER OF DATA POINTS 
CALL ITASK<MOMENTS,2,Q, IER> INITIATE TASK MOMENTS 
IF<IER.NE. 1> GO TO 20 
CALL ~ILL ;~ILL THIS TASK 

20 TYPE'MOMENTS TASK INITATION ERROR.CODF ', IER 
CALL EXIT 
END 

... 



. . 

• r 

C DATA 
c 
c 
c 

c 
c 

5 

10 

107 
ANALYSIS ROUTINE 

THIS PROGRAM INTEGRATES THE DISCRETE DATA POINTS TO YIELD 
A VALUE FOR THE FIRST AND SECOND MOMENT USING THE TRAPAZOIDAL 
RULE. 
TASK MOMENTS 
COMMON JCOUNT 
DIMENSION C<101> 
NROUND=<ICOUNT/100>*100 ;NUM DATA POINTS ROUNDED TO NEARST 100 
NODD=ICOUNT-<ICOUNT/100>+100 ;NUM ODD DATA POINTS 
ISREC=l ;INITIAL STARTING RECORD 
NREC=101 ;NUMBER OF RECORDS TO BE READ 
SUM=O.O 
THIS PROGRAM WRITTEN FOR DATAN1. FOR DATAN3 AND DATAN5. 
REPLACE 1 IN NEXT LINE WITH 3 AND 5, RESPECTIVELY 
DELT=1. /60. ;TIME INCREMENT BETWEEN DATA IN MINUTES 
IF<<ISREC-1>. EG.NROUND> NREC=NODD 
CALL DATRD<2. ISREC,C.NREC> ;READ DATA POINTS 
K=NREC-1 
DO 10 I=L K 
A=DELT*<C<l+l>+C<I>>*. 5 ;CALCULATE AREA INCREMENTS 
SUM=SUM+A ;SUM AREA INCREMENTS 
ISREC=ISREC+lOO 
IF<NREC. NE NODD> GO TO 5 
XMUO=SUM ;TOTAL AREA UNDER CURVE 
ISREC=l 
NREC=10l 
SUM=O. 0 
T=O.O 

15 IF<<ISREC-1>. EG NROUND> NREC=NODD 
CALL DATRD<2. ISREC.C.NREC> 
K=NREC-1 
DO 20 I=L K 
A=DELT+<C<I>+C<I+1>>+<2•T+DELT>•. 25 
T=T+DELT 

20 SUM=SUM+A 

25 

30 

40 

ISREC=ISREC+lOO 
lF<NREC.NE.NODD> QO TO 15 
XMUl=SUM/XMUO FIRST MOMENT 
ISREC=l 
NREC=101 
SUM=O. 
TeO. 
IF<<ISREC-1>. EG.NROUND> NRECaNODD 
CALL DATRD<2, ISREC,C.NREC> 
K=NREC-1 
DO 30 I=L K 
A=DELT•. 5•<C<I>+C<l+1)>*<<<2•T+DELT>•. 5>-XMU1>••2 
T=T+DELT 
SUM=SUM+A 
ISREC=ISREC+100 
JF<NREC.NE.NODD> QO TO 25 
SIQ2=SUM/XMUO ;SECOND MOMENT 
WRITE<10.40> XMUO,XMU1,SIQ2 ;PRINT RESULTS 
FOR1'1ATC5X, 'XMUOa: ',£11. 5, 5X, 'XMU1c: ',£11. 5, 5X, 'SIG2= ',£11. 5> 
CALL CLOSEC2, IER> 
IF<IER.NE. 1> TYPE'ERROR ON CLOSE.CODE ',JER 
CALL EXIT 
END 



c 
c 
c 

10 

108 

SUBROUTINE DATRD<ICHAN. ISREC,VOLT.NREC> 
THIS PROGRAM READS A SPECIFIED AMOUNT OF DATA STARTING AT 
A SPECIFIED DATA POINT. IT ALSO CONVERTS THE DATA FILE TO 
FLOATING POINT MODE. 
COMMON ICOUNT 
COMMON INAME<10> 
DIMENSION VOLT<101> 
~=0 

DO 30 I=l· ICOUNT 
READ<ICHAN, 10> IDUM 
FORMAT <I 6 > 
DUM= I DUM 
IF< I GE. ISREC> GO TO 15 
GO TO 30 

1 s ~=-..1+ 1 
VOLT< J >=DUM/ 100. 
IF<J. EG.NREC> I=ICOUNT 

30 CONTINUE 
REWIND ICHAN 
RETURN 
END 

1 • 
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CQ-ORDINATE, DEAD TIME, AND DEAD DISPERSION 
CORRECTION PROGRAM 

PLOTS 



110 
C PROGRAM PLOTS 
C THIS PROGRAM CORRECTS THE MOMENT DATA FOR DEAD TIME AND 
C DISPERSION AND CALCULATES THE X AND Y CO-ORDINATES. 

DIMENSION XMU1<30), SIG2<30), G<30> 
10 FORMAT<5X, 'MU AXIS',5X, 'ZIV',5X, 'SIGMA AXIS',3X, '11V**2", 11X 

c , I 1 IV, I I I ) 
RMTEMP=21. ;AMBIENT ROOM TEMPERATURE 
SAMPSIZ=2. ;SAMPLE VOLUME SIZE 
ACCEPT'DATA POINTS= ',N ;NUMBER OF DATA POINTS 
TYPE'MOMENTS MUST BE IN MINUTES' 
ACCEPT'lST MDMENTS<15)', <XHU1<I>, I=1,N> 
ACCEPT'2ND HOMENTS<15)', <SIG2<I>, I=1.N> 
ACCEPT'FLOW RATES AT RM TEHP<ML/SEC><15>', <G<I>, I=l,N> 
ACCEPT'BED LENGTH<CM>= ',Z 
ACCEPT'BED POROSITY= ',E 
ACCEPT'PARTICLE POROSITY= ',EP 
ACCEPT'APPARATUS DEAD VOLUME<HL>= ',Vl 
ACCEPT'WADDING DEAD VOLUHE<ML>= ',V2 
ACCEPT'SIG2 CORR CONSTS; AX+B, RESPECTIVELY= ',A,B 
ACCEPT'COLUMN TEMP<C>= ',COLTEMP 
ACCEPT'BULK DIFFUSIVITY AT RM TEMP= ',DAB 
WP I TE ( 1 (l, l 0) 
DCr 5C I= 1 , t~ 
H1UC 1 = < \/1 I C• ( I ) > /60 ; APPARATUS DEAD VOLUME CORRECT lOr\ 

C NEXT LINE IS COL..UMt~o WADDING DEAD VOLUME CORRECTlOt~ 

XM0C2=CV2/(G(J)+CCO~TEMP~273 )/CRMTEMP+273 )))/60 
C NEXT LINE IS DEAD VOLUME DISPERSION CORRECTION 

SIG2C=<<A+DAB/GCI>+E)/G<I>**~)/3600. 
TO=<SAMP5IZIG<I>>I60. ;SAMPLE PULSE INJECTION TIME 

C NEXT LINE IS INTERSITIAL GAS VELOCITY IN COLUMN 
V=<G<I>*< <COLTEMP+273. )/(RMTEMP+273 ))/C3. 1416*E*. 528++2/4. >>•60 

C NEXT 5 LINES ARE X AND Y CO-ORDINATES 
Yl=<XMU1<I>-XMUC1-XMUC2-T0/2. -Cl+EP*<l-E>IE>+Z/V)/CCl-E>IE> 
Xi=Z/V 
Y2=<SIG2<I>-SIG2C-T0••2112. )/C2.+Z/V) 
X2=1. /V**2 
X3=1. /V 
WRITE<10,20> Yl,X1,Y2,X2.X3 

20 FORMATC3X,£9.4,3X,E9. 4,2X,£9. 4,3X,£10 4,5X,E10 4> 
50 CONTINUE 

END 

-=--~- -· - -;:0::- =:c- o;- --~·-" -. ·-c~-~.. --:----c--.,. 
A -;:.• •• ~-.=-~- .. --=-~-''• 

... - .~;_:=::;_· 
-:;,. -- -·- --·-· 
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