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This document is the final report submitted under A. E. C. contract

No. AT(11-1)-748, and is a summary of the major research accomplishments

between April 1, 1959 and March 31, 1965.  Throughout the six year

period four major areas were extensively investigated and a number of

experiments relating to each performed.  These areas were:

1. Study of the basic chromatographic processes.
.....----.... ...........-------»-            ---,

2. Investigation of the optimum parameters in chromatography.

3. The effects of temperature and temperature programming.
-*-..... ... ---.-

4. Preparative scale operation.
---. -

In each of the following sections these areas will be dealt with in de-

tail with primary emphasis on the results achieved.  For additional de-

tails the interim progress reports and the thirty-one technical publica-

tions resulting from this research may be consulted.

Study of the basic chromatographic processes.  A complete interpre-

tation of chromatographic results requires knowledge of the factors in-

fluencing both the migration parameter R, determining the time of appear-

ance of a zone, And the plate height H, a parameter relating to the

width of a zone.  A number of complex kinetic processes were studied in

detail and a method for finding the influence of each on the plate height

was   developed (2). This method, based   on an assumption of near-equili-

brium, makes possible the isolation of several effects such as large-

molecule adsorption within the column, consecutive reactions such as

adsorption and diffusion in the mohile and stationary phases, and other

reactions such as decomposition, interconversion, and catalysis that may
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effect of eddy diffusion on plate height was considerably less than pre-

viously predicted by other means.

Various partition mechanisms in gas chromatography were also exten-

sively researched and with the aid of several models a number of ex-

pressions were derived for the roles of gas phase and liquid phase dif-

fusion as rate controlling steps (9). Strongly related to partition

phenomena are the thermodynamic states of the gas, liquid, and solid

phases contained within the column (30).  In the case of gas liquid

chromatography an analysis of the complex distribution of the liquid

phase  was made resulting  in the "General Combination  Law,
" which  can  be

applied directly to solve practical problems of micro-geometry in chroma-

tographic column materials (22).  The effects of packing uniformity

and adsorption on plate height were also discussed.

In the case of gas solid chromatography a simplified model was used

for a theoretical analysis of nonequilibrium (8) which eventually led

to development of a rather complete theory of kinetic effects in adsorp-

tion chromatography for packed and capillary columns (25).

Due to a great number of published speculations, but no quantita-

tive data, work was also initiated to measure vapor pressures of several

stationary phases on solid supports in gas liquid chromatography and to

determine the effect of liquid phase concentration on thermodynamic

properties of the solvent (29).  The results confirmed previous theore-

tical predictions from this laboratory that at most practical loadings

the properties of the stationary phase liquid within the pores of the
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of large diameter columns.

Progress in the research of optimum conditions for separation led

to  a mathematical formulation  of  a new function: "The separation  per

unit length" (7).  It was shown that when minimized with respect to a

number of operating parameters, this function provides a rapid means of

estimating optimum conditions for separability.

Efforts were also concentrated on a theoretical study of the simul-

taneous reduction of temperature and liquid load in an attempt to extend

the range and capabilities of gas chromatography (17).  A mathematical

treatment of liquid geometry was included in this study.  The arguments

and equations presented indicated that optimum conditions for separation

could be best achieved with low load and low temperature columns.

The first extensive and thorough analysis of the significance of

pressure drops in chromatography columns was attempted and completed,

resulting in the conclusion, contrary to previous widespread beliefs,

that pressure drop by itself has very little adverse effect on resolu-

tion (24).

The greatest effort expended in research on optimum conditions dealt

with the problems of analysis speed in gas chromatography and in sug-

gesting methods and instrumentation capable of greatly reducing analysis

time.  These studies were initiated during 1961 and were continued in

1963,   64,   and   65. A number of equati ons resulting from theoretical   stu-

dies were derived and used to show that for greatest separation speed

in gas chromatography the column outlet should be held under vacuum
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effect on plate height and retention is temperature.  Its investigation

assumed two courses: 1) the study of thermodynamic aspects of gas

chromatography wherein a number of new standard states were defined and

several previous misinterpretations were corrected;  2) an extensive

theoretical investigation of programmed temperature gas chromatography

(PTGC), a technique closely related to isothermal gas chromatography,

but possessing a unique feature of controlled temperature rise.  A

theoretical analysis of retention times, retention temperatures, and

changes in heating rate, column length, etc. in PTGC was presented and

illustrated with several examples and calculations (6).  The results led

to a formulation of a new and more meaningful definition of plate height--

one censiderably different than its counterpart in iso-thermal gas

chromatography, but more useful in predicting effects on separability

unique to programmed temperature gas chromatography (10,16).

For the nonmathematically inclined laboratory analyst or instrument

operator an  elementary theory of PTGC was developed.  This theory made

possible correlations of widely diverse separation problems and suggested

that isothermal data may be used in predicting optimum parameters in

routine PTGC experiments (10,19).  With aid of the non-equilibrium theory

for plate height calculations in chromatography, effects of zone compres-

sion and thermal lag were also investigated (16). In addition a new

equation   for   the "
significant temperature" was formulated to allow   com-

parisons of the effectiveness of PTGC with iso-thermal techniques (19).

Preparative scale operation.  Extension of gas chromatography as an

6
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analytical tool to one useful for large scale preparative separations

was the subject of considerable theoretical and experimental research

which led to isolation of numerous sources of resolution loss in large

columns and to the conceptual development of a unique large scale column

(11).  An initial theoretical study of scale-up effects, completed

during 1962, showed that no less than ten factors were responsible for

resolution loss when the column diameter was increased and that addi-

tional sources of loss, attributed to end effects, small diameter link-

ages, and multiple columns, may also be expected (20).  An experimental

program was initiated to verify some of these results and to provide

further insight for the development of improved techniques (28).

An extensive theoretical investigation, based on the generalized

non-equilibrium theory, was initiated in 1963 and led to an expression

of zone spreading, or smearing, as a function of the velocity profile in

the column cross section (21).  For direct application to large scale

gas chromatography a number of simple approximations to relate variations

in retention within the column cross-section were also derived.

In addition an apparatus to study particle size distribution within

large columns was assembled and numerous experiments, designed to corre-

late packing variations with velocity gradients, were performed (14).

The results indicated that packing variations could be eliminated by

several means, including one that is uniquely promising--a method wherein

the annular space between two concentric cylinders is used to store the

packing material.
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To further aid experimental studies of large scale operation a 96

cubic foot constant temperature air box was constructed.  This was used

in conjunction with multi-channel detecting, amplifying, and recording

equipment.  This equipment makes possible the investigation of very large

columns (up to 1 foot in diameter and 10 feet long) and promises to be a

versatile tool for complex large scale experiments.

Initial studies, involving 2" diameter columns,  have been completed

and, in light of simple theoretical principles, interpreted to yield two

significant conclusions (28):  1)  many parameters relevant to prepara-

tive scale gas chromatography can be seen with this equipment and 2) the

highly important "non-uniformity factor" can be quantitatively isolated

and in fact is surprisingly close to a value predicted by a simple

theoretical model. Similar experiments performed  to  date  with  a  4"

diameter, 3 foot column have substantiated previous observations that

packing uniformity within large scale columns is unpredictable at best.
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