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I. INTRODUCTION 

Chromatography is a collective name for all sepa:ration processes 

where the separation of the components is effected by their partition 

(differential sorption) between a stationary phase and a mobile phase. 

The strength of the adsorption between the liquid phase and sample mix-

ture is different for each component. Weakly adsorbed components pass 

through the packed column faster than components which are strongly ad-

sorbed. As flow through the column proceeds component zones are devel-

oped. The zone which exits first contains the weakly adsorbed compo-

nent and the zone which exits last contains the most strongly adsorbed 

component. 

With the discovery of gas chromatography in 1952, scientists almost 

immediately saw the possibility of extending this important analytical 

technique to preparative separations. The basic attractions of gas 

chromatography as a preparative method are very high separation effi-

ciency and high speed. However, direct scale-up of analytical systems 

to handle preparative-size samples always results in a significant de-

terioration in the separation efficiency. Radial variations in the 

carrier gas velocity in large diameter columns is the main reason for 

poor efficiencies. This variation in carrier gas velocity causes a 

widening of the sample zones which results in poor separation effi~ ·· 

ciency. 

Several design approaches have been employed to combat this pro-

blem. The most successful being the use of disc-and-doughnut type 
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baffles which period:;lcally m:lx and redist1'tbute. the mobile pha.ae., Effi..,... 

cienctes Gt;e;I,a,t~e to an anal.rt::t,ca,;J.. ... ~ca,1,e c:o:I:umn1 <i\S lt;i:;gn /:'ls fi:f ty and 

sixty per cent have been efitained w;i:th t!Us des;t:gn. By compar+:son, 

typical efficiencies for two inch unbaffled preparative-scale columns 

are approximately fifteen per cent, and even less for larger columns. 

The purpose of this investigation was to study the effect of 

sample size and carrier gas f lowrate on the efficiency of an annular 

preparative-scale column. The preparative-scale efficiency is relative 

to an analytical-scale column. 



II. LITERATURE REVIEW 

This section conta:tns a review of published literature relative 

to this investigation. 

Development of Chromatography 
(102) . Chromatography was first employed by Tswett in 1906, for sep-

arating components of plant pigments. Since he obtained discrete bands 

of colored material, he termed his method "Chromatography" (literally: 

"color writing"). C4S) Tswett's procedure remained almost unnoticed 

for 25 years, and was rediscovered by Kuhn, Winterstein and LedererC49 ) 

who used it to resolve plant carotene into its components. The further 

development of liquid-solid chromatography was largely due to the Swe-

dish investigators Tiselius and Claesson. C4) 

"Partition" chromatography was introduced by Martin and Synge(64) 

in 1941 and was further developed by Martin and his co-workers to a 

special form known as "paper chromatography", which was useful in bio-

logical and medical research. 

The adaptation of adsorption chromatography to mixtures in the 
(103) (5) form of gases or vapors is due to Turner and Claesson around 

1943. 

The development of gas chromatography was accelerated by the intro-

duction in 1952 of gas-liquid chromatography by James and Martin. C47) 

Between 1956 and 1962 most of the present-day instrumentation 

was established. Since 1962, most attention has been on instrumental 

refinements and application of the techniques to an ever increasing 

- 3 -
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range of analytical problems. C33> 

Of the abave d:tfferent types of cfu7o:mategr:a.phy, thi:s study i:n,.. 

volves gas-liquid chromatography. 

Advantages of Gas-Liquid Chromatography 

In any separation, the ease of separation depends on a physical 

or chemical difference in the properties of the substances to be sep-

arated, Gas-liquid chromatography utilizes the difference in adsorptives 

of the components of a mixture on a particular liquid film (solvent) to 

accomplish the separation. For this reason, gas-liquid chromatography 

can separate mixtures which cannot be separated by other techniques. 

Gas-liquid chromatography has the ability to separate optical isomers 

of the same boiling point. <34) This separation would be impossible on 

a distillation unit, since the ease of separation depends on the dif-

ference in boiling points of the components. (lOO) Since the isomers 

may be significantly different in their adsorptive properties, an ef-

ficient gas-liquid chromatographic separation may be possible. 

Compared with other instruments having similar performance, gas-

liquid chromatographs are relatively cheap, their maintenance costs 

are low, they are easy to operate, and their operation requires no 

previous qualifications. In additions, they can be used for the solution 

of widely varying tasks from the analysis of gases to that of high 

boiling liquids. 

The speed of analysis ts very fast, because of high diffusion 

rates in the gas ph.:\se. Th_e time required for an;analysis is frequently 
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less than twenty minutes, 

detectors used to detect separated compenents ::f:n the ca.rX"i-er gash The 

signal from the detector can be eas:Uy reco):'ded, In the latest systems·~ 

recording and evaluation of the results and storing of data are all 

automatic. 

Applications of Gas-Liquid Chromatography 

Gas-liquid chromatography is primarily an analytical method, but 

may be used in many other fields with excellent results. The appli-

cations of gas-liquid chromatography can be summed up as follows: 

1. Direct analysis of gases, liquids and volatile solids -

analytical applications. 

2. Large scale preparation of pure substances or narrow 

fractions - preparative applications. 

3. Continuous monitoring and automatic process control. 

4. The study of chemical structure. 

5. The study of mechanism and kinetics of chemical reactions. 

6. rhysico-chemical measurements: determination of isotherms, 

heats of solution, diffusion constants and activity coef-

ficients. 

These applications indicate the numerous fields where gas-liquid 
(85) chromatography is useful. · 
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Bai:t!c. l?'l:oc~s.s ~o~. ~f!$:'},t,\ut-,d., ,CJ>,tP!9fltOgp-!ij>h;ic, {\nalt~·t;s 

The bas~c :elev systeJIJ of a ga~lt."lu~d cfu;!emateig~apQ.it..s. ~ti.own in 

P':tgure I.. An tne'I't cal'r1:e,;i gas, ne>X'Dlallr ntt'.l;'ogen er nelfum, f:t'I'st 

passes from a supply tank to a flew controller, which maintains a con-

stant flow. The gas then passes to the column inlet. At the inlet 

there is a sample injector and vaporization chamber. The purpose of 

the sample injector is to provide a means for sample introduction. The 

purpose of the vaporization chamber is to supply heat to quickly vapor-

ize the liquid sample. Sample vaporization is a very important func-

tion. If the sample is not vaporized instantaneously the sample zone 

will be broadened and poor efficiency will result. The carrier gas 

and sample mixture then enter the column proper. The column contains 

an inert support material, normally crushed firebrick or diatomaceous 

earth, with mesh sizes from twenty to two hundred. The stationary 

liquid, fbr example Carbowax 400, is applied in a thin film on the 

solid support, normally two to thirty.weight per cent. The inert solid 

support and stationary liquid phase is referred to as the stationary 

phase or packing. The packing is placed in the column by vibrating 

the column while slowly pouring the packing into the top. 

The carrier gas elutes the sample mixutre through the column. 

The separation is based on differences in physical and/or chemical 

affinities of the components in the meb:tle phase for the stationary 

phase. The weakly adso:roed components travel rapidly through the 

column, while the strongly adsorbed components move slowly. Different 
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component zones are developed in the column. After eluting from the 

column, the carrier gas transports the component zones through a de-

tector. The separated components of the sample mixture are detected 

as they emerge one by one from the column. The detector uses some 

physical or chemical property of the vapors by which they can be in-

dicated and quantitatively measured. The signal from the detector is 

sent to a strip chart recorder, which makes a permanent record of the 

analysis called a chromatogram. Before the sample is exhausted from 

the system, it passes through a flowmeter, which measures the carrier 

gas flow rate. (SZ) 

Development of Preparative-Scale Chromatography 

The outstanding separation power of gas chromatography offers 

unique possibilities in preparing high purity substances. This possi-

bility was soon recognized, and publications on preparative applications 

of gas chromatography appeared in the mid 1950's. (8 , 86) By the end 

of that decade detailed preparative gas chromatographic methods and 

appropriate equipment began to emerge. Many designs have been at-

tempted, but serious technical problems have delayed the development 

of this potentially useful technique. The major problem is the non-

ideal flow pattern encountered in large diameter chromatographic col-

umns. <34) In analytical columns radial mass diffusion compensates 

for the non-uniform velocity profiles since diffusion distances are 

very short. In larger diameter columns radial diffusion does not com-

pensate for the non-uniform velocity profiles since diffusion distances 
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are too large. (GS) 

The primary approach to preparative gas chromatography has been 

the scale-up of analytical columns to accommodate larger samples by 

increasing the column diameter. This approach is based on the assump-

tion that sample size can be increased in proportion to the cross-sec-

tional area of the column. Analyses of the poor column efficiencies 

obtained by direct scale-up have led to many different preparative-

scale designs. Several important design approaches are described 

below. 

Multicolumn Arrays. One approach to increasing the production of 

pure components is to increase the number of columns by using a group 

of identical parallel columns. A large sample is split with the aid 

of a manifold and processed as quickly and as efficiently as a small 

sample in anaanalytical column. 

The major problems concern developing an efficient manifold system 

and matching the group of columns so they each have the same retention 

characteristics. (7S) 

Rotating Parallel Columns. A modification of the parallel column 

system, is to rotate an array of columns and inject samples into each 

column in turn. This method approaches the ideal of continuous sample 

introduction. 

This rotating design eliminates the need for a manifold system, 

but the problem of matching the retention characteristics of the columns 

remains. <79> 
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Long, Narrow Columns with Sample Overloading. Verzele and co-

workers C76) have studied the use of ;yer;y long na;i;row columns (75 meters 

long, 9 mm in diameter). Although this approach permits useful sepa-

rations with relatively large sample sizes (10 milliliters), there is 

a distinct deterioration in the separation efficiency. These columns 

are about ten times less efficient than a standard analytical column. 

The argument for the long, narrow-bore column is that with pre-

parative-size samples, capacity is proportional to the amount of packing 

regardless of column dimensions. The sample zone width is a function 

of sample overloading and is independent of the normal parameters that 

determine column efficiency. 

The major disadvantages of long narrow-bore columns are poor effi-

ciency, sharply increased hold-up time, and increased pressure drop. C77 ) 

Moving Bed Continuous Counter Current Process. Moving bed gas 

chromatography was first applied to gas separation problems by Benedek 

and Szepesy. (2) The principle of operation is as follows: The packing 

moves slowly down the column by gravity while the evaporated sample is 

fed continuously with the carrier gas to the middle of the column. 

Packing velocity and carrier gas velocity are adjusted so that the 

weakly adsorbed component exits from the top and the strongly adsorbed 

component exits from the bottom. The packing discharged at the bottom 

is continuously conveyed to the column top completing the cycle. Very 

high capacities can be realized, with the moving bed method. The major 

problem is the loosening of the packing, due to its movement. A non-

uniform packing density and consequently a greatly reduced efficiency 
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result. Some packing is destroyed during the cycle, permitting the 

use of only mechanically strong packing. (87} 

Baffled Preparative-Scale Column . 

A new approach to preparative-scale chromatographic separation has 

been developed by Ryan and co-workers. (67) Th.is design employs a large, 

packed chromatographic column with internal baffles. The mixing baffles 

are spaced at approximately twelve inch intervals along the column 

length. <68) The baffles periodically mix and redistribute the mobile 

phase. Th.is action in effect increases the radial mixing. Using this 

approach columns with approximately sixty per cent efficiency have been 

reported. (69 ) Th.is efficiency value is relative to anaanalytical column 

of the same length performing the same separation. For comparison, the 

same sized preparative column without interal mixing devices would have 

an efficiency of about twenty per cent. <70) Baffled designs are com-

mercially available from Abcor Incorporated of Cambridge, Massachu-

setts. <9> 

Sectional One Foot Diameter Columns 

Carel and coworkers(J) have developed a production type chroma-

tograph with columns one foot in diameter. Column sections are twenty-

four inches long and can be joined with gas tight flanges to lengths 

of sixteen feet. These columns contain porous sintered steel plates 

(flow homogenizeres) at various intervals throughout the column length. 

The plates mix and redistribute flow. Th.is helps solve the problem of 

radial velocity non-idealities by increasing the radial mixing. 
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The one foot diameter columns can handle large volumes of sample, 

with approximately 1400 milliliters being reported. C4) The efficiency 

is approximately 50 per cent as compared to an analytical column per-

forming the same separation. 

Annular Columns. Giddings(3l) has suggested that the use of an-

nular columns might be the answer to the efficiency problem in prepar-

ative-scale work. The center portion of the column packing is elimi-

nated in this design. The annular column should provide a more uni-

form flow pattern of the mobile phase. The radial mixing will also be 

more efficient because the diffusion distance is less. 
(1) Nester/Faust Manufacturing Corporation has marketed a prepar-

ative-scale unit which utilizes annular columns. The preparative unit 

is available with an outer annulus of 1/2, 3/4 or 2 inches with packing 

widths of 1/8, 3/16 and 1/2 inch respectively. The columns are avail-

able in six foot lengths. The oven air is circulated through the center 

tube. This reduces the heat transfer problems, which have been encoun-

tered in other preparative-scale chromatographs. (80) The Nester/Faust 

preparative units also contain temperature progrannning, sample collection 

and other typical features. 

Problems in Preparative-Scale Chromatography 

The development of efficient and economical preparative-scale 

chromatographs has been delayed by several problems. 

Sample Introduction and Collection. A major problem in preparative-

scale chromatography is the instantaneous injection of large volumes 
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of liquid sample. Two approaches h~we been used. One :i..a the rapid 

vaporization of the sa,mple w;i::th_ subsequent i.nt!roduction of vapor into 

the column. The sample must be vapor:tzed as quickly as poss;i;ole so 

that it will enter the column in a narrow band, or slug. If th:ts is 

not accomplished, the efficiency of the column will drop. This method 

require6 extremely careful engineering of injection volumes and of heat 
(81) transfer systems. The alternative approach is to introduce the 

liquid sample directly onto the column packing. This, however, pre-

sents problems in terms of physically washing the stationary phase from 

the packing. 

An alternative to injecting large samples (10 to 100 milliliters), 

is to automatically inject a number of smaller samples. 

A major problem, whether large samples or multiple small samples 

are used, is product recovery. The separated components must be in-

dividually trapped without loss of purity. The sample collecting 

system has three parts: a) gas outlet tube and collecting manifold; 

b) collecting traps with cooling bath; and c) automation of the col-

lecting system. The traps are connected to the carrier gas stream by 

means of automatically operated valves. The components are collected 

by operating the trap valves at the proper time. The component for 

collection flows into the trap where it is condensed by a cooling 

medium. The collection system must be designed to insure complete 
. (88) condensation and no fog format~on. The design must eliminate back 

mixing, dead volume and contamination. 
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Capacity. One limitation of any process equipment is the maximum 

amount of material which may be processed. Since gas-liquid chroma~ 

tography is generally a batch process, this presents several problems. 

For a given separation and operating conditions there is a minimum al-

lowable time between injections. This time lapse must be present to 

prevent overlap of sample zones in the column. If a new sample is 

injected before complete elution of the previous sample, the faster 

moving components of the new sample may overtake the slower components 

of the previous sample. The result will be contamination in the col-

lection system. If a sample material contains very slow moving 

(strongly adsorbed) components the throughput will be reduced. 

The sample recovery system may be operated such that some zone 

overlap may be tolerated. (S9) Another alternative is the use of tem-

perature programming. In this operation, the column temperature is 

gradually increased as the mobile phase moves through the column. The 

increased temperatures aid in decreasing the retention time of strongly 

adsorbed components, increased throughput results. (SJ) 

Conder and Purnell(6) describe another method for increasing 

throughput. The feed band is injected with much greater width than is 

usual in analytical work. A criterion is developed for separation of 

any two components in the feed. A method is developed to predict the 

number of plates required for separation as a function of feed band 

width. The range of optimum feed band width is considered for prepar-

ative applications, and a method is given for calculating the optimum 

throughput. <7> 



- 15 -

Economics. Several problems are involved in economical operation 

of preparative-scale columns. Because of the large throughputs desired, 

carrier gas requirements become an important factor. In order to keep 

operating cost at a minimum, a carrier gas compression and recycle 

step is desirable. The gas must also be cleaned, to prevent buildup 

f i . . (98) o mpur1t1es. 

Another major cost in preparative work is packing. Packing should 

be chosen with respect to mechanical firmness to avoid attrition. Wide 

mesh ranges (10-60 mesh), should be used to reduce the cost. <9o) 

Applications of Preparative-Scale Chromatography 

The objectives and applications of preparative-scale chromatography 

can be classified as follows: 

1) Preparation of small (milligram) quantities of pure substances 

for identification purposes, e.g. spectrometric tests, with laboratory 

analytical gas chromatographs. 

2) Preparation of pure substances in quantities ranging from one 

to 1000 grams for organic syntheses, reaction kinetic studies, and 

measurement of physical properties with special preparative apparatus. 

3) Preparation of pure substances in quantities ranging from one 

to 1000 kgs for marketing or for further processing with production 
. (91) type equipment. 

Like other separation and purification methods preparative-scale 

chromatography can be applied to the removal of contaminants, the pre-

paration of high purity substances, the separation of contaminants 
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for identification, and the separation of multicomponent mixtures 

into narrow fractions or individual components. C.92) 

The final application of preparative scale chromatography is 

large scale production units. Ryan(7l) and co-workers have reported 

units that process approximately one million pounds per year. The 

operating cost for easy separations are approximately three cents per 

pound, while very difficult separations may cost fifteen dollars per 

pound. 

Preparative-Scale Column Efficiency 

Since the first preparative-scale columns were developed, workers 

have been trying to increase column efficiency. The major cause of 

poor efficiency in large diameter columns, is the ineffective radial 

diffusion coupled with the variation of carrier gas velocity across 

the column cross-section. Some of the methods developed to minimize 

this problem have been discussed in the preparative-scale development 

section. 

Ryan and co-workers(72) have developed one of the most efficient 

designs. This design employs internal baffles which periodically 

remix the mobile phase, i.e., increase radial mixing. Ryan and co-

workersC73) have shown efficiencies of approximately sixty per cent 

on a four inch column with internal baffles. This performance was 

obtained on the separation of cis-and trans-penetene-2. The efficiency 

of an unbaffled four inch column was approximately twenty per cent. 

The corresponding HETP's were .66, 1.05 and 2.96 centimeters for the 
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analytical (1/4 inch diameter), baffled and unbaffled columns respec-

tively. 

Gas-Liquid Chromatographic Theory 

The rate theory developed by van Deemter<93) covers the study of 

processes in the column; the influence of flow conditions, diffusion 

and resistance to mass transfer on peak broadening. The rate theory 

also quantifies the dependence of zone broadening; i.e. of the value 

of HETP, on flowrate and includes the effect of column and operating 

parameters. <94) 

Zone broadening results from non-equilibrium effects. Part of 

the sample fed into the inlet of the column is rapidly adsorbed while 

another part remains in the gas phase. If carrier gas flow were to 

cease, equilibrium would be established between the two phases. The 

carrier gas stream however, sweeps the solute from the gas phase and 

transports it to the next section of the column where it is adsorbed. 

Flow in the column hinders the molecule in the gas phase from reaching 

the stationary phase in the same cross-section of the column. Flow 

continuously upsets, while mass transfer tends to establish a state 

of equilibrium. As a result of these two effects a certain state of 

non-equilibrium develops at every point of the zone. 

Giddings(lO) has listed the non-equilibrium effects associated 

with mass transfer in the mobile phase as: 1) transchannel effect, 

2) transparticle effect, 3) short-range interchannel effect, 4) long-

range interchannel effect, and 5) transcolumn effect. These effects are 
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described below. 

Trartsch.artrtel Effect. The t:t'ansch.annel effect occurs between sttigle 

flow channels. Iri each flow channel a ldgl'l velec~ty ext~ts, :tn tl'le 

center and a low velocity exists near the channel boundary. Diffusion 

through the mobile phase leads to exchange of mass uetween these regions. 

This is the main transfer involved, when vapor equilibrates between 

the gas phase and the liquid on the particles of packing. <54> The 

velocity differences through the individual channels results in band 

broadening, 

Transparticle Effect. In gas-liquid chromat-0graphy the mobile 

phase occupies part of the space within the porous solid packing. This 

part of the mobile phase is staggant, but is surrounded by a fast moving 

gas stream. The mass transfer through the stagnant mobile phase is 

termed the transparticle effect. (ll) 

Short-Range Interchannel Effect. The flow channels in the packed 

column vary greatly in diameter and length. Because of the varying 

size of flow channels, the velocity of the mobile phase in neighboring 

channels may be significantly different. The non-equilibrium diffusion 

which results is termed the short-range interchannel effect. 

Long-Range Interchannel Effect. A similar type of non-equilibrium 

diffusion occurs between groups of channels distant by a few particle 

diameters. Variations in average gas velocity between different sec-

tions of packing in the same cross-section cause non-equilibrium dif-

fusion. Tlds non-equilibrium diffusion is te'l:'1lled the long-range inter-

channel effect. 
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Transcolumn Effect. The fina,1 non-equ;tlibrtum effect is termed 

the transcolumn effect. This effect accounts fat' non-equil::t:or:tum mass 

transfer between totally different parts of the column cross-section. 

Differences in carrier gas velocity developed by uneven packing density 

in the column or by "wall effects" cause this non-equilibrium effect. 

In preparative-scale columns of large diameter, the transcolumn effect, 

caused by the radial variation of carrier gas velocity, is the dominant 

contributor to the mobile phase dispersion. C55> 

Another non-equilibrium effect is caused by solvent maldistri-

b t . (35) u ion. This effect is developed when the stationary liquid phase 

is not applied in a uniformly thin layer on the solid support. This 

effect can be significantly reduced by applying the liquid phase very 

carefully to the solid support. 

HETP (height equivalent to a theoretical plate) is the typical 
. (101) measure of efficiency for packed columns. An ideal column has a 

plate height of zero; i.e., a packing height of zero is required to 

accomplish a separation equivalent to one theoretical stage or plate. 

Low HETP values correspond to good column efficiency. 

The extended van Deemter equation relating HETP to diffusion 

effects in packed, chromatographic columns is given by Giddings(l2) as: 

HETP = c0 u g 0 + (1) 
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where: 

A 

B longitudinal diffusion term 

= bulk flow velocity 

= gas phase mass transfer term at the outlet pressure 

= liquid-phase mass transfer term 

= pressure gradient correction term 

A represents the contribution to plate height due to eddy dif-

fusion. (l3) Random flow patterms in packed columns induced by irregu-

lar packing cause eddy diffusion. Eddy diffusion is characteristic 

of the geometry of the solid particles and is independent of the nature 

of the liquid phase and the solute. C9S) This effect is quantitatively 

expressed by the following equation: 

where: 

A = (2) 

we = ratio of velocity differences inside and outside the eddy 

region to average flow velocity, dimensionless 

= ratio of average free distance available for molecular 

diffusion to particle diameter, dimensionless 

d = average particle diameter, length 
p 

Eddy diffusion effects are associated with all the non-idealities -

transparticle, short~range interchannel, long-range interchannel, trans-



(14) channel and transcolumn. The total eddy diffusion term A, is the 

sum of the individual eddy diffusion contrioutions. C15) 

Each non-ideality has a specific WS and Wl~ For example, in the 

long-range interchannel effect Giddings(l6) has shown that WS is ap-

proximately 0.20 and WA is approximately 5.0. The specific values of 

WS and WA are functions of eddy region velocity, bulk flow velocity, 

diameter of the packing, and the particle size distribution within the 

bed. (ll) 

In Equation (1), B represents the contribution to plate height 

due to longitudinal or axial diffusion. This term accounts for zone 

spreading due to axial molecular diffusion in the mobile and stationary 

phases. C96 ) The longitudinal diffusion term can be quantitatively ex-

pressed by the following equation: 

where: 

D = m 

y = 

Ys = 

D ;::: 

s 

B = 2 y Dm + 2 y D s s 
1-R 

R 
(3) 

molecular diffusion coefficient for mobile phase, 
2 (length) /time 

obstruction factor for diffusion through granular 

materials, dimensionless 

obstruction factor for ddl.ffusion in stationary phase, 

dimensionless 

molecular diffusion coefficient for stationary phase, 

(length) 2/time 
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R, ;:; f;raction pf solute tn the mob;tle rhaf!le, d;tmensionless 

The obstruct;ton factl!lr y =i D/D 1 wh.ere D :ts the {ll.ppa,:vent d;tf~us;i,flln co"" m 

efficient for the ent:tre column~ is an e,mp;trical factor wfi:tcn is a 

function of tortuosity and constrictions, which hinder diffusion through 

chromatographic packing. (lB) 
. (19) For porous, densely packed columns y is approximately 0.60. 

The theory for obstruction to diffusion in the stationary phase has 

not been developed, but values for y may be comparable to values of s 
'Y. (10) Values for D can be calculated from expressions such as the m 
Ch E k . (2l) h d i il bl apman- ns og equation , w en ata s not ava a e. 

0 In Equation (1), C is the gas phase mass transfer term. g 

Giddings( 22) has shown that this term is the sum of the non-ideal 

effects discussed previously, such as the short-range interchannel 

effect. co is given by the following equation: g 

5 
co = L: c (4) g i=l gi 

Quantitative relationships have been developed for the individual c8i's. 

For approximately spherical packing material, the transparticle con-

tribution is: 

2(1 - <PR) 2 
60(1 - <P)y 

~ 
D m 

(5) 
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where: 

C = plate height contribution due to transparticle effect, 
gr 

time 

~ = fraction of mobile phase occupying interparticle space, 

dimensionless 

Y = obstruction factor for diffusion within packing particles, 

dimensionless 

R = fraction of solute in mobile phase, dimensionless 

dp = average particle diameter, length 

Dm = molecular diffusion coefficient for the mobile phase, 

(length) 2/time 

The transparticle effect occurs when the support particles are porous 

and the particle channels are filled with mobile phase. C56) For most 

gas-liquid chromatographic columns, y = 0.60, R = 0.05 and ~ = 0.5. CZ3) 

The values of these factors are somewhat uncertain and may vary from 

case to case. Usually the above typical values give fairly accurate 

results. Substituting these values, equation (5) becomes: 

= (6) 

The second plate height contribution is the short-range inter-

channel effect, Cgrr· This effect represents mass transfer between a 

large channel and a neighboring smaller channel. C57) The quantitative 

expression for this effect is given by: 
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Where: w = universal parameter, dimensionless 

dp and D were defined previously. m 

en 

For porous solids permeated with the mobile phase, w is given byCZ4}: 

w = 0.70(1 - O.lSR) (8) 

Using the value of R given above as 0.05, we have w = 0.695. There-

fore, C becomes: 
gII 

2 
0.695 ~p 

m 
(9) 

The third mobile phase contribution to plate height is the long-range 

interchannel effect, CgIII' This effect represents mass transfer be-

tween groups of channels distant by a few particle diameters. C58) 

This effect is given by Giddings(Z5) as: 
2 

2 re 
(6R - 16R + 11) 24D (10) 

m 

where: 

C = plate height due to long range interchannel effects, 
8rII 

time 

r = column radius, length c 

R and D are as defined before. m 
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This equation was derived assuming laminar flow in a circular packed 

column. (26) Assuming as before, that R ;:::; 0 .as, we haye; 

= 0.426 
2 r 

....£.._ 
D m 

(11) 

The fourth mobile phase non-equilibrium effect is the transchannel 

effect. This effect is analogous to the effect in capillary columns. 

The equations can only be applied approximately since there is no way 

to account for the varying diameter of the channels or the complex 

flow patterns within the channels. The transchannel effect for packed 

columns can be neglected, since the contribution to plate height is 

per cent, (Z 7) therefore Cg = 0. only about one 
IV 

For large diameter or preparative chromatographic columns another 

non-ideality, the transcolumn effect, contributes to the HETP. This 

contribution is included in the HETP equation by adding a fifth mobile 

phase term, Cgv· Giddings has developed a relationship for this con-

tribution. (2S) 

where: 

96yD m 
(12) 

G = fractional velocity non-uniformity, ~u/nu , dimensionless 
0 

D , r , ~' y are defined previously. m c 

This non-ideality is caused by radial variations in the card.er gas 

velocity. By using ~ = 0.50 and y = 0,60 as above, we have: 
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c 
G2J: 2 

0 • 00.9 ~_.,::;C~ 
D 

0.31-
~ m 

In preparative columns, Cg is the largest contribution to HETP. Har-
v 

grove and Sawyer(36) estimated that 80 per cent of the HETP in their 

two inch unbaffled column was due to Cg . 
v 

Combining the five contributions to HETP in the mobile phase we 

have: 

= = 
2 r c o.426 n 

m 

2 
{ 1.878 ~ + 0.0211 G2 + 1 } 

r c 

(14) 

In Equation (1), c1 is the liquid-phase mass transfer term. This 

term is a function of adsorption and desorption rates, solute concen-

tration in the gaseous phase, thickness of liquid phase film on the 

packing, temperature and pressure. The expression for the overall con-

ib . 1 h . h b l ' . d h f c i . ( 2 9) tr ution to p ate eig t y 1qu1 -p ase mass trans er, 1 , s. 

where: 

= 
d2 

2/3 R(l-R) D 
s 

d = average film thickness of liquid phase, length 

(15) 

D = molecular diffusion coefficient for stationary phase, s 

R = fraction of solute in the mobile phase, dimensionless 

D includes the dependence upon temperature, pressure, and adsorption s 
and desportion rates. Assuming again that R = 0.05, we have: 
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C ;=; Q 032. d2 
l ' D (161 

s 

In Equation (1}, f ts an emperical pressure correction factor 

g:tven by: <97> 

f = 3 f 
2 

(P/P0 ) 2 - 1 

C'i!/P0 ) 3 - 1 
} (17) 

where: 

Pi = inlet absolute pressure of column 

P = outlet absolut.e pressure of column 
0 

The correction factor, f, is included in the equation because c1 

is calculated at the column pressure. c1 must be corrected to the out-

let pressure of the column to be consistent with the other terms in 

Equation (1). 

By substituting the above relationships into Equation (1), we 

have the following expression for HETP: 

2 0.426 r 2u 
= w a w'\ dp + (1. 2 Dm + 22. 8 D ) /u + c 0 

.., I\ s o D 
m 

HETP 

2 d2 
. { 1.878 ~ + 0.0211 G2 + 1 } + 0.032 D f 

r s c 
u • 

0 
(18) 

This equation may be rewritten, not assuming a constant value of R, as 

follows: 



HETP 

- 28 -

+ (0.70 - 0.105R) dp2 + (6R2 - 16R + 11) 

+ 2/3 R(l - R) 
d2 

fu 
D~ o 

2 r c 
~+ 

(19) 

These equations give the total plate height in a packed chroma-

tographic column as a function of column and particle dimensions, bulk 

flow velocity, and properties of the carrier gas and sample components. 

Analysis of Chromatographic Peaks 

The plate number and HETP of a column may be found from a chrom-

atogram, as in Figure II. Measurements are taken directly from the 

chromatogram. The ordinate. is detector response and the abscissa is 

retention time. The retention time of any component is defined as the 

time between injection of the sample into the column and elution of the 

sample through the detector. 

The straight horizontal line before injection is termed the base 

line, The sample is injected, and the strip chart is marked at the 

moment of injection. As the sample passes through the detector a 

peak is produced by the response developed within the detector. The 

peak is permanently recorded by the strip chart recorder. 

Several methods have been reported for measuring plate height. C59) 

The method which gives the best reproducibility and is therefore more 

reliable is termed the peak half height method. (GO) Using this method, 

a line is drawn perpendicular to the base line at the peak maximum. 



Q) 
en 
i::: 
0 p.. 
U) 

~ 
1-l 
0 
+J 
u 
Q) 
+J 
Q) 
A 

d------

h 

J.~---- wl/~ M • 

Injection 
Point 

Time 

Figure II. A Typical Chromatogram 

-..--~~~ ..... ~~-Base Line 

N 
\.0 



- 30 -

The distance between the injection point and the tnte~secttcn of the 

perpendtcular line with the baae. ltne i~ tlle ~etent~n t~e, d, An~ 

other line ts drawn at the peak wtdth at half ef the maxfmum peak 

height, w112 • 

Using these two measurements, d and w112 , the number of theoret-

ical plates is calculated using the following equation. (6l) 

11. = 

where: 

Jl2 
5.54 -2--

wl/2 
(20) 

n = number of theoretical plates, dimension-

less 

d and w112 are as defined above, usually measured in inches or centi-

meters. 

Once the number of theoretical plates has been calculated, the 

HETP may be determined from: 

HETP = L/n (21) 

where: 

L = length of column, inches 

HETP = the height equivalent to a theoretical plate, inches 

In this investigation a preparative-scale column was compared to 

an analytical column. One method to make this comparison, is to quan-

titatively compare the HETP values of each column. This method is 

valid if the columns are operated at the same conditions and if the 



- 31 -

column lengths are identical. For this comparison, a relative ef-

fici:ency based on ttl,e HETP values of ooth columns b used; 

where: 

%E :::: 
HETJ? a 
HETP 

p 

%E = per cent efficiency 

(100%) 

HETP = height equivalent to a theoretical plate for the a 
analytical column, inches 

(22) 

HETP = height equivalent to a theoretical plate for the pre-
p 

parative-scale column, inches 



Tll.e expe~i1llental $ectton includ.es an outline of tile plan of ex-

per:tmentat;Con, metllods ef procedu!t'e, data and results. 

Plan of Experimentation 

Literauure Survey. The literature on gas chromatography was sur-

veyed. The general categories surveyed were, factors which affect ana-

lytical column performance, factors which affect the efficiency of pre-

parative-scale columns, and general chromatographic theory. 

System for Investigation. Several chemical systems were initially 

investigated. N-methyl butyrate, methyl actetate and methyl metha-

crylate were studied with respect to retention time, peak shape, and 

boiling point. N-methyl butyrate was chosen because it had the most 

favorable retention time and was within the operable temperature range 

of the preparative scale column as defined by Leonard. (SO) 

Analytical Work. To obtain the optimum operating temperature, 

injections of two microliters at various temperatures from 150°F to 

235°F were made. During the above investigation the same conditions 

of carrier gas flowrate, pressure drop and sample size were maintained. 

After the optimum temperature was obtained, the effect of sample 

size on HETP at various carrier gas flowrates was determined. Sixteen 

sample sizes in the range of 0.20 microliters to 3.6 microliters were 

injected with five repetitions of each size. Flowrates of five, ten 

and twenty milliliters per minute were investigated. Average HETP 

and standard deviation values were calculated for each of the sixteen 

- 32 -
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sample sizes. 

Preparative-Scale Work. HETP values on the preparative scale 

column were initially high. The high HETP values may have been caused 

by the method used originally to pack the column. The column was dis-

assembled and all packing removed. The column was then reassembled 

and repacked at a filling rate of twenty grams per minute, while 

beating with a rubber hammer. This packing method is described by 

HuytenC4Z) and gives the best performance in large diameter columns. 

After repacking, the effect of sample size on HETP at various 

carrier gas flowrates was determined. Twenty sample sizes in the range 

of 0.1 milliliters to 3.0 milliliters were injected with five repe-

titions of each size. Flowrates of five, ten and twenty milliliters 

per minute (4305, 8610 and 17,220 respectively on preparative-scale 

column) were investigated. Average HETP and standard deviation values 

were icalculated for each of the twenty sample sizes. Nitrogen was the 

carrier gas used for tests on both columns. All tests were conducted 

at a steady state temperature of 215°F. 

Method of Procedure 

Description of the method of procedure for experimental deter-

mination of HETP values for the analytical and preparative-scale 

columns are given in this section. 

Analytical Studies. The chemical system for this investigation 

was chosen after injection of several compounds. Operating conditions 

for these compounds were as follows: methyl acetate, temperature 
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122°F; methyl butyrate, 195°:F; and methyl methacrylate, 195°;F, The 

carrier gas flowrate, tank pressure and sample size were the same. 

After analysis of chromatograms of each compound, n-methyl butyrate 

was chosen because it had the longest retention time. A long retention 

time is favorable because less error is introduced when measuring the 

distance for calculating the HETP's. 

The optimum operating temperature for n-methyl butyrate was deter-

mined by injecting samples (with the same carrier gas flowrate) at 

various temperatures from 150 to 235°F. From the above injections 

HETP versus temperature was plotted. An optimum temperature, which 

gave the lowest HETP values, of 215°F was chosen for the analytical 

and preparative-scale investigations. 

During the analytical tests, the following start-up and shut-down 

procedures were used: 

Start-up Procedure - Analytical Column 

1. Turn on and adjust nitrogen tank pressure to 30 psig. 

2. Adjust correct carrier gas flowrate using valve on rotameter. 

3. Turn on power to chromatograph. 

4. Adjust column heater to proper setting. 

5. Adjust injection block to proper setting, 

6. When column and block have reached desired temperature, turn 

on detector air and adjust tank pressure to 20 psig. 

7. Turn on hydrogen supply and adjust to 28 psig. 

8. Wait one minute, then ignite detector flame using ignition 

button. 
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9. Allow detector to attain steady state temperature. 

10. Turn on recorder and adjust base l:tne • 

11. Set proper attenuation for sample size being injected. 

12. After steady state temperature has been reached readjust 

carrier gas flow. 

13. Inject sample. 

Shut-Down Procedure - Analytical Column 

1. Turn off the recorder. 

2. Turn off the hydrogen supply. 

3. Turn off the detector air supply. 

4. Set the column temperature dial to room temperature or 

slightly above, laboratory cooling air is automatically intro-

duced by a solenoid valve. 

5. Release column heat push button. 

6. Turn the injection block control to zero. 

7. Turn on cooling air to the block using toggle valve. 

8. When the blower shuts off, release the power push button. 

9. When the injection block reaches a temperature of 50°C turn 

cooling air off. 

10. Turn off nitrogen supply. 

Preparative Studies. After the column was repacked using the 

method recommended by Huyten, <43> the preparative-scale injections 

were made. Five injections were made at each sample size. Syringes 

were used with capacities of one, two, and five milliliters. Three 



- 36 -

flowrates were investigated; 4305, 8610 and 17,200 milliliters per 

minute. Gas flow through the column and to the detector were controlled 

by needle valves in the exit line from the column. The entire flow 

could not be passed through the detector since it ext~nguished the 

flame. A small fraction, less than 1/2 per cent of the total flow, was 

split and sent to the detector. The total flowrate was measured using 

a two liter capacity bubble flow meter. 

The following start-up and shut-down procedures were used on the 

preparative-scale test: 

Start-up Procedure 

1. Turn on carrier gas supply to the desired pressure. 

2. Adjust a small flowrate of carrier gas through the column. 

3. Turn on all heaters to column at maximum output. 

4. Turn on power to chromatograph. 

5. Adjust column heater to proper setting. 

6. Adjust injection block to proper setting. 

7. When preparative-scale column has reached the proper temperature 

turn on detector air to 20 psig. 

8. Turn on hydrogen supply and adjust to 28 psig. 

9. Wait one minute, then ignite detector flame using ignitor 

button. 

10. Allow detector to attain steady state temperature. 

11. Turn on recorder and adjust base line. 

12. With split valve off, adjust nitrogen carrier gas flow at 
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desired level. 

13. Adjust split valve flow to g±ve good flame sensitivity and 

stable base line. 

14. Set proper attenuation for sample size being injected. 

15. After steady state temperature has been reached on preparative~ 

scale column and detector system, inject samples. 

Shut-Down Procedure: 

1. Turn off the recorder. 

2. Turn off all heaters. 

3. Turn off the hydrogen supply. 

4. Turn off the detector air supply. 

5. Set the column temperature dial to room temperature or 

slightly above. Laboratory cooling air is automatically 

introduced by a solenoid valve. 

6. Release column heat push button. 

7. Turn the injection block control to zero. 

8. Turn on cooling air to the block using toggle valve. 

9. When the blower shuts off, release the power push button. 

10. When the injection block reaches a temperature of 50°C, turn 

off cooling air. 

11. When preparative-scale column cools to approximately 100°F, 

turn carrier gas off. 

Results 

The following tables and figures give the calculated results for the 

data on the analytical and preparative-scale units. 
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HETP and Standard Deviation Values for 

ChromatogX>aphic.Tests·on Analytical Unit 
,, .... ·. - ' 4i' ' - ' - ' - ' ' ' ' ' 

With Cartier Gas . Flow . of . Ftve ·M;tllili,ters . per ·Mtliti te 

Injection Sample 
Number Size, µ1 

AS-1 0.2 

A5•2 0.4 

AS-3 0.6 

AS-4 0.8 

AS-5 1.0 

AS-6 1.2 

A5-7 fl .• 4 

A5-8 :1.1 

AS-9 1.9 

AS-10 2.2 

AS-11 ·2~4 .. 
;·'' ;.}' 

AS-12 2.6 

A5-13 2.9 

AS-14 3.2 

A5-15 3.4 

AS-16 3.6 

*average of ftve injections 

*Average HETP 
Inches 

.;.; 

0.0937 

0.1028 

0.1056 

0.1116 

0.1105 

q:1;i73 

0.12;1.9 

0.1487 

. '0. l.656 

a •. iis3 

0.2302 

0.2424 

0.2554 

Standard Deviation 
.Inches. 

0.0065 

0.0038 

0.0006 

0.0058 

0.0041 

0.0133 

0.0066 

0.0072 

0.0029 

0.0017 

0.0023 

0.0086 

0.0042 

0.0053 

0.0076 

0.0069 
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TABLE :u 
HETP and Standard Deviation Values for « k ... • • 

Cb.+'omatograpbi.c Tests on Analytical Unit 
, ; , t ¢. f ¥ $ ¥I. E , 

With Carrier Gas :Flow of TenMf.lliltters pet Minute 

Injection Sample *Average HETP Standard Deviation 
., 

Number Size, µl Inches Inches 

Al0-1 0.2 0.1212 0.0074 

Al0-2 0.4 O.l3;38 0.0067 

Al0-3 9.6 0.1401 0.0134 

Al0-4 0.8 0.1551 0.0040 

Al0-5 1.0 0.1690 0.0065 

Al0-6 1.2 0.;1903 0.0160 

Al0-7 l.4 0.2114 0.0159 

Al0-8 1.7 0.2343 0.0107 
> 

Al0-9 1.9 >D 2615 (·,'; .. 4t 0.0069 

Al0-10 2.2 0.2878 0.0290 

Al0-11 2.4 0.3273 0.0168 

Al0-12 2.6 0.3449 0.0172 

Al0-13 2.9 0.3773 0.0071 

Al0-14 3.2 0.4195 0.0147 

Al0-15 3.4 0.4369 0.0047 

Al0-16 3.6 0.4636 0.0175 

*Average of ff:ve injections 
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TABLE lJI 

HETP and Standard Deviation Yalues for 
4 - <§I It 

Chrorilatograv.h.i_c, T,est;S, on ;Analytical Unit 

With.Catrier·Gas Flow of TWenty;·M:;tlliliters·per Minute 
l - - - (' - ' 

Injection Sample *Average HETP Standard Deviation 
Number Size, µl Inches .Inches 

A20-1 0.2 0.1835 0.0108 

A20-2 0.4 0.2425 0.0068 

A.20-3 0.6 0.3158 0.0144 

A20-4 0.8 0.3683 0.0114 

A20-5 1.0 0.4288 0.0133 

A20-6 1.2 '0.48~.~. 0.0221 

A20-7 ,.1..4 '0.5178 0.0066 

A20-8 1.7 o_.s781 0.0179 

A20-9 1.9 0.6068 0.0086 

A20-10 2.2 o.6663 0.0084 

A20-11 2 .• 4 0.7015 0.0318 

A20-12 2.6 0.7270 0.0161 

A20-13 2.9 0.7829 0.0298 

A20-14 3.2 0.8168 0.0145 

A20-15 3.4 0.8495 0.0225 

A20-16 3.6 0.87.31 0 .0377 

*Average of five lnject:tons 
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TABLE l:V 

HETP and Standard Deviation Values 

For Chromatographic Tests on 

Preparative Scale Unit with Carrier 

Gas Flow of 4305* Milliliters per Minute 

Injection Sample **Average HETP Standard 
Number Size, ml Inches Deviation Inches 

P5-l 0.10 0.416 0.0030 

P5-2 0.20 0.406 0.0150 

P5-3 0.30 0.503 0.0331 

P5-4 0.40 o. 715 0.0093 

P5-5 0.50 0.877 0 .0182 

P5-6 0.60 0.992 0.0266 

P5-7 0.70 1.159 0.0545 

PS-8 0.80 1.281 0.0297 

P5-9 0.90 1.393 0.0252 

PS-10 1.00 1.469 0.0453 

P5-11 1.20 1.672 0.0027 

P5-12 1.40 1.824 0.0829 

PS-13 1.60 2.002 0.0411 

P5-14 1.80 2.317 0.0298 

P5-15 2.00 2.432 0 .0177 

*Corresponds to 5 ml/min on analytical, equal loading per unit 
cross-sectional area on both columns 
**Average of five injections 



- 43 -

TABLE J..Y (cont. } 
HETP and Standard Deviation Values 

For Chromatographic Tests on 

Preparative Scale Unit with Carrier 

Gas Flow of 4305* Milliliters per Minute 

Sample **Average HETP Standard Injection 
Number Size, ml Inches Deviation Inches 

PS-16 2.20 2.705 0.0376 

P5-17 2.40 3.036 0.0332 

P5-18 2.60 3.287 0.0694 

PS-19 2.80 3.359 0.0377 

PS-20 3.00 3.539 0.1029 

*Corresponds to 5 ml/min on analytical, equal loading per unit 
cross-sectional area on both columns 
**Average of five injections 
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TABLE y 

BET?· and· Standard Deviation Values· fot' 
. t < 4 t ; " w ; l\V .·, t <ii ; 4 • f 4 4 ... w s " \ t ,. t ¥ ; t t 

· Ch:t:omate~:taph:i:c Tests· on PreparaUve Scale 1Jriit 
t. , , . . . Z ·0 t 4. I i I 

With Carrier Gas Flow of 8610* Milliliters Eer Minute 

Injection Sample **Average HETP Standard Deviation 
Number Size, ml Inches Inches 

Pl0-1 0.1 0.298 0.0061 

Pl0-2 0.2 0.317 0.0056 

Pl0-3 0.3 0.361 0.0057 

Pl0-4 0.4 0.402 0.0083 

Pl0-5 0.5 0.462 0.0036 

Pl0-6 0.6 0 . .564 0.0142 

Pl0-7 0.7 0.628 0.0326 

Pl0-8 0.8 0.693 0.0130 

Pl0-9 0.9 0.813 0.0087 

Pl0-10 1.0 0.917 0.0157 

Pl0-11 1.2 1.073 0.0183 

Pl0-12 1.4 1.236 0.0331 

Pl0-13 1.6 1.403 0.0208 

Pl0-14 1.8 1.595 0.0237 

Pl0-15 2.0 1. 744 0.0767 

Pl0-16 2.2 1.917 0.0575 

Pl0-17 2.4 2.066 0.1036 

*Corresponds to 10 ml/min cm analyt:i:cal, equal loading per unit cross-
sectional area. 
**Average of five injections 
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TABLE V (cont • ) 

CM'omatog:17aph.:i::c ·Tests· on· :etepa'l;at:Ne Scale Unit 
' • ' t .; i • ¥ ( ( ~ • ; ; 4( j ' ~ -,. w ' " I( ' ; 

·wttn Carrier.Gas Flow of 8610* Milliliters Eer Minute 

Injection Sample **Average HETP Standard Deviation 
Number Size, ml Inches Inches 

:Pl0-18 2.6 2.265 0.1261 

Pl0-19 2.8 2.397 0.0610 

Pl0-20 3.0 2.619 0.1306 

*Corl;'esponds to 10 ml/min on analytical, equal loading pex unit cross-
sect:tonal area. 
**Average of five injections 
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TABLE Vt 
BETP and Stanctg? DevJ..atJ..o.s·!alues for 

Chromatogi;~pW.c;:;r~,S:tJi tp f~MSflti.ye · S~al~ 
.. . ..... ' .. ·-· ......... _, 

Unit. Wtth··e&ft'iet BD:.Flw• o~ · 11.;1?-0~.?JaJ,:l+J;.ter• ·per ·lU.nti.te. 
j ' ' - . ,_ - - " -- - -, 

I Injectidb' 
Number .. 

P29""'\1 

p20.,..2 

P20-l•¥-

P20..-4··· 
".: 

P20-5 

P20-6 

P20"'!'.7 

1'20.-8 

P20-9 

P20-10 

P20-11 

f 20-12 

P20-13 

1?20-14 

P20.15 

P20-16 

1?20""'17 

i>20...;1e 

·Sample 
Si•e, ml 
~· : .. 

0.1 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 
. . . . . . 

* ) \, .; -
t-- .;;.,_<· 

Inches 
_.;;.\,. ; ~,,,, ~,t _". "': '" c'' ">~ W , 

?oi~39t: . ~ %~ ·:it 

1.275 

1.:423 

1.676 

lo182.3 

2.125, 

2 •. 219 

2.468 

2.709 

StandaX'cl T>evtAt~on ·. 
I ·:·:.,:,.,;.,::.:" .... ,. ;, .. . . ... n\;1.~.. . . . 

0.0044 . 

0.0124 

0,,,0308 

0.0101 

0.0033 

0.0255 

0.0147 

0.0184 

0.0287 . 

0.0147 

0.0169 

0.0533 

0.0251 

0.0298 

0.0418 

0.0059 

0.0848 

0.0759 

. *Ccn:•rupc,p.da to 20 ml/min on ana1yt1,QJlt equal loading per unit eross-
ae.cttdual area. . 
**Average of Five Injections 
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TABLE YX (cont .1 

HETP and Standard Deviation Values for 

ChromatogJ;"aphi.c ·.Tests .()ti· Preparative Scale 

Unit With Carrier Gas Flow of J.7,,22~* ';M,ill;tliters pet Minute 

Injection 
Number 

P20-19 

?20-20 

Sample 
Size, ml 

2.8 

3.0 

**Average HETP 
Inches 

3.033 

Standard Deviation 
Inches 

0.0355 

0.0527 

*Corresponds to 20 ml/min on analytical, equal loading per unit cross-
sectional are&. 
**Average of f±ye inject;i..ons 
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J?repa:tattve ... Scale Units witn·ca.rt:i::er 
• ' •• '" { \5 •. iJ. ( ; 

Gas Flow of 5 and 4305 '.Milliliters 

Per Minute Respectively 

Sample Size Per HETP* 
Unit Cross-Sectional Ratio 

Area, Inch x 103 Dimensionless 

2.43 .085/0.416 

12.12 0.106/0.877 

24.26 0.117/1.47 

36.38 0 .135/1. 87 

48.52 0.165/2. 71 

60.64 0.210/3.11 

72. 77 0.255/3.54 

*HETP RaUlll ;=; HET:P Vi.na.lyd.ciil.11/HETI:' <J'repa;i;ative-scale} 
**Per cent Ef f ic±ency = HETP Ratte x 100 

**Per 
Cent 

Efficiency 

20.43 

12.09 

7 .96 

7.22 

6.09 

6.75 

7.20 
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TABLE VlI:t 

ge!91,t~. Jil,f, .,T~t.1:, ,cm Atf\,},~tJ,cal 
·An~.· Ptej?!;rp.ttye;-,s,c.a.,1e. ·u;n:tts 

W:tth Carrier Gas 11ow of 10 and 

8610 Milliliters per Minute Respectively 

Sample Size Per HETP* 
Unit Cross-Sectional Ratio 
Area, Inches x 103 Dimensionless 

2.43 0.125/0.298 

12.12 0.140/0.462 

24.26 0 .190/0 .9.17 

36.38 0. 220/1.16 

48.52 0.327/1. 74 

60.64 0.400/2.19 

72. 77 0.464/2.62 

*HE.TP ratto ~ HET~ (analyt~cAll/HE.T~ (l>~epar-attve~Scalel 

**Per cent Efficiency "" HETP ratte x 100 

**Per cent 
Efficiency 

41.95 

30.31 

20. 72 

18.97 

18.80 

18.27 

17. 71 
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· · A~d. · Pt,e:p{l,t:a.,tt,y,e;-s,cp.;i.e. ·un.:tts 

· ·wtth Ca~rier Gas ~low of 20 and 

· 17,220 Milliliters per Minute Respectively 

Sample Size Per HETP* 
Unit Cross-Sectional Ratio 
Area, Inches x 103 Dimensionless 

2.43 0.180/0.397 

12.12 0.315/0.518 

24.26 0.486/1.02 

36.38 0.592/1.58 

48.52 0.702/2.13 

60.64 0.796/2.61 

72. 77 0.873/3.22 

*HETP latte "' HET)? Cana,lyt~et!\ll/HETP (po:iepalJ:!at~e sc2'1e} 
**fe~ cent Ef fictency ~ HETP Rati~ x 100 

**Per cent 
Efficiency 

45.34 

60.81 

45.56 

37.47 

32.95 

30.50 

27.11 
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IV. DIS.cJJ1SSJ;QN 

This sect±on contai:ns a d;J.scusston of; ltterature, p;rocedures, data 

and results of this investigation. In addition, recommendations for 

further study and the limitations of this investigation are presented. 

Discussion of Literature 

The major reason for poor efficiency in large diameter columns is 

the variation of carrier gas velocity profile across the column cross-

section. These variations have been measured directly by Huyten et. al~44) 

Velocity variations have been correlated with point to point differences 

in particle size by Giddings and Fuller. C32I In a typical column there 

is a segregation bf particle sizes, with slightly larger particles set-

tling near the outside and the smaller ones accumulating near the 

center. (30) The larger flow channels near the outside permit faster 

flow of gas compared to the center. The sample zones are carried down-

stream more rapidly near the outside edge than the center. If the zone 

spreading is allowed to continue, it may precede the bulk of the zone. 

Loss of resolution and poor efficiency result. 

The effect of a non-uniform velocity profile in preparative columns 

is complicated ~ven further by poor lateral or radial diffusion. Since 

the diffusion distance is large in preparative-scale columns, the radial 

diffusion is much less effective than in analytical columns. Ineffi-

cient lateral mixing increase$ the sample zone spreading which results 

in poor resolution and efficiency. 

Several methods have been employed to reduce the effect of velocity 

- 57 -



- 58 -

non-uniformity and lateral dtf~usten, Huyten and co~work.ers(45 l have 

developed a packtng tecttn±~ue which results ±n ±ncreased ef f tctency. 

This technique consists of beat±ng the column with a ruaBer hammer, 

while pouring the packing into the top at a rate of twenty grams per 

minute. This method gives the most uniform size distribution across 

the column cross-section. The HETP value for a three inch diameter 

column, packed by pouring the packing into the column top without 

beating was approximately 0.40 centimeters. The HETP value for the 

same column performing the same separation, but packed by beating while 

pouring was 0.20 centimeters. Beating the column while pouring, signif-

cantly improves HETP. 

Another method employed by Tinnnins and co-workers, C99> consists 

of placing baffles at approximately twelve inch intervals along the 

length of the column. These baffles periodically mix and redistribute 

the mobile phase. This mixing action increases the radial diffusion 

and better resolution and efficiency result. Columns with mixing baf-

fles have efficiencies of approximately 60 per cent compared to 20 per 

cent for unbaffled columns. <74> 

Discussion of Procedures 

The procedures for operating the analytical and preparative-scale 

units are standard procedures for gas~liquid chromatographs. Both 

units were allewed to attain steady state temperatures before samples 

were injected. There should be no error introduced into the data by 

unsteady state conditions. The following are some shortcomings of 
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the equipment. 

Heat-up Time. Because of the large mass of packing material, 

which has a poor thermal c<:>nductivity, the heat-up time for the pre-

parative scale column was approximately five hours. 

Column Conditions. The preparative column contained several 

small leaks. In order to accurately measure flowrate and to prevent 

loss of carrier gas the leaks were repaired with a ntgh temperature 

epoxy. The column interior contained some corrosion deposits, which 

may have reduced the effectiveness of the packing. 

Discussion of Results 

The following section contains a discussion of the results ob-

tained in this investigation. The discussion is divided into several 

parts. The analytical work and preparative-scale work are discussed 

separately. Also, a comparison of the performance of the preparative-

scale column to the analytical column is presented. 

Tests on Analytical-Scale Column. Tables I, II and III and 

Figure III contain results from the analytical column. The tables 

give the average HETP value (five injections) and standard deviation 

for carrier gas flowrates of 5, 10 and 20 milliliters per minute. The 

standard deviation values indicate the data on the analytical unit 

had good reproducibility. There is a general trend of increased vari-

ance with increased sample size and carrier gas flowrate. For example, 

injections A5-16, Al0-16 and A20-16 (sample size of 3.6 microliter) 

have HETP standard deviations of 0.0069, 0.0175 and 0.0377 inches re-
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spectively. Injections AS-16, AlQ,,..16 and .A20-16 col:'respond to ca',t;'rier 

gas floW'.t'ates of 5, 10 and 20 m:tllil:i;ters per :minute. Some reasons 

for the variations in HETP values ;n;e d:tscussed below. 

The sample size and injection technique cannot be reproduced ex-. 

actly for each injection, therefoi-e, some variation is introduced tnto 

the data. Additional variation w;Ul be introduced when measuring d 

and w112 from the chromatogram. Variations due to measuring d and 

wl/2 is increased when calculating, n, because these values are squared. 

Effect of Sample Size on HETP-Analytical Column. Figure III is 

a pm6t of HETP versus sample size for various carrier gas flowrates. 

For a given carrier gas flowrate, HETP values increase with increasing 

sample size. Hargrove, Sawyer<37) and others(6Z, 4l) have shown this 

same trend in other analytical work. This typical behavior may be 

explained by referring to the theory section; i.e., Equation (1). A 

is the contribution to HETP due to eddy diffusion. From Equation (2) 

we see that A is independent of the concentration of the sample in the 

mobile phase and hence does not vary with sample size. 

As the sample size is increased, the fraction of sample in the 

mo~ile phase is increased; i.e. R is increased. Referring to Equation 

(19) we can evaluate the effect of Ron HETP. As R is increased all 

of the terms, except the liquid phase mass transfer term, decrease. 

This increase in c1 with sample size is a possible explanation for 

the increase in HETP. 

As the sample size is increased, the molecules of solute must 
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and the column :ts 0'V'et' l~aded. Aa. tli.e a:ta t;tonary phase becomes sat ... 

urated, the c()'[llponent zone width is increased by axial diffusion in 

the mobile phase. This axial diffusion, diffusion in the direction 

of bulk flow, may be another reason for increased HETP values wibh 

increased sample size. 

Effect of Carrier Gas Flowrate on HETP-Analytical Column. Figure VIII 

shows the relationship between HETP and carrier gas flowrate. Foraa 

given sample size, HETP values increase with increasing carrier gas 
(38} (63 75} flowrate. Hargrove, Sawyer and others ' have shown this 

same trend. This increase in HETP with increased carrier gas flowrate 

can be explained by referring to tbe theory section. 

From Equation (2) we see that the eddy diffusion term is a function 

of carrier gas velocity. As the carrier gas , v.eloci ty increases, the 

ratio W f3 may increase. Therefore, the contribution to HETP by eddy 

diffusion may increase. The eddy diffusion effect is one explanation 

for increased HETP with increased carrier gas velocity. 

The next term in Equation (1) is the axial diffusion term. This 

term is divided by the bulk flow velocity. At very low flow rates, this 

term is very important and may be the main contribution to HETP. As 

the carrier gas floW?:"ate is increased, the contribution to HETP reduces. 

For the range of carrier gas f lowrates studied in this investigation 

it appears that the axial diffusion has little or no effect on HETP, 
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The third term presented i.n Equation (11 ±a the gas phase l?Jas$ 

transfer term. S;lnce tl'tta tem ts- 'Jnult;tplted by tlle O.ullt flew- velc>ctty, 

it will increaee as the carrier gas velectty ~s increased. ~ e!fect 

is one of the main reasons for the increase. tn HETP w-tth carrter gas 

bulk velocity. 

The final term which contributes to HETP is the lt~u;td phase-mas~ 

transfer term. This tem is DJultiplied by the car;r:i:ter gas oultc veloct·ty. 

Therefore, as the velocity is increased, the contribution to HETP als~ 

increases. The gas phase and liquid phase mass transfer terms are 

the main factors which increase HETP when the bulk velocity ts in~ 

creased. 

Test on the Preparative-Scale Column. Tables IV, 'V and VI and 

Figure IV contain the results from the preparative-scale column. 

The standard deviations for the preparative-scale data are generally 

higher than the analytical data. Th.e standard deviations also increase 

with sample size. One reason for the increased variance ts the volume 

of material injected. Since the volumes injected were approximately 

800 times the analytical, a certain time lapse was needed to inject 

the sample. The sample could not be ;i.ntroduced instantaneously so the 

feed was not introduced in a narrow band. Tlds effect may cause var~ 

ance between individual HETP values. 

Effect of Sample Size on HETP~~reparative-Scale ColWiJ,n, f;tgure 

IV shows the relationship between HETP and sample size at various· 

carrier gas flowrates, ~or a given carrier gas flo'W'J{ate, HETP tn~ 

creased with increased sample size. This is the same effect that 
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wa.s found on the .E\n<'\lyttcal c9lunm •. Ha;i;g:i;-9ye, Sa-wyer C39} and H:uyten (461 

have l:i:keW':tse 0bse:i:ved tbJ:s ef :l;ect on pll;'eparat:tve ... scale celumns. Tne 

reasons fer increased HETP w;i;th :tnc11e.ased sample size·may oe explained 

by referring to Equation (1) of the theory. 

As in the analytical column, the eddy diffusion term is independent 

of sample size. The second term, the axial diffusion effect, decreases 

as the volume of the solute in the mobile phase increases, see Equa-

tion (3). 

From Equation (1), c0 is the gas phase mass transfer term. It 
g 

is equal to the sum of five contributions. From Equation (19), we 

can determine the effect of the different contributions on HETP, as a 

function of sample size. As the volume of sample increases, the con-

centration in the mobile phase increases; i.e., R increases. As R 

increases the contributions, Cg1 , CgII' and CgIII decrease. The trans-

column effect, Cg is independent of sample size. However, from Equa-
V 

tion (19) we see that the liquid-phase mass transfer term increases 

with increased sample size. This increase in c1 with sample size is a 

possible explanation for the increase in HETP. Another effect is as-

sociated withJliquid-phase mass transfer. As the sample size is in-

creased, the molecules of solute must diffuse further into the liquid 

phase to find an active site for adsorption. This factor becomes more 

important at large sample sizes, because the first layers of packing 

may become saturated with solute, Then some solute will be swept to 



- 64 -

the next layei: of packing with. no adsorpt;Lon by the f:trst layer. This 

zone broadening increasea tb..e HETP -values, 

As the sample sizes inc:rease, mo"re nea.t is required to vapol;':;i.ze 

the sample. If the sample is not vaporized instantaneously, the sample. 

will not enter the column in a narrow band. This band broadening 

effect will increase HETP. 

Effect of Carrier Gas :Flow on HETP Preparative-Scale Column. 

Figure IX shows the relationship between HETP and carrier gas flow-

rate. For a given sample size the following effect occurs; At a flow-

rate of 4305 milliliters per minute, the HETP is large; the HETP value. 

decreases at a flowrate of 8610 milliliters per minute; then increases 

again at a flowrate of 17 ,220 milliliters per minute. For a one m±lli-

liter sample the corresponding HETP values are 1.469, 0.917 and 1.023 

inches respectively. Rijnders, (66) Sawyer and Hargrove(BZ} have re-

ported this effect on preparative-scale columns. The effect of carrier 

gas velocity can be explained by referring to the theory section; i.e., 

Equation (1). 

The first term, A, represents eddy diffusion. As the carrier gas 

velocity is increased the ratio W B may be increased. This effect 

would tend to increase the HETP. 

The second term, B, is the axial diffusion term. This effect is 

divided by the carrier gas velocity. At low flowrates, this term 

may be the dominant contribution to HETP. The data substantiates 

the theory at low flowrates. At the lowest flowrate, 4305 milliliters 
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per minute, the HETP value is higher than at 8610 milliliters per 

minute, 

The next term that contributes to HETP is the ga,s phase mass trans'" 

fer term. For preparative-scale columns, the transcolumn effect, CSy, 

is the most important. Hargrove and Sawyer C40} have reported th.at 

approximately 80 per cent of the gas-phase mass transfer term :i:s caused 

The Cg contribution is caused by variations :tn tfie ca,rrier v 
gas velocity profile across the column cross-section. As the carrie:t: 

gas velocity is increased, the value of Cg is increased, hence HETP v 
is increased. This contribution to HETP is magnified furth.er since 

the Cg v 
term is multiplied by the bulk velocity, u • 

0 

The last effect which contributes to HETP is the liquid phase 

mass transfer term. As the velocity is increased, there is less time 

for the solute to diffuse into the liquid phase. This may cause com-

ponent zone broadening, which will increase the HETP. 

The effect of flowrate can be summarized as follows: At very 

low f lowrates the longintudal diffus;i.on is the dominate contribution 

to HETP. As the flowrate is increased, a point is reached wh.ere the 

longitudinal diffusion term, the gas-phase mass transfer term and the 

liquid phase mass transfer term have approximately the same contri-

bution to HETP. As th.e veloc:i,ty is :;i.ncreased st;Ul further, the lon-

gitudinal diffusion contributiQn becomes insign:tf :tcant, and the l:tqu:i:d 

and gas phase mass transfer terms become the dominant contribution to 

HETP. 
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Comparison of Tests on, A:vaf.;y:t±cp.l, ,13.nd ?xepar.a.tive,...Scale Un:t:t,s. 

of C0lllpar;i::ng tl'te !r;'esults f1rem the pil!epara.tive ... scale ce:>lu:mn to those 

from the analytical column. The efficiency values are based on equal 

sample loading per unit cross-sectional area of column. The HETP values 

of the preparative-scale column, for each flowrate and sample size 

studied, are greater than the corresponding analytical HETP values. 

For example, at a 10 milliliters per minute flowrate (8610 on prepara-

tive scale) and sample size of 1.2 microliter (1 milliliter on the pre-

parative-scale) the HETP value for the preparative scale is 0.917 inches 

and the analytical is 0.1903 inches. 

The preparative-scale column performance may be summarized as 

follows: the column efficiency was the worst at a carrier gas flowrate 

of 4305 milliliters per minute. The efficiency was 20.43 per cent at 

a sample size of 0.1 milliliter and decreased to 7.20 per cent at a 

sample size of 3.0 milliliters. The poor efficiency at the lowest 

flowrate studied may be caused by axial diffusion. Axial diffusion 

is the dominant contribution to HETP at low flowrates. The contri-

bution of axial diffusion to HETP in the preparative-scale column is 

much greater than in the analytical column. This effect may be caused 

by particle segregation in the preparative-scale column. Giddings and 

Fuller<33) have reported the effect of particle segregation in pre-

parative-scale columns, 

The efficiency at a carrier gas flowrate of 8610 milliliters pe:r 
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minute was better th.a,n th.a.t of 4305 milliliter:;;; per 11:1:tnute. Ei;fi ... 

cienc:tes ef 41. 95 per cent we:t:'e obta;tned for a sample ~tze of O. '.I, 

milliliter but decrea$ed ta 17.71 pe;t; cent at a sa:mple. si:ze of .3,0 

milliliters. This decrease i:n efficiency w;tth sample s:tze may be 

caused by incomplete vaporieaticm. As the sample si.ze is increased, 

more heat is required to vaporize the sample. If the. sample is not 

vaporized instantaneously, the sample will enter tfLe column :tn a 

wide band. This increased band width will result tn poor resolution 

and effic:tency. 

The reason for poor efficiency at flowrates of 8610 and 17,220 

milliliters per minute is the effect of Cg on the gas phase mass v 
transfer. As the velocity is increased, the varia t:l.on of veloc:tty 

across the column cross-section decreases the separation eff:tci.ency. 

The efficiency at a flowrate of; 17 ,220 milliUters per minute 

was slightly better than that at 8610 milliliters. The efficiency 

was 45.34 per cent at a sample size of 0.1 milliliter. The reason 

for slightly better efficiency is the fact that the analytical column 

performance was poor. The plot of HETP versus sample s:l.ze had a 

greater slope at 20 milliliters per minute that at 5 or 10 milliliters 

per minute. The increased slope indicates that sample size has a 

greater effect on HETP at high. flowrates. 

~ecemmendat;i:.ons 

The following are reco1tllllendat:i:ons for eCJ,utpment modifications 

and further experimental studies. 



- 68 -

Column. Because of the cond;i,t:i;,on of the column interior, a new: 

column should be constructed. A lilC\te;r;iial of construct;lon such as 304 

stainless steel should be used to prevent corrosion and rust formation. 

Packing. Because of the dirty condition of packing, new packing 

material should be purchased and the column should be repacked. A 

possible packing material would be 30 per cent AgNo3/TEG on C-22 Super-

support, 60/80 mesh. This packing could be used to effect the separa-

tion of cis-and-trans pentene-2. The results could be compared to pub-

lished the results of Ryan and co-workers. 

Heat Transfer. To decrease the heat-up time and to provide more 

efficient heat transfer, tube heaters could be placed in the inside 

pipe. This would greatly reduce the heat-up time of approximately 

five hours (from room temperature to 215°F). 

Carrier Gas Recycle. To reduce the cost of carrier gas, a recycle 

and clean-up system could be designed. The system should contain some 

means to compress the gas, the gas also must be cleaned. This could 

be accomplished by trapping and removing the sample components and 

final cleaning with activated carbon. 

Preparative Flowrate. A rotameter should be purchased and placed 

in the carrier gas feed line. The rotameter should be calibrated 

using the bubble flow meter. The rotameter could then be used to mea-

sure and monitor the flowrate. 

Analytical Chromatograph. It is reconnnended that the analytical 

chromatograph be checked electronically by experienced personnel. It 
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was noted that several attenuatten settings were not opex-at~ng cor~ 

rectly. 

Futtner·studies. TQ..e. d~ta t4l.en t:n t~ ;J:nvesttga.tt0n tndtcAtes 

that further exper:bnental studies stleuld be conducted. further studtes 

could include: (1) Larger s~ple sizes-, approx~tely 10 mt11:t1tteirs·, 

to determine maxtmum throughput. (2} Several dt;fferent eperat;tng temt:"' 

peratures, to deterll1tne effect of temperature on column perfot'lllance. 

(3} A complete study of the effect of f10W'.C'ate on HE.Tf fer the prepara ... 

ttve ... scale col\lll\n, 

· · Ltmtta. t:tons 

The f ollowtng are l:bnitations imposed on thts tnvest:tgat±0n. 

Sample Size. Sample sizes in the range of 0.10 to 3.0 milliliters 

were investigated on the preparative-scale column, this corresponded 

to a range of 0.20 to 3.60 microliters on the analytical column. 

Flowrate. Flowrates ·of 4305, 8610 and 17,220 milliliters per 

minute were investigated on the prepal:'at:tve-scale column. This· cor..-

responded to flowrates of 5, 10 and 20 milliliters per minute on tne 

analytical column. 

Temperature. All tests on the analyt;i::cal and preparativet:"'scale 

units were performed at an isothepnal temperature of 215'F, except for 

pretest on the analytical column. 

System. All tests on analytical and preparative~scale units 

were pe:r:fo1".111ed us;tng Tl"'111ethyl butyrate as sample material. The 

chromatographic packtng material was 30/60 meah Chromosoro W vttfi. a 
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stationary liquid of 20 weight pel' cent Cra:tg poly-eater s-ucc1:nate. 



v' . ; CONCL11smNs .. 
The sys-tetn studied in th:f::s tnvest:tgatic:m cond.etted of tnject~ll.S 

of Q'""Jllethyl butyrate ~th a ca'J:'rtesr gas· of n1:tro8en. Two ce1umns· 

(preparative-scale and analyt:tcall of 63 inch length. were tes·ted. Tfte 

analytical column had an ins:tde diameter ef 0 .0.61 inches-. Tlle annular 

preparative-scale column had an euter diameter o~ 2~075 inclles: and an 

inner diameter of 1.050 inches. Botn column~were packed with 30/60 

mesh ChromosorB W with a liquid phase ef 20 weigh.t per cent Craig 

polyester succinate, A sample size range of 0.1 to 3.0 111tllili:te;rs 

was studied on the preparative-scale unit; th.ts corresponded to a 

0.2 to 3.6 microliter range on the analytical unit. Carrier gas flo~ 

rates of 4305, 8610 and 17,220 Jllilliliters per minute were studied on 

the preparative scale column; this corresponded to flowrates of 5, 10 

and 20 milliliters per minute on the analytical unit. Investigation 

of this system led to the following conclusions: 

1) HETP increased with increased sample size, for both the 

analytical and preparative-scale columns. 

2) HETP increased with increased carrier gas f lowrate for the 

analytical column. 

3} HETP values were the largest at a flowrate of 4305 1111111-

liters per minute, for the preparative-scale column. 

4) Efficiency decreaaed wt.th increased aample size for the 

preparative scale cllumn. 
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VI. SUl1H,ARY 

The ooject;i:ve of th;ts :tnvest:i::gatten was to test the ~;t;ect of 

sample s:tze and carrie:r gas :Elowrate on pe'rf armance 0f an annular 

preparative-scale chromatograph. Preparative column efficiency, rel-

ative to an analytical column, was also to be determined. 

The system in this investigation consisted of injections of n-
methyl butyrate with a carrier gas of nitrogen. Two columns (analytical 

and preparative-scale) of length 63 inches were tested. The analytical 

column had an inside diameter of 0.061 inches. The annular preparative-

scale column had an outer diameter of 2.075 inches and an inner dia-

meter of 1.050 inches. Columns were packed with 30/60 mesh Chromosorb 

W, with a liquid phase of 20 weight per cent Craig polyester succinate. 

A sample size range of 0.1 to 3.0 milliliters was studied on the pre-

parative-scale unit; this corresponded to a 0.2 to 3.6 microliter 

range on the analytical unit. Carrier gas flowrates of 4305, 8610 

and 17,220 milliliters per minute were studied on the preparative-

scale unit. This corresponded to flowrates of 5, 10 and 20 milliliters 

per minute on the analytical unit. 

Preparative-scale efficiencies of 20.43, 41.95 and 45.34 per cent 

were obtained at a sample size of 0.1 milliliter. The above efficiencies 

correspond to flowrates of 4305, 8610 and 17,220 milliliters per minute. 

As the sample size was increased to 3.0 milliliters the corresponding 

efficiencies dropped to 7.20, 17.71 and 27.11 per cent respectively. 
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YX:LJ:. Af':PENDlX 

This section contains the ;i;nformation requi:red to reproduce the 

results of this investigation. In addition, a complete list of mate-

rials and apparatus is presented. 

Data Tables 

The following tables contain data from the analytical and pre-

parative-scale column. Table X through Table XV contain data from 

the analytical column. Table XVI through Table XXI contain data from 

the preparative-scale column. Table XXII and XXIII contain rotameter 

calibration data. Table XXIV and XXV contain sample size per unit cross-

sectional area data from test for analytical and preparative-scale 

units respectively. 
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· \Tests-·0n.·Ana1·ttea:t Un;tt·wt:tri.·ca.rrter .• • •. ~.,,r,,'' ,, .. 

Gas Flow of Five Milliliters per Minute 

Tests A6-30~1 to A6-30-80 

Injection Block Temperature = l68 11 C 
Column Temperature = 110•c 

Detector Temperature = 218°C 
Room Temperature = 24°c 
Carrier Gas Pressure at Column Inlet = 30 psig 

Detector Air Pressure = 20 psig 
Hydrogen Pressure = 28 psig 
Rotameter Reading = 1.5 

Recorder Speed = low x 8 - 2.0 in/min 
Attenuation = 1 x 104 



Iajectt(>n 
.. ·:Number : · 

A6-30-1 

A6-30•1 

A6-30-3 

A6-30-4 

A6-30-5 

A6-30-6 

A6-30-7. 

A6-30.;.;8 

A6•30•9 

A6-30-10 

A6•30-11 

A6-30 ... 12 

A6-30-13 

!6-30-14 

· A6-30-15 
">" 

A6-30.,;16 

A6.;.;30-17 
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Data From Chromatosraphic Tests on 

'AnalYt:tca.1·un1t·w1tn•Carr:ler Gas Flo'W of 

F:tve Mtll:tlit.•rsper.Minute 

sup le 
.Size, .µr... 

& 

Retention Peak Width at 

•" ·~ ·~ ... 
0.2 

0.2 

R 
~oa 

. 0.4 

0.4 

0.4 

0.6 

0.6. 

0.6 

0.6 

0.6 

0.8 

0.8 

. Time, *diviSions llalf ·.Height, . **divf.sion:s 
f ~ · it '.\ ~ .,, . te11Mt iill fz"' , / · · 

306.1$l 

300.0 

302.0 

295.5 

300.0 

301.5 

298.0' 

297.5 

27.S 

28.0 

29'.5 

29.5 

28.0 

29.0 

29.5 

29.5 

29.0 

30.0 

29.0 

29.0 

28.5 

29.0 

29.0 

30.5 

30.0 

*DivUlionsize • 1/60 inch, chart speed• 2.0.in/min 
**Division size • 1/60 inch 
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Data From.Chromatos:raph:.tc Tests on 

Analytical Unit With Carrier Gas Flow of 

Five Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number S~ze~ .. µL Ti:J¥~, *d;b;f,si~ns Half Height, **divisions 

A6-30-l8 0.8 298.;0 

A6-30-19 0.8 '298;5 

A6-30-20 0.8 302'.o 

A6-30-21 1.0 293.5 

A6-30-22 l,Q 293~0 

A6-30-23 LO i93.0 

A6-30-24 1.() 293.0 

A6-30.-.25 1.0 2.98.0 

A6-30-26 1.2 294;0 

A6-30.;.27 1.2 292.0 

A6-30-28 1.2 291.0 

A6-30-29 1.2 293.0 

A6-30-30 1.2 298.5 

A6-30-31 1.4 290.5 

A6-30-32 1.4 290.0 

A6-30-33 1.4 289.5 

A6-30-34 1.4 291.0 

*Division size = 1/60 inch, chart speed = 2.0 in/min 
**Division size = 1/60 inch 

29.5 

29.0 

29.0 

29.5 

28.0 

29.0 

29.0 

29.5 

32.0 

31.0 

28.5 

29.0 

28.5 

31.0 

30.5 

30.0 

30.0 



Injection 
Ntllllber 

A6-3Ql-3.5 

A6-30-36 

A~-30--:37 

. A6•~-38 

A6-30-39 

A.6-30-40 
' ' 

A6-3Ql-41 

A6;.30""'.42 

A6•3Ql-43 

A6•30-44 

A6-30.-45 

A6-3o-;46 

A6-30 .... 47 

.!6-30-48 

A6 .. 3() ... 49 · 

A6-30-50 

A6-30-51 

A.6-30"'.'52 
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TABLE xi (cont~} 

Data From ChromatoataeJ!ic Tests op 

Analytical Unit With'Carr:ter Gas F1ow,of 

Five Milliliters per Minute 

Sample 
Size• l.!L 

R.e~ention 
T1-e·; *divisions 

Peak Width at 

1.4 

1.7 

~. 
~ 

1.9:~ 

1.9 

1.9 

2.2 

2.2 

2.2 

2.2 

2.2 

2.4 

2.4 

i•,- >. ''¥ <-'-' - ""'~ - <,., <" - j \ 

2~3.s ·· 

286.0 

283~5 

282.S 

282.5 

284.0 

283.S 

284.5 

283.0 

Half Height, **divisions 
·--, t,; '>! 

. '''1 L ·-;_y'f' 

28.5 

32.0 

30.0 

32.0 

31.0 

31.0 

31.5. 

. 32.0 

31.0 

31.5 

32.0 

32.5 

32.5 

32.0 

32.5 

32.5 

34.5 

34.0 

*Divisio~size • 1/60 inch, chart speecl • 2.0 in/min 
**Divi$ion size • 1/60 inch 
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TABLE x:r. (s;:Qnt ~ 1 

Data From Chromatographic Tests on 

Analytical Unit With Car:rier Gas Flow of 

Five Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, µL Time, *divisions Half Height, **divisions 

A6-30-53 2.4 283.0 34.0 

A6-30'-54 2.4 283.0 34.5 

A6-30•55 2.4 283.0 34.0 

A6-30-56 2.6 280.5 36.0 

A6-30-57 2.6 279.5 35.0 

A6-30-58 2.6 295.5 35.5 

A6-30-59 2~6 281.5 35.5 

A6-30-60 2.6 ,281.0 35.5 

A6-30-61 2.9 ·2ll(h0 38.0 

A6-30-62 2:'9 278.0 37.0 

A6-30-63 2 •. 9 278.5 37.0 

A6-30-64 2.9 283.o . 38.0 

A6,..30-65 2.9 280.0 38.0 

A6-30--66 3.2 21~.o 39.0 

A6-30-67 3.2 276.0 40.0 

A6.-30-68 3.2 277.0 39.5 

A6-30-69 3.2 275.0 39.0 

A6-30-70 3.2 274.0 38.5 

*Division size = 1/60 inch, chart speed = 2.0 in/min 
**Division size = 1/60 inch 



- 84 -

Data From Chromatographic Tests on 

Analytical Unit Wi.th Carrier Gas Flow of 
; 

Five Milliliters per Minute 

Injection 
·N\ltllber 

Sample· 
Si~e, 'UL 

R.etei:ttion 
',t'ime, illdivi,si9ns .. 

· Peak Width at 

' !"' ~ >,:,. ~- 't e-i ,) 1, ' f v'~'t'. ti;..,, 
~Bal.£· Height, **divisions 

A6-30;..71 

A6;..;30-72 

A6...;30-7.3 

A6-3~~4 

A6-30;...75 

A.~3Q...76 

A.6-lo:.-71 

A6;..;3p-78 

A6,..:3~79 

A6~30 ... So 

3.4 

3.4 
it" 

3lit ,: 
/ . 

3/+;::~:···. 

:lt4v.· 
~ta:}:o.. 

3~6 

'11Division size = 1/60 inch, chart speed = 2.0 in/min 
**D1v1sion·size • 1/60 

40.0: 

40.0 

39.0 

40.0 

40.5 

'41.0 

41.0 

42.0 

41.0 

41.5 
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TABLE XU 

· Qp,ej::jlt}:J1$, · ,c,o,n,d:t:,Uona. fp_r Ch:rom,a,to~,r_af!~:c 

. Tests. em. Ap.,~;ty_tip,<U, U,n,i t,. Wi:;,tf\. Cart:fe:i; . Gas 

Flow of Ten Milliliters per Minute 

Test A6-28-l to A6-28-80 

Injection Block Temperature 

Column Temperature 

Detector Temperature 

Room Temperature 

Carrier Gas Pressure at Column Inlet 

Detector Air Pressure 

= 
= 

= 
= 

= 

= 

= 
= 

160 9 C 

109°C 

215°C 

28°C 

30 psig 

20 psig 

28 psig 

2.9 

Hydrogen Pressure 

Rotameter Reading 

Recorder Speed 

Attenuation 

= 
= 

low x 8 - 2 in/min 

5 x 105 



Inj ee:t'ian 
Number 

A6-28-1 

. A6-28.•2 

A6_::2S-3 

A6-2S-4 

A6-28-5 
·.;c· 

A6-2S-6 

A6-2S-7 

A6-28-8 

A6~28-9 

A6•2S-10 

A6-28-11 

A6-2&--12 

A6-28-13 

A6-28-14 

A6-28-15 

A6-28.;;.i6 

A6-28-J.7 

A6':"'2S-18 

... 86 ... 

TABLE. xu.i .. 
. Dfta From. Chromatographic :rests op.· 

AD.alt.ttca11Jnft ·wt th ·tar:et!fi ·Gas ·flow· of 
"' ',, '' ") ,' ' , $ 4 '_c,.. .. t ' 

Ten Milliliters ·p.er.·Minute 

·:peat, Wfdth at 
~. t Betght, . ~*dtVfstoiis. 

0;2 .. "·.174 .. o.~,," ,. ~- '-l.A 11.5 .. 

18.5 

18.0 

0 18,;0 

18.0 

18.0 

18.5 

18.0 

18.5 

18.0· 

0.6 167.0 17 .5 

0.6 163.5 19.5 

0.6 162.5 18.0 

0.6 . 162.5 18.0 

o.6 165.0 18.0 

o.a 165.0 19.5 

0.8 162.0 19.Q 

0.8 162.0 18.l 

*Division size • 1/60 incll, chart speea~ 2.Q in/1'{in 
**Division size;• 1/60 .inch 
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Data From Chromatographic Tests on 

Analytical Unit with Carrier Gas Flow of 

Ten Milliliters per Minute 

Injection Sample Reteation Peak Width at 
Number Size, µL Time, *divisions Half Height, **divisions 

A6-28-19 0.8 162.0 19.0 

A6-28-20 o.a 162.0,, 19.0 

A6-28-21 1.6 '.160.0 20.0 

A6-28-22 LO ~,160:~ 19.0 

A6-28-23 . l.-0 159.5 19.5 
,'·'-

A6-28-24 1.0 160;0 19.5 

A6-28-25 1.-0 159.5 19.5 

A6-28-26 1.2 162.5 20.5 

A6-28-27 1.2 cl62/5: 20.5 

A6-28-28 1.2 162.5 22.;5 

A6-28-29 1.2 158.5 20.0 

A6-28-30 1.2 162.0 21.0 

A6-28-31 1.4 160.0 22.0 

A6-28-32 1.4 158.5 21.5 

A6-28-33 L4 160.5 22.5 

A6-28-34 1.4 160.0 22.5 

A6-28-35 1.4 160.5 20.5 

A6-28;.;..36 1.7 160.0 23.0 

*Division size = 1/60 inch, chart speed = 2.0 in/min 
**Division size = 1/60 inch 
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Data From Chromatosraphic Tests on 

Analytical Unit with CarrteJ;" Gas ?low· of 
4 "' ( .• ' " ' '. ' 

Ten Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, µL Til:ne, *divisions Half Height, **divis;tons 

,.,· ·.1 

A6-28-37 1. 7 158.5 23.0 

A6-28-38 1. 7 159.0 23.0 

A6-28-39 1.1 159.5 22.0 

A6-28-40 1.7 157.0 23.0 

A6-28-41 1.9 156.5 24.0 

A6-28-42 1.9 lS}c<?~ 23.5 

A6-28-43 1.9 l,$6.0 24.0 

A6-28-44 1.9 J,,57 •. 5 23.5 

A6-28-45 1.9 158.() 24.0 

A6-28-46 2.2 158.0 25.0 

A6-28-47 2.2 158.0 25.5 

A6-28-48 2.2 155.0 24.0 

A6-28-49 2.2 156.0 26.5 

A6-28-50 2.2 156.0 23.0 

A6-28-51 2.4 157.5 27.0 

A6-28-52: 2.4 155.0 26.5 

A6-28-53 2.4 156.5 26.0 

A6-28-54 2.4 154.0 27.0 

*Division size = 1/60 inch, chart speed = 2.0 in/min 
**Division size = 1/60 inch 



Injection 
Number 

A6-28-55 

A6-28-56 

A6-28-57 

A6-28-58 

A6-2&-59 

A6-28-60 

A6'-28-61 

A6-28-62 

A6-28-63 

A6-28-64 

A6-28-65 

A6-28-66 

A6-28-67 

A6-28-68 

A6-28-69 

A6-28-70 

A6-28-71 

A6-28-72 

- 89 -

TABLE x:q:i; (c9nt.l 

Data From Chromatographic Tests on 

Analytical Unit with Carriet: Gas·Flow·of 
' < ,,4' ' ' 

Ten MilliUters·per Minute 

Sample Retention Peak Width at 
Size, µL Time, *divisions Half Height, **divisions 

f ~ 

2.4 . 155.0 25.5 

2.6 155.5 27.5 

2.6 154:.5 27.0 

2.6 1.s~ ;~s 27.5 

2.6 156~5 1 27.0 

2.6 iss.o· 26.0 

2.9. . 154.5 28.0 

2.9 J.54,110 28.0 

2.9 15~.~ 28.0 

2.9 153.5 28.0 

2.9 154.0 28.5 

3.2 152.5 30.0 

3.2 153.0 29.0 

3.2 153.0 29.0 

3.2 151.5 29.5 

3.2 152.5 29.0 

3.4 I 161.5 31.5 

3.4 . 167 .o 33.0 

*Division size = 1/60 inch, chart speed = 2.0 in/min 
**Division size = 1/60 inch 
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TABLE .xr~i (cont.l 

DC\ t,a,. fiFPR . ,CPtpwA, tp15,~a.J>M'C,. T,e,s;tff! . pp. 

. Analy,Uca,1 pntt ~;i:;th, C,ap'Fierr. Gas . F1,ow. of 

Ten Milliliters per Minute 

Injection Sample Retention Peak Width at 
.Number Size, µL Time, *divisions Half Height, **divisions 

A6-28-73 3.4 164.0 

A6-28-74 3.4 164.0 

A6-28-75 3.6 164.0 

A6-28-76 3.6 152.0 

A6-28-77 3.6 151.5 

A6-28-78 3.6 151.0 

A6-28-79 3.6 152.0 

A6-28-80 3.6 151.0 

*Division size ~· 1/60 inch, chart speed = 2.0 in/min 
**Division size = 1/60 inch 

32.0 

32.2 

32.2 

31.5 

30.0 

30.5 

31.0 

30.0 
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TA!)LE. :XIV 

· Ope77,a,t,;t:J1:8, ,C,ond.;f:_tj;op.,s,· }?,op, Pflfpmf'l.,t,P,S;P~ph~c 

T~st ·on· A~alx·ttc:'1 · IJp.~t. · ~tth · Ca:tirf,e,r, ·&as 

~low of Twenty Milliliters per Minute 

Test A6-29-l to A6-29-80 

Injection Block Temperature 

Column Temperature 

Detector Temperature 

Room Temperature 

Carrier Gas Pressure at Column Inlet 

= 
= 

= 
= 

= 
= 

= 

169°C 

109°C 

218°C 

26.0°C 

30 psig 

20 psig 

28 psig 

4.9 

Detector Air Pressure 

Hydrogen Pressure 

Rotameter Reading 

Recorder Speed 

Attenuation 

= 
= 

high x 2, 3.0 in/min 

1 x 105 



Injection 
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TABLE ZY 

Data :From Chromatographic Test.on 

Analytical Unit with Carrier Gas Flow of 

Twenty Mi,lliliters, 12er Minute 

Sample Retention Peak Width at 
N\.lmber Size, µL Time, *divisions Half Height **divisions 

A6-29-l 0.2 148.0 

A6-29-2 0.2 148.0 

A6-29-3 0.2 148.5 

A6-29-4 0.2 148.0 . 

A6-29-5 0.2 147.5 

A6-29-6 0.4 14.5.0 

· A6-29-7 0.4 l47.5 

A6-29-8 0~4 1.47.(J 

A6-29....:9 0.4 146;0' 

A6-29-10 :0.4 1so.i 

A6-29-ll 0.6 140.5 

A6-29-12 0.6 140.5 
,,;.· 

A6-29-13 0.6 14'0.S 

A6-29-14 0.;6 145.5 

A6-29-15 0.6 146.0 

A6-29-16 0.8 141.0 

A6-29-17 0.8 140.5 

*Division size = 1/60 inch, chart speed = 3.0 in/min 
**Division size = 1/60 inch 

19.0 

18.0 

19.0 

19.5 

18.5 

21.5 

21.5 

21.5 

21.5 

21.5 

23.0 

23.0 

24.0 

24.0 

24.0 

25.0 

25.0 



Injection 
Number 

A6-29-18 

A6-29-19 

A6-29-20 

A6-29-21 

A6-29-22 

A6-29-23 

A6-29-24 

A6-29-25 

A6-29-26 

A6-29-27 

A6-29-28 

A6-29-29 

A6-29-30 

A6-29-31 

A6-29-32 

A6-29-33 

A6-29...,34 

A6-29-35 
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Data From Chromatographic Test on 

Analytical Unit with Carrier Gas Flow of 

Twenty Milliliters per Minute 

Sample Retention Peak Width at 
Size, µL Time, *divisions Half Height, .**divisions 

0.8 139.0 25.5 

0.8 142.5 25.5 

0.8 142.5 26.0 

1.0 139.0 27.0 

1.0 138.5. 27.0 

1.0 .. .147 .s 28.5 

1 .. a 1.43~5 28.5 

1.0 144.~5. 27.5 

1.2 141.5 29.5 

1.2. 138.5 29.5 

1.2 ~41.5 28.5 

1.2 140.5 28.5 

1.2 14L.5· 29.5 

1.4 ·140.0 30.0 

1.4 140.0 30.0 

1.4 142.0 30.5 

1.4 141.5 30.0 

1.4 141.5 30.0 

*Division size = 1/60 inch, chart speed = 3.0 in/min 
**Division size = 1/60 inch 



Injection 
Number 

A6-29-36 

A6-29-37 

A6-29-38 

A6-29-39 

A6-29-40 

A6-29-41 

A6-29-42 

A6-29-43 

A6-29-44 

A6-29-45 

A6-29-46 

A6-29-47 

A6-29-48 

A6-29-49 

A6-29-50 

A6-29-51 

A6-29-52 
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Data From Chromatoaraphic Test on 

Analytical Unit wi,th Carrier Gas Flow of 

Twenty Milliliters per Minute 

Sample Retention Peak W:i:;dth at 
Size, µL Time, *divisions Half Height, **divisions 

1. 7 139.5 31.5 

1. 7 138.5 31.5 

1. 7 138.5 31.0 

1. 7 138.0 30.5 

1. 7 139.0 32.0 

1.9 ;J.38.:5 32.0 

l.~ 137.5 32.0 

1.9 137~5 32.0 

i.. 9 i37.o 31.5 
_;,c 

l.~9 > :137 5 ,, ,, . . 31.5 

2.2 137.0 33.0 

2.2 136~(} 33.0 

2.2 137.0 33.0 

2.2 138~5 33.5 

2.2 137.0 33.5 

2.4 135.0 34.0 

2.4 138.5 34.0 

*Division size = 1/60 inch, chart speed = 3•0 in/min 
**Division size = 1/60 inch 
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TABLE. xy. C.Cotlt,} 

Data Jrrom Chr9!Aztolr~phic Te$t on 

· Analxt:tcal ·Unit wt th Cartier ·Gas ·Flow· of 
• 4 • - . j ; .• • 

Twenty Mi1lt1tte~s·per·Mtnute 
' ,,_ ~ . 

Injecti~~ 
Number ··· 

Sample 
Size, µL 

Retention 
Time, *divisions 

Peak wtdth at 
Half Be:tghf~ . ~~df:d:stons 

4~29-53 

A6-29-54 

A6•29 ... 55 

A6..;.29-56 

A6-29~57 

A6-29-58 

A6-29-59 

A6-129-60 

A6-29-61 

A6-29-62 

A6-29-.63 

A6-29-.64. 

A6-29 ... 65 

A6-29 ... 66 

A6-.29-67 

A6-29,..68 

A6-29-.69 

. A6..,..29-70 

2.4 

2.4 

2.4 

2.6 

2.~:, ... 

2·~1 .. ~ ,.,.,. 

~- .r: 
2~~.· 

2.9 .. 

2.9 

2.9 

3.i· 
3.2 

3.2 

3.2 

3.2 

135.0 

139.0 

139.0 

134.0 

· .:135·0 
~~::! :;~ </,:""~~;:.~~' 

)}'11:.0 
"'"j.·Q.~ 

-,i;:_ - 'Ji"'.~ r 

;;·•"'·136 .. Q 
~--, 

\i.••ti , 
.~~:~~~j 

. ~&J.~ ' ' 
132.5 

134.0 

134.5 

136.o 

*Division size·• 1/60 inch, chart speed == 3.0 in/miQ. · 
**Division size == 1/60 inch 

34~0 

34.5 

33.5 

34.0 

34.0 

34 .• 0 

3,5.0 

34.5 

35.0 

36.0 

34.5 

36.0 

35.5 

35.5 

35.5 

36.0 

36.5 

36.0 



Injection 
Number 

A6-29-71 

A6-29-72 

A6-29-73 

A6-29-74 

A6-29-75 

A6-29-76 

A6-29-77 

A6-29-78 

A6-29-79 

A6-29-80 

- 96 -

Data From Chromatpgraphic Test on 

Analytical Unit with Carrier Gas FloW' of 

Twenty M.illili:ters per Minute 

Sample Retention Peak Width at 
Size, µL Time, *divisions Half Height, **divisions 

3.4 133.5 36.0 

3.4 132.5 37.0 

3.4 132.5 36.0 

3.4 132,0 36.0 

3.4 131.5 
!'i 

36.0 
}J 

3.6 133.Q 37.5 

3.6 137·.0 38.0 

3.6 l~Lq 35.0 

3.6 131.0 38.0 

3.6 ··133.q·. 37.5 

*Division size = 1/60 inch, chart speed = 3.0 in/min 
**Division size i= 1/60 inch 
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Operating Conditions for Chromatographic 

Tests on Preparative Unit with Carrier 

Gas Flow of 4305* Milliliters per Minute 

Test P7-2-l to P7-2-100 

Temperature Readings Pressure 

Injection Block = 192°C Carrier Gas 

Column = 120°C Detector Air 

Detector = 215°C Hydrogen 

Feed Line Column = 215°F Column Inlet 

Readings 

20 psig 

= 20 psig 

= 28 psig 

= 20 psig 

Top Column = 215°F Column Outlet = 17.9 psig 

Outside Middle Column = 214°F 

Inside Middle Column = 224°F 

Bottom Column = 214°F 

Product Line Column = 210°F 

Room = 75<>F 

Variac Settings 

Product Line 1 = 130 Recorder speed = low x 4, 

Sample Vaporizer = 90 1 in/min 

Top Column = 47 Attenuation = 1 x io5 

Second From Top = 73 

Third From Top = 73 

Feed Line = 30 

Bottom Column = 47 

Product Line 2 = 43 

*Corresponds to 5 ml/min on analytical 
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TABLE XVII 

Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Peak Width at Injection 
Number 

Sample 
Size, ml 

Retention 
Time, **divisions Half Height, ***divisions 

P7-2-l 0.10 198.5 38.0 

P7-2-2 0.10 197.0 37.5 

P7-2-3 0.10 195 .o 37.5 

p7-.2-4 0.10 193.5 37.0 

P7-2-5 0.10 193.5 37.0 

P7-2-6 0.20 193.5 35.5 

P7-2-7 0.20 194.0 36.5 

P7-2-8 0.20 194.0 37.0 

P7-2-9 0.20 195.0 37.0 

P7-2-10 0.20 194.5 37.5 

P7-2-11 0.30 193.0 41.5 

P7-2-12 0.30 194.5 42.0 

P7-2-13 0.30 190.0 38.5 

P7-2-14 0.30 193.0 41.5 

P7-2-15 0.30 190.0 38.5 

P7-2-16 0.40 186.0 46.5 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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TABLE XVJ:I. C.Cont. l 

Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P7-2-17 0.40 186.5 46.5 

P7-2-18 0.40 186.0 47.0 

P7-2-19 0.40 186.0 46.5 

P7-2-20 0.40 186.0 47.0 

P7-2-21 0.50 187.5 51.5 

P7-2-22 0.50 185.5 52.0 

P7-2-23 0.50 186.6 52.0 

P7-2-24 0.50 187.5 51.5 

P7-2-25 0.50 185.5 52.0 

P7-2-26 0.60 185.5 54.0 

P7-2-27 0.60 187.5 56.0 

P7-2-28 0.60 186.5 55.5 

P7-2-29 0.60 185.5 54.0 

P7-2-30 0.60 187.5 56.0 

P7-2-31 0.70 186.0 59.0 

P7-2-32 0.70 186.0 57.5 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P7-2-33 0.70 180.5 59.0 

P7-2-34 0.70 186.0 59.0 

P7-2-35 0.70 180.5 59.0 

P7-2-36 0.80 181.0 60.0 

P7-2-37 0.80 180.5 61.0 

P7-2-38 0.80 180.0 61.0 

P7-2-39 0.80 181.0 60.0 

P7-2-40 0.80 180.0 61.0 

P7-2-41 0.90 180.0 63.5 

P7-2-42 0.90 180.5 63.5 

P7-2-43 0.90 180.0 62.5 

P7-2-44 0.90 180.0 63.5 

P7-2-45 0.90 180.5 62.5 

P7-2-46 1.00 180.0 65.5 

P7-2-47 1.00 180.5 65.5 

P7-2-48 1.00 182.5 64.5 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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TABLE. .XVU .. (cpnt. l 

Data From Chr0111~~ographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P7-2-49 1.00 182.5 64.5 

P7-2-50 1.00 180.0 65.5 

P7-2-51 1.20 180.0 69.0 

P7-2-52 1.20 181.0 69.5 

P7-2-53 1.20 178.5 68.5 

P7-2-54 1.20 180.0 69.0 

P7-2-55 1.20 181.0 69.5 

P7-2-56 1.40 180.5 70.5 

P7-2-57 1.40 173.0 70.5 

P7-2-58 1.40 177.0 72.0 

P7-2-59 1.40 173.0 70.5 

P7-2-60 1.40 180.5 70.5 

P7-2-61 1.60 175.5 74.5 

P7-2-62 1.60 179.5 74.5 

P7-2-63 1.60 179•0 74.5 

P7-2-64 1.60 175.5 74.5 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height·; ***divisions 

P7-2-65 1.60 179.0 74.5 

P7-2-66 1.80 181.0 81.5 

P7-2-67 1.80 179.5 81.0 

P7-2-68 1.80 178.5 80.5 

P7-2-69 1.80 17910 81.5 

P7-2-70 1.80 181.0 81.5 

P7-2-71 2.00 180.0 83.5 

P7-2-72 2.00 181.0 84.0 

P7-2-73 2.00 181.5 84.0 

P7-2-74 2.00 180.5 83.0 

P7-2-75 2.00 180.5 83.5 

P7-2-76 2.20 179.0 87.5 

P7-2-77 2.20 178.0 86.5 

P7-2-78 2.20 178.5 87.5 

P7-2-79 2.20 178.0 86.0 

P7-2-80 2.20 179.0 88.0 

P7-2-81 2.40 177.0 91.5 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 



- 103 -

Data From Chromatograph~c Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P7-2-82 2.40 177.0 92.0 

P7-2-83 2.40 177.0 91.0 

P7-2-84 2.40 177.0 92.0 

P7-2-85 2.40 177.0 91.0 

P7-2-86 2.60 178.0 95.0 

P7-2-87 2.60 178.0 97.5 

P7-2-88 2.60 183.0 98.0 

P7-2-89 2.60 178.0 95.5 

P7-2-90 2.60 182.0 97.5 

P7-2-91 2.80 179.5 98.0 

P7-2-92 2.80 179.5 97.0 

P7-2-93 2.80 179.5 98.0 

P7-2-94 2.80 179.5 98.0 

P7-2-95 2.80 179.5 97.0 

P7-2-96 3.00 171.5 97.5 

P7-2-97 3.00 185.5 102.0 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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l'AELE AYil C.Cont .1 

Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

4305* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P7-2-98 3.00 172.0 96.5 

P7-2-99 3.00 171.0 96.0 

P7-2-100 3.00 185.5 102.0 

*Corresponds to 5 ml/min on analytical, equal loading per unit cross-
sectional area on both columns 
**Divisions size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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Operating Conditions for Chromatographic 

Tests on Preparative Unit with Carrier 

Gas Flow of 8610* Milliliters per Minute 

Test P6-23-l to P6-23-100 

Temperature Readings Pressure Readings 

Injection Block = 190°C Carrier Gas = 25 psig 

Column = 125°C Detector Air = 20 psig 

Detector = 222°C Hydrogen = 28 psig 

Feed Line Column = 215°F Column Inlet = 20 psig 

Top Column = 215°F Column Outlet = 16 psig 

Outside Middle Column = 216°F 

Inside Middle Column = 232°F 

Bottom Column = 215°F 

Product Line Column = 200°F 

Room = 76°F 

Variac Settings 

Product Line 1 

Sample Vaporizer 

= 126 

= 70 

Recorder speed = low x 4 
1 in/min 

Top Column = 65 Attentuation = 1 x 105 

Second From Top = 65 

Third From Top = 51 

Feed Line = 60 

Bottom Column = 46 

*Corresponds to 10 ml/min on analytical, equal loading per unit 
cross-sectional area 
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'Preparative. Scale 'Unit Wftll 'Carrier 'Gas 'Flow of 
4 a t c i E t l q 

8610* M:tll:tl,iters Eer Minute 

Injection Sample Retention Peak Width at 
,Nt)mber Size, ml Time, **divisions Half Height, ***d:tvis:to~s 

P6 .. 23.,..1 0.1 112,0 18.0 

P6-23-2 0.1 112.0 18.0 

P6-23,,.3 0,1 112.0 18.0 

P6 ... 23-4 0.1 113.0 18.5 

P6-23-5 0.1 113.0 18.5 

P6-23 ... 6 0.2 114.0 19.0 

P6-23-7 0.2 109.0 18.0 

P6-23-8 0.2 108.0 18.0 

P6-23-9 0.2 110.0 18.5 

P6-23-10 0.2 . 109.5 18,5 

P6 .. 23'!"'11 0.3 110,0 19,5 

p&,.-23 .... 12 0,3 110,0 19,5 

P6-23-13 0.3 110,0 19,5 

P6 .... 23-14 0,3 111,5 20.0 

P6-23-15 0,3 111.0 20,0 

P6 ... 23-16 0.4 111.5 21.0 

*Corresponds to 10 ml/min on the analytical column 
**Division size = 1/60 inch, chart speed = 1.0 in/m:tn 
***Division size = 1/60 inch 
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-PP..t:f.. r~. ~~tP~ttR~. 't~:t;;. eP-
. Pre · ara t:tve. · Scale Un:tt ·wt th· caorrter ·Gas 'P1w ·of J>, < i < < < • E i; I < ( i < i 4 < i « l 4 i > I t < 4 ; 

8610* Milliliters per Minute ' . ~ ' 

Injection Sample Retention Peak Width at 
·Number Size, ml Time, **d:tv:l:.s:l:.ons Half Hefgflt, **~d~:(~~ri.s · 

P6-23-17 0.4 111.0 20.5 

P6-23-18 0.4 111.0 21.0 

P6-23-19 0.4 111.0 21.0 

P6-23-20 0.4 111.0 21.0 

P6-23-21 0.5 109.5 22.0 

P6-23-22 0.5 108.5 22.0 

P6-23-23 0.5 109.5 22.0 

P6-23-24 0.5 109.0 22.0 

P6-23-25 0.5 109.0 22.0 

P6-23-26 0.6 113.0 25.5 

P6-23-27 0.6 111.0 24.5 

P6-23-28 0.6 111.0 25.0 

P6-23-29 0.6 110.0 24.5 

P6-23-30 0.6 109.5 24.0 

P6-23-31 0.7 112.5 27.5 

P6-23-32 0.7 107.0 25.0 

P6-23-33 0.7 108.5 25.5 

*Corresponds to 10 ml/min on the analytical column 
**Division size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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TABLE. 4U (cont , } 

Data From Chromatographic Tests on 
4 c F 4 ;, 

Preparative Scale Unit with.Cartier Gas Flow of 

8610* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P6-23-34 0.7 108.5 25.5 

P6-23-35 0.7 105.5 24.0 

P6-23-36 0.8 106,0 26.0 

P6-23-37 0.8 104.5 25.5 

P6-23-38 0.8 105.0 26.0 

P6-23-39 0.8 104.0 26.0 

P6-23-40 0.8 105.0 26.0 

P6-23-41 0.9 104.5 28.0 

P6-23-42 0.9 107.5 29.0 

P6-23-43 0.9 107 .o 28.5 

P6-23-44 0.9 107.0 28.5 

P6-23-45 0.9 107 .o 28.5 

P6-23-46 1.0 106,5 30.5 

P6-23-47 1.0 106.5 30.5 

P6-23•48 1.0 108.0 30.5 

P6-23-49 1.0 108.0 31.0 

*Corresponds to 10 ml/min on the analytical column 
**Division size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas ~low of 

8610* Milliliters Eer Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P6-23-50 1.0 109.5 31.0 

P6-23-51 1.2 108.0 33.0 

P6-23-52 1.2 108.0 33.0 

P6-23-53 1.2 107.5 33.5 

P6-23-54 1.2 103.0 31.5 

P6-23-55 1.2 104.0 32.0 

P6-23-56 1.4 103.5 34.5 

P6-23-57 1.4 103.0 34.5 

P6-23-58 1.4 103.5 34.0 

P6-23-59 1.4 105.0 34.0 

P6-23-60 1.4 103.5 34.0 

P6-23-61 1.6 101.5 36.0 

P6-23-62 1.6 102.0 35.5 

P6-23-63 1.6 101.0 35.5 

P6-23-64 1.6 101.5 35.5 

P6-23-65 1.6 102.0 36.0 

*Corresponds to 10 ml/min on the analytical column 
**Division size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 



Injection 
Number 

P6-23-66 

P6-23-67 

P6-23-68 

P6-23-69 

P6-23-70 

P6-23-71 

P6-23-72 

P6-23-73 

P6-23-74 

P6-23-75 

P6-23-76 

P6-23-77 

P6-23-78 

P6-23-79 

P6-23-80 

P6-23-81 

P6-23-82 

- 110 -

Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

8610* Milliliters per Minute 

Sample Retention Peak Width at 
Size, ml Time, **divisions Half Height, ***divisions 

1. 8 102.0 38.0 

1.8 101.5 38.5 

1.8 101.5 38.0 

1.8 102.0 38.0 

1.8 101.5 38.0 

2.0 101.0 39.5 

2.0 101.0 40.5 

2.0 100.5 39.5 

2.0 94.0 35.5 

2.0 93.5 37.0 

2.2 94.0 38.0 

2.2 94.5 39.5 

2.2 94.0 38.0 

2.2 93.0 38.5 

2.2 92.0 38.0 

2.4 94.0 41.5 

2.4 93.5 40.5 

*Corresponds to 10 ml/min on the analytical column 
**Division size = 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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TABLE. XU (cQP.t, ) 

Data From Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas Flow of 

8610* Milliliters per Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***divisions 

P6-23-83 2.4 95.0 40.0 

P6-23-84 2.4 94.0 39.5 

P6-23-85 2.4 95.0 39.5 

P6-23-86 2.6 95.0 41.0 

P6-23-87 2.6 94.5 44.0 

P6-23-88 2.6 95.0 42.5 

P6-23-89 2.6 95.0 42.0 

P6-23-90 2.6 95.5 42.5 

P6-23-91 2.8 94.0 42.5 

P6-23-92 2.8 95.0 43.5 

P6-23-93 2.8 94.0 44.0 

P6-23-94 2.8 95.5 44.0 

P6-23-95 2.8 94.0 43.0 

P6-23-96 3.0 94.5 46.0 

P6-23-97 3.0 94.5 45.5 

P6-23-98 3.0 95.0 45.0 

*Corresponds to 10 ml/min on the analytical column 
**Division size ~ 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 
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Data ~rOlll Chromatographic Tests on 

Preparative Scale Unit with Carrier Gas ~lc>w of 

8610* Milliliters per Minute 

Injection 
Number 

Sample 
Size, ml 

Retention 
Time, **divisions 

Peak Width at 
Half Height, ***divisions 

P6-23-99 3.0 95.0 

P6-23-100 3.0 96.0 

*Corresponds to 10 ml/min on the analytical column 
**Division size ~ 1/60 inch, chart speed = 1.0 in/min 
***Division size = 1/60 inch 

47.0 

44.5 
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TABLE XX 

Operating Conditions for Chromatographic 

Tests on Preparative Unit with Carrier 

Gas Flow of 17,220* Milliliters per Minute 

Test P6-24-l to P6-24-100 

TemEerature Readings Pressure Readings 

Injection Block = 180°c Carrier Gas = 25 psig 

Column = 135°C Detector Air = 20 psig 

Detector = 210°c Hydrogen = 28 psig 

Feed Line Column = 215°F Column Inlet = 25 psig 

Top Column = 216°F Column Outlet = 18.2 psig 

Outside Mi.ddle Column = 215°F 

Inside Middle Column = 223°F 

Bottom Column = 215°F 

Product Line Column = 195°F 

Room = 75°F 

Variac Settings 
Product Line 1 = 130 Recorder speed = low x 8 

Sample Vaporizer = 65 2 in/min 

Top Column = 60 Attentuation = 5 x 105 

Second From Top = 72 

Third From Top = 72 

Feed Line = 70 

Bottom Column = 47 

Product Line 2 = 0 

*Corresponds to 20 ml/min, on analytical, equal loading per cross-
sectional area 
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T~1rxxi 

Data From Chr01nato11aphic Tests qp 
· ·Prepai'll\tiVe Scale Unit. with Carrier t";a& flow ·of 

17 2220* Mt11~1t~~rs ·;er ·M:tnute 

tnject:ten Sa.mp le ··Retention 
~~!~. *diyitiiCJ~. 

Peak Width at 
Nwaf>er .Si:pe, ml .Ba.J.f . Height, .·***divfsions· 

P6-24-1 

P6-24-2 

P6-24-3 

P6-24-4 

F6-24-S 

P6-24-6 

P6-'24,..7 

P6•24-8 

P6-24-9 

.. :P6-24-10 

P6..'.;24-ll· 

P.24-12 

P6..o.24•13 

P6-l4-14 

P6-24-1S 

P&-24-16 

' 

0.1 

0 l, 4' • :t 

0 •. 1 

0/:t:,~ .. 
'. 

d'1·· .. 
0 .• 2 ' ., . 

p.~ 
\~,, 

0.2 

0.2 

0.2 

0.3 

0.3 

0.3 

0.3 

0.3 

0.4 

l:33·.s·· 

134 .. \S 

13,3.0 . 

133.0 

134.0 

136.S' 

134.S 

. *Corresponds to 20 ml/min on tb,e.· a.nalyttcal column 
·**Df111.i&1ctml: &tze ,.. l/60 tnch,·· chart. speed • 2.0 in/min 
***D:tvi&ion size = 1/60 inch 

25.0 

24.S 

24.S 

24.S 

24.S 

25.S 

26.0 

26 .• 0 

25.0 

26.0 

25.0 

25.0 

26.5 

26.5 

25.0 

27.0 
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Data From Chro:rnatosraph:tcTests on 

Preparative scale Unit wi.th · Ca:i:rier ·Gas Flow of 

17 ,220* Millilit,ers pet Minute 

Injection 
.Number 

Sample 
. Size, ml 

Retention 
Time,**divisions 

Peak Width at 
Half Height, ***afv:tsions 

P6-24-17 

P6-24-18 

P6-24-19 

P6-24-20 

P6-24-21 

P6-24-22 

P6-24-23 

P6-24-24 

P6-24-25 

P6-24-26 

P6-24-27 

P6-24-28 

P6-24-29 

P6-24-30 

P6-24-31 

P6-24-32 

P6-24-33 

0.4 

0.4 

0.4 

0.4 

0.5 

0.5 

0.5 

0.5 

0.5 

0.6 

0.6 

0.6 

0.6 

0 .• 1 

o. 7 

0.7 

134.5 

135.0 

133.0 

134.0 

l3Q.5 

131,..5 

131.5 

131.0 

131.0 

130.0· 

128.5 

... ;+~9 
130.0 

12.7 .o 
129.5 

130.0 

129.5 

*Cor:t;esponds to 20.ml/min on the analytical column 
**Divisions size = 1/60 inch, chart speed = 2.0 in/min 
***Division size ~ 1/60 inch 

27.0 

27.5 

26.5 

26.5 

28.0 

28.0 

28.0 

28.0 

28.0 

31.0 

30.0 

31.0 

30.0 

29.0 

32.5 

32.0 

32.0 



Data From Chromatosraphic Tests on 

Preparative Scale Unit ¥ith Carrier Gas 'Flow of 

17,220* Milliliters·per Minute 

Injection 
Number 

Sample 
Size, ml 

Retention 
T:i:tne, **divisions 

Peak Width at 
Ha.1£ Height'~. ***divbtons 

P6-24-34 

P6-24-35 

P6-24-36 

P6-24-37 

P6-24-38 

P6-24-39 

P6-24-40 

P6-24-41 

P6-24-42 

P6-24..-43 

P6-24-44 

P6-24-45 

P6-24-46 

P6-24-47 

P6-24-48 

P6-24-49 

)?6-24-50 

0.7 

0.7 

0.8 

0.8 

0.8 

O.R 

0.$ 

0.9· 

p.9. 

0·.911 

0.9 

0.9 

1.0 

1,0 

1.0 

1.0 

1.0 

129.5 

129.0 

126.5 

126.5 

121.s 

127.5 

126.5 

i2'6.o 
12~.5 

!27.0 

': 127 .5 

12.6.5 

12'6·.0 

125.5 

126.0 

124.0 

125.0 

*Cor;i;esponds to 20 ml/min on the analyt:f.cal column 
**Divisions size = 1/60 inch, chart speed = 2.0 in/min 
***Division size = 1/60 inch 

32.5 

32.5 

34.0 

34.5 

35.0 

35.0 

35.0 

35.0 

35.5 

36.0 

37.0 

36.0 

38.0 

38.0 

37.5 

37.0 

37.5 



... 117 ... 

Data From Chropiatoar~phic Tests on 

· ·Preparative· Seale· un~t.·Wf..th, ·Carrier ·Gas· Fl~· of 

17,220* Mtll:tliters pet Minute 
. , . . ' 

Injection ' Sample R.etent:ton Peak Wiclth. at 
.NUmber ·.· .Size,· ml Ttme,.**divisions . Half . Height~ . ***cl:tV:ts:tons 

P6-24-51 1.2 123.0 

P6-24-52 1.2 123.0 

P6 ... 24 .. 53 1.2 123.0 

P6-24-54 1.2 123.0 

P6-24-5S 1.2 '1.~3:0··>, 
" 

P6•24-56 1.4 ·121.0., 

P6-24-57 1.4 . :~.u.s.o 
' < '> ', ,,~ , '}", ' " 

.p~24 ... 53 1::.4 
;,. 'if'\, .<>;;. aa.o' 

''><' ' ~*' ' 
'; ~ 

P~24-59 'J.~4 .. ili~iJ 
.. '»"'·< 

P6•24-60 i,.41 
~ 

1?6~24-61 1:.6 
l" 

115.S' 
~~:'~,t~';~ 

P6-24 ... 62 1.6 

J,>6-24-63 1.6 ··1~9.CP·' 

P6-24-64 1.6· 
ii 

1'1~ •. .5 

P6'1"24•65 1.6 115.5 

P6-24~66 1.8 125.0 

*Corresponds to 20 ml/Jntn on th.e analytical column 
**Dtvtstons size F 1/60 tuch, chart speed 111 2.0 in/min 
***l>iv:tston stze .;,. 1/60 inch 

41.0 

41.5 

41.0 

41.0 

41.5 

44.0 

43.0 

44.5 

44.5 

43.0 

44.0 

44.5 

46.0 

46.0 

44.0 

50.5 
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TABLE XX! (c~mt .1 

Data From Chromato~r::i.phic Tests on 

Preearative Scale Unit with Carrier· Gas· Flow· of 

17,220* Milliliters ver Minute 
' 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, ***di~isions 

P6-24-67 1.8 120.0 

P6-24-68 1.8 119.5 

P6-24-69 1.8 125.0 

P6-24-70 1.8 119 • .5 

P6-2.4-71 2.0 ,118.0 

P6-'24-72 2.0 120•0 

P6-24-73 /2.00 lii..s 

P6-24-74 2.0.' 118:.6 

P6-24-75 2.Q. i~hs 

P6-24-76 2.2 122 •• 6 •. 

P6-24-77 2.2 132., . 

P6-24-78 2.2 1~2;5 

P6-24 ... 79 2.2 132.5 

P6-24-80 2.2 122.0 

P6-24-8l 2.4 133.5 

P6-24-82 2.4 134.5 

*Corresponds to 20 ml/min on the analytical column 
**Divisions stze ;::; l/60 ±nch, chart speed = 2.0 in/min 
***D:tvis:ton size = 1/50 inch 

48.0 

47.5 

50.5 

47.5 

51.5 

52.0 

52.0 

51.5 

52.0 

54.0 

58.5 

58.5 

58.5 

54.0 

63.0 

61.5 
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Data Froro Chropiato&,t'!l-Ph::tc Te,sts on 

Preparative Scale Unit wJFP Carrier Gas Flow of 

17, 220* Millili,ters ·per Minute 

Injection 
.Number 

Sample Retention Peak Width at 
Size, ml Time, **divisions Half Height, ***divisions 

P6-24-83 

P6-24-84 

P6-24-85 

P6-24-86 

P6-24-87 

P6-24-88 

P6-24-89 

P6-24-90 

P6-24-91 

P6-24-92 

P6-24-93 

P6-24-94 

P6-24-95 

P6-24-96 

P6-24-97 

P6-24-98 

2.4 

2.4 

2.4 

2.6 

2.6 

2.6 

2.6 

2,6 

2.8 

2.8 

2.8 

2.8 

2.8 

3.0 

3.0 

3.0 

133.5 

134.5 

133.5 

132.5 

132•5 

132.5 

132.5 

132.s 

128.5 

121.0 

128.5 . 

127.0 

128.5 

122.0 

122.0 

124.0 

*Co~respond~ to 20 ml/~in on tb..e analytical coluron 
**Divisions size ::::; 1/60 i:nch, chart speed = 2.0 in/min 
***Division size = 1/60 inch 

63.0 

61.5 

62.0 

65.0 

64.0 

63.5 

65.5 

65.5 

66.0 

66.0 

66.0 

66.0 

66.5 

65.5 

65.5 

65.5 

l 



I. 
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Data :From Chromatos#.aphtc ·Tests. on 

Prepa:rative Scale Unit wit]t; Carrier Gas Flow· of 

17,220* Milliliters per.Minute 

Injection Sample Retention Peak Width at 
Number Size, ml Time, **divisions Half Height, 

P6-24.-99 3.0 124.0 

P6-24-100 3.0 122.0 

*Corresponds to 20 ml/min on the analytical column 
**Div:tsions size F 1/60 inch, ch,ia;rt speed i= 2 .o in/min 
***D~ision size ;:.; 1/60 inch 

65.5 

65.0 

***divisions 
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'.!'ABLE. JOUJ, 

~;f:.se Ti!:!!!e D~ta ~or gotallleter 
4 •• 

Cal,;1.bration 

Bub~1e ¥l~wmet~ V0lume !"I 25 m:U1t1tte'1:'s 

Tank. l'ressure "" 30 pstg 

Ambient Temperature = 75.0°F 

Barometric Pressure = 710 mm 

Timer Reset to Zero For Each Test 

Test Rise Ti.me Rotameter Test Rise Time Rotameter 
No, Sec, Reading No. Sec. Reading 

1 19.9 10.4 18 16.8 11.3 

2 19.9 10.4 19 232.9 2.0 

3 19.9 10.4 20 232.6 2.0 

4 12.6 13.2 21 232.7 2.0 

5 12.6 13.2 22 15.0 12.0 

6 12.6 13.2 23 15.0 12.0 

7 34.7 7.7 24 15.0 12.0 

8 34.8 7777 25 91.8 4.1 

9 34.8 7.7 26 91.9 4.1 

10 70.0 5.2 27 91.8 4.1 

11 69 .3 5.2 28 487 .6 1.0 

12 70,0 55.2 29 487.7 1.0 

13 25.4 9.0 30 487.6 1.0 

14 25.4 9.0 31 136.5 3.0 

15 25.4 9.0 32 136.5 3.0 

16 16.8 11.3 33 136.4 3.0 

17 16.8 11.3 34 41.1 7.0 



Test 
No. 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 
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TABLE xxii (cont.} 

R1..se Th1\e. ps.tp., F9ir, ;t\Otlfl!et,e;:, ,Cs.l;i,bpa,t;tpp. 

Buable 'J?'loW11lete~ 'V~l-u~e ~ 25 11lt11tl~ters 

Tank Pressu'l'e 

Ambient Temperature 

Barometric Pressure 

~ 30 pstg 

= 75.0°F 

= 710 mm 

Timer Reset to Zero For Each Test 

Rise Time 
Sec. 

41.3 

41.2 

54.6 

54.0 

54.1 

30.2 

30.4 

30.1 

23.5 

23.l 

23.4 

Rotameter 
Reading 

7.0 

7.0 

6.0 

6.0 

6.0 

8.2 

8.2 

8.2 

9.4 

9.4 

9.4 



Test 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
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TABLE XXIU: 

.vet e.te.· !l · ate Dat n.ffJ. .• F.~ ~n.,.n.! 
.A:lllb~t Te:Jllpe!i~tu!t'e P 75,0"f 

Tank Pressure "' 30 psig 

Barometric Pressure = 710 nun 

Rotameter 
Reading 

10.4 

13.2 

7.7 

5.2 

9.0 

11.3 

2.0 

12.0 

4.1 

1.0 

3.0 

7.0 

6.0 

8,2 

9.4 

Average 
Flowrate ml/min 

75.4 

119.0 

43.1 

21.5 

59.1 

89.3 

6.5 

100.0 

16.3 

3.1 

11.0 

36.4 

27.8 

49,6 

64.3 
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Figure X. Flowrate versus rotameter reading for nitrogen 
carrier gas at 75°F and 710 mm 
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Sample 
Size 
µl 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1. 7 

1.9 

2.2 

2.4 

2.6 

3.0 

3.2 

3.4 

3.6 
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Sample S:tze per Unit 

Cross.,...Secttonal Area From 

Tests For Analytical Unit 

Sample Size per 
Unit Cross-Sectional Area 

Inches x 103 

4.04 

8.09 

12.12 

16.17 

20.21 

24.26 

28.29 

34.36 

38.41 

44.46 

48.51 

52.55 

58.62 

64.30 

68. 72 

72. 76 



Sample 
Size 
ml 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 
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Sample She·. pell;' Un±t Cross'"' 

Sect:l::ona1 .A.r;ea :From Tests 

For Preparative-Scale Unit 

Sample Size per 
Unit Cross-Sectional Area 

Inches x 103 

2.43 

4.85 

7.27 

9.70 

12.12 

14.56 

16 .98 

19.41 

21.83 

24.26 

29 .11 

33.40 

38.81 

43.66 

48.52 

53.37 

58.22 



,-----------------------------1 

Sample 
Size 
ml 

2.6 

2.8 

3.0 
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Sample Size.pe:r Unit Cr©SS"." 

Sectional Area Prem Tests 

For Preparative-Scale Unit 

Sample Size per 
Unit Cross-Sectional Area 

Inches x 103 

63.07 

67.92 

n.77 
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Sample Calculations 

Examples of calculations which were made in this investigation 

are given in this section. 

Cross-Sectional Areas of Columns. The cross-sectional areas of 

both columns were calculated so that carrier gas flowrates and sample 

sizes could be scaled-up for the preparative-scale column. Scale-up 

was based on equal loading per unit of cross-sectional area. The ana-

lytical column dimensions were: outside diameter (O.D.), 0.125 inches 

+ 0.002 inches; inside diameter (I.D.), 0.061 inches+ 0.003 inches; 

wall thickness, 0.032 inches + 0.003 inches. The cross-sectional area 

of the analytical column (A ) was: a 

A a = 7f 2 
4 (I.D.) 

A = 2.922 x 10-3 in. 2 
a 

(23) 

For the preparative-scale column the dimensions were: outside 

diameter of center section (D ), 1.050 inches; inside diameter of 
0 

outer section (D.), 2.075 inches. The cross-sectional area of the 
1. 

preparative-scale column (A ) was: p 

A = E (D 2 - D 2) 
p 4 i 0 

A = p ~ (2.0752 - 1.0502) 

A 2.516 in. 2 = p 

(24) 
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Scale.-.Up l!'actor. s.r. wa.s uaed to obtatn the ca.r:r;:t.er gas Uewra.te 

and Salilple size ~en; the pirepara.t;t:ve ... scale column. $,'J?• :ts defined as 

the ratio of the cress .... secticmal area of tiie pre}?arative-scale column 

(A) to the cross-sectional area of the analytical column (A). There-p a 

fore: 

S.F. 

S.F. 

A 
= _..E. 

= 

A a 
2 2.516 in. 

-3 2 2.922 x 10 in. 

S.F. = 861.0 

(25) 

Analytical Flowrate. The carrier gas flowrate was set by using 

a needle valve on the rotameter. The rota.meter was calibrated using 

a bubble flowmeter with a 25 milliliter volume. Calibration data are 

given in Table XXDIIT.. For a roaameter setting of 2.0 the average rise 

time in the bubble flowmeter was 232.75 seconds. The flowrate of 

carrier gas in the analytical column (q ) is given by: a 

where: 

V = volume of the bubble flowmeter, milliliters a 

Rt = rise time, seconds 

The flowrate in the analytical column was: 

25 (60} 
232.75 

(26) 
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where 60 is the conversion factor from seconds to minutes. 

6,45 ml/m±n 

Preparative-Scale Flowrate. The preparative-scale flowrate (q ) 
p 

was calculated using the S.F. relationship as follows: 

qp = S .F. x qa (27) 

qp = (861) x (6.45) 

qp = 5553.45 milliliters/min. 

Rise time required for a one liter voltune bubble flowmeter would 

therefore be: 

= 

= 

1000 
5553.45 

(60) 

10.8 seconds 

(28) 

Sample Size. The sample sizes for the preparative-scale unit were 

selected for accuracy, because of the graduations on the syringes. 

The sample sizes for the analytical column where scaled down from the 

chosen preparative-scale sizes using the following relationship: 

where: 

SS 
SS = _E.._ 

a S. F. 

SS = analytical sample size, µl a 

SS = preparative-scale sample size, ml 
p 

(29) 
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S.F. = scale-up factor 

103 = conversion factor from microl±ters te milliliters 

For a preparative-scale sample size of 1.2 milliliters, injection 

number P5-ll, Table IV the corresponding analytical sample size would 

be: 

SS a 
1.2 = --861 

ssa = 1.395 µl 

This is the value given for injection A5-7, Tabie I. 

Calculation of n and HETP. The same method for calculating n and 

HETP was used for the analytical and preparative-scale units. For in-

jection number P6-23-33, Table IX the retention time(d) and peak 

width at half height (w112) are 108.5 divisions and 25.5 divisions 

respectively. A division is equal to 1/60 of an inch. n is calculated 

from the following equation: 

where: 

Tl = 5 .5452 (-d-) 2 
w1/2 

n = number of theoretical plates, dimensionless 

d = retention time, divisions 

w112 = peak width at half height, divisions 

For injection number P6-23-33 we have: 

n = 5.5452 (108.5/25.5) 2 

(30) 
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Q - 100.5 

HETP is then calculated from the following equation: 

HETP = L/n (31) 

where: 

HETP height equivalent to a theoretical plate, inches 

L = length of column packed section, inches 

n = as defined above 

For injection number P6-23-33 we have: 

HETP = 63/100.5 

HETP = 0.6275 inches 

Preparative-Scale Column Efficiency. The efficiency of the pre-

parative-scale column relative to the analytical column, is given by 

the following equation: 

% Eff. = (HETP /HETP ) x (100) a p (32) 

where 

% Eff. = per cent efficiency of the preparative-

scale column relative to the analytical 

column 

HETP = average a HETP of analytical column, inches 

HETP = average HETP of preparative-scale column, p 
inches 

For preparative-scale injection P5-l, Table IV and corresponding 
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analytical injection A5-l~ Table I toJ;" equal ~rn.nJple loading per 

unit cross-sectt.onal area., HE.Tl;' values are. 0.4;1,6 ;i::nche.s and 0,0937 

inches respectively. The telat;i:::ye e;ef;tc;i:ency· ;f;s g~yen a~ :eollows; 

% Eff. = (0.0937/0.416) x (100) 

% Eff. = 22.6% 

Sample Loading per Unit Cross-Sectional Area. In order to com'"' 

pare the preparative-scale and analytical column on the same basis 

the sample loading per unit cross-section area is calculated as 

follows: 

where: 

SL/CS = 
SS = 

CSA = 

2.54 = 

SL/CS = SS (33) (CSA) x (2.54) 

sample loading per unit cross-sectional area, inches 

1 . 3 samp e size, cm 
2 cross-sectional area, cm 

conversion factor to convert centimeters to inches 

For the preparative-scale column with a one milliliter sample we have: 

SL/CS = 1.0 
(16.26) x (2.54) 

where: 

16.26 = cross-sectional area of preparative-scale column 

SL/CS = -2 2.42 x 10 inches 

Similar calculations are made for the analytical column. 
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Materials 

The materials used in this investigation are described in this 

section. 

Breathing Air. Purified air manufactured by and purchased from 

Industrial Gas and Supply Company, Bluefield, West Virginia. Used as 

detector air to support combustion. 
2 Cooling Air. Supplied at 80-90 lb/in gauge, filtered and reduced 

2 to 30 lb/in gauge. Obtained from Virginia Polytechnic Institute and 

State University. Used as cooling air in analytical unit. 

Hydrogen. 99.5% pure, maximum oxygen content 0.5%. Manufactured 

by and purchased from Industrial Gas and Supply Company, Bluefield, 

West Virginia. Used for combustion in the flame ionization detector. 

Nitrogen. Oil pumped, maximum oxygen content 0.1%, dewpoint 

-24°F, corresponding to 0.03% moisture by weight. Manufactured by 

and purchased from Industrial Gas Supply Company, Bluefield, West 

Virginia. Used as carrier gas in analytical and preparative-scale 

columns. 

Methanol. Boiling point 64.6°C, alkalinity 0.0002% as NH3, 

acidity 0.002% as HCOOH. Purchased from Fisher Scientific, Company, 

Chicago, Illinois. Used to extract n-butyrate vapors from exhaust of 

preparative-scale unit. 

n-Methyl Butyrate. Catalog No. 787, highest purity, boiling 

point 101.5 to 103.5 degrees centigrade. Purchased from Fisher Scien-

tific Company, Chicago, Illinois. Used as sample material in ana-

lytical and preparative scale unit. 
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Packing. Solid pha,se; 30/60 ~e~h. CbJ;'omosqrh w. Li~utd pb.aae; 

chased from Lawshe Ins,tt"Ument C0mpany, Retllesda, 11a~yland, Used as 

packing material tn preparattve~scale and analytical columns. 

Apparatus 

This section describes the apparatus used in this investigation. 

· .Analytical Chromatograph. Model 226 P~rkin Elmer Gas Chromatograph. 

Power requirements: 105 to 125 volts, 50 or 60 cps, 15 amperes (max.) at 

117 volts. Heating: column temperature controlled within+ five degrees 

centigrade, range room temperature to 450 degrees centigrade (350 watt 

heater); detector heated from 100 degrees centigrade (min.) to 250 

degrees centigrade (max.) with a 30 watt heater. Temperature programming: 

with 60 cps power, five rates from two to 50 degrees centigrade per min-

ute, six rates from 0.75 to 37.5 degrees centigrade per minute and six 

rates from 0.5 to 25 degrees centigrade per minute. Gas system: carrier 

gas control and gauge.for regulating carrier gas inlet pressure from five 

to 60 psig. Detector: flame ionization, sensitivity is 0.002 coulombs/ 

gram minimum for propane equivalent, jet voltage (-) 200 volts. Elec-

tronics: -12 amplifier gain 2.4 x 10 for full scale output at xl at-
-12 tenuation, background suppression 90 x 10 amperes supplied by nine 

volt battery, response time not to exceed 0.05 seconds, attenuation of 

output signal from one to 500,000 in 18 steps, output signal one M.V. 
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column cooling; cooltng tf,Jlle of 15 ~tnutes fro~ 400 to 50 degrees 

centigrade ustng thli1t~;bl blower and labo~ato~y comp~e::.tSed a±~. ".Manu~ 

factured by Perkin-Elmer Corporation, Norwalk, Connecticut. Used to 

obtain HETP values for analytical and preparative scale columns. 

Asbestos Tape. Woven cloth tape impregnated with asbestos. Orig-

inal source unknown. Obtained from Chemical Engineering Stockroom, 

Virginia Polytechnic Institute and State University. Used for insu-

lation on flow lines of preparative-scale unit. 

Bubble Flowmeters. (2) standard type bubble flowmeter constructed 

of one inch and two and one half inch diameter giass tubes, 400 milli-

liter and 2,000 milliliter capacity respectively. Materials for con-

struction obtained from Chemical Engineering Stockroom, Virginia Poly-

technic Institute and State University. The 400 milliliter capacity 

meter was used to calibrate a rotameter for measuring carrier gas flow 

to the analytical column. The 2,000 milliliter capacity meter was 

used to measure carrier gas flow to the preparative-scale unit. 

Column Analytical. Stainless steel, 1/8 inch outside diameter, 

five feet - three inch packed section. Packed with 30J60 mesh size 

chrOllasorb W. Liquid phase: 20 weight per cent Craig polyester suc-

cinate. Purchased prepacked from Perkin Elmer Corporation, Norwalk, 

Connecticut. Used with analytical chromatograph to obtain HETP values 

for comparison with preparative-scale column. 

Column Preparative. Column was constructed of black ±~on pipe 76 

inches long, with 2.075 inch inside diameter, A copper pipe 76 inches 
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long, 1.050 inch outside diµnieter wa$ i;>laced in the cente:r, Three 

rectangular brace::; wex-e then welded 120 degrees apa:i:t to each end~ see 

Figure XI. Thermeeouple wells constructed o;f 1/4 ±nclt coppe:t' tubing 

wexe s:Uver soldered in the pos;i:tions shown in Figure XI. Iron-con-

s tan tan thermocouples, 30-gauge wire, were placed in 1/8 inch stainless 

steel tubing, one end of the tubing was spot welded. The thermocouples 

were installed in the 1/4 inch wells using 1/8 inch to 1/4 inch Swage-

lok reducing unions. 

Two inch to 1/2 inch standard reducers were placed on each end of 

the column. A 90 degree elbow was placed in the bottom to accepp 1/4 

inch copper tubing. 

A copper sintered metal plate was fitted into each of the two re-

ducers using the following method: A section of threads was cut from 

a two-inch pipe and threaded into the reducer. The sintered metal 

plate was placed on the ledge formed by these threads. This assembly 

was threaded onto the end of the column using a Teflon gasket for 

sealing, see Figure XII for details. The sintered metal plate at the 

bottom supported the packing. The sintered metal plate at the top sup-

ported steel balls which were a heat reservoir to aid in vaporizing 

the sample. 

The column was packed by pouring the packing material at a rate of 

twenty grams per minute while beating the column with a rubber hammer. 

This procedure gives the most efficient column operation as described 

by Huyten et. al. 
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Figure XI Preparative-Scale Column 
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Figure XII Reducer and Sintered Metal Plate Assembly 
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The injection pott w~::; loaa.ted Flb.9ve the reduce~ at tb_e tor of 

the coluJlln, J;or deta~la· {iee ".F±gu'?e -Z):IJ:, A l/2 ;i;ncl't sb.ol;"t p:tpe ntpple 

was used to camnec t the tee t© the reduceir. The tee· was capped with 

a rubber s~ptum and brass nut, The tee was connected to the 1/4 inch 

copper carrier gas flow line using a 90 degree elbow. Using a tee and 

rubber seal, a thermometer was placed in the feed line immediately 

before the injection pmint. 

The column exhaust was split. A small fraction went to the flame 

ionization detector; the remainder to the large capacity bubble flow-

meter. The entire flow could not be passed through the detector be-

cause it would extinguish the flame. 

All of the parts used in the construction of the preparative-scale 

unit were supplied from stock in the Chemical Engineering Shop, Virginia 

Polytechnic Institute and State University. 

Heating Tapes. (4) Model HT 362, catalog number 11-463-58. 360 

watts at 115 volts. Four amperes (max.). Operates at temperatures up 

to 450 degrees centigrade. 72 inches long, two inches wide. Manu-

factured by Electrothermal Engineering, Ltd., London, England, Ob-

tained from Fisher Scientific Company, Chicago, Illinois. Used to heat 

the preparative-scale column. 

Heating Tapes, (2) Model 400, catalog number 11-463-22. One 

tape was three feet long with power output of 120 watts at 115 volts. 

The other tape was s;tx feet long with a power output of 240 watts at 

115 volts. Manufacturer unknown. Obtained from Fisher Scientific 
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Thermometer 
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Figure XIV. Flow Diagram for Preparative-Scale Unit 
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Company, Chicago, rllinois, The 120 watt tape was used to heat the 

vaporizer section of: the prepa;i;at:tve,...scale column. The 240 watt tape 

was used to heat the product line to the flame ±on:t:zati:on detector. 

Heating Tapes. (2) Model HT 301, 140 watts at 115 volts, 1.6 

amperes (max), 36 inches long, 2 inches wide. Manufactured by Electro-

thermal Engineering, Ltd., London, England. Obtained from Fisher Scien~ 

tific Company, Chicago, Illinois. Used to heat the feed line and pro-

duct line of the preparative-scale column. 

Moore Flow Controller. (2) Constant differential type, Model 

63BD-L, serial number 1067155. Manufactured by Moore Products Company, 

Philadelphia, Pennsylvania. Obtained from Chemical Engineering Stock-

room, Virginia Polytechnic Institute and State University. Used to 

control carrier gas flow to analytical and preparative-scale units. 

Pressure Gauges. (2) Range 0-30 psig standard pressure gauges, 

fitted with 1/8 inch pipe threads. Manufactured by Foxoboro Company, 

38 Neponset Avenue, Foxboro, Massachusetts. Obtained from the Chemical 

Engineering Shop, Virginia Polytechnic Institute and State University. 

Used to measure inlet and outlet pressure of carrier gas on preparative-

scale unit. 

Recorder. Electronik 16 strip chart, a continuous balance servo 

potentiometer, automatically measures the magnitude of a variable by 

comparing the input from the primary element with a feedback signal 

from the measuring circuit. It responds to input changes by rebal-

ancing. Model Cl63015861000-101-0000-00000-590-0-7-211 serial number 
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G5719433181, 120 volt, 60 cps. 50 VA., basic chart speed 90 inch/hr, 

eight speeds, response speed one second, range - 0,2 to 1,0 11.;y, Used 

to record chromatograms from analytical and preparative-scale units. 

Rotameter. Sho-Rate "SO", tube size R-2-15-AAA. Manufactured by 

Brooks Instrument Company, Inc., Hatfield, Pennsylvania. Obtained from 

the Chemical Engineering Stockroom, Virginia Polytechnic Institute and 

State University. Used to measure flowrate of carr~er gas to the ana-

lytical unit. 

Syringe. Model number 701, catalog number 14-824. One-tenth 

microliter graduations, ten microliter capacity. Two inch, 26 gauge 

fixed needle. Manufactured by the Hamilton Company, Whittier, Cali-

fornia. Obtained from Fisher Scientific Company, Chicago, Illinois. 

Used to inject samples into the analytical column. 

Syringe. Model 14-820A, Fisher brand, one-tenth milliliter grad-

uations, one milliliter capacity. One and one half inch, 23 gauge re-

movable needle. Purchased from Fisher Scientific Company, Pittsburgh, 

Pennsylvania. Used to inject samples into preparative-scale column. 

Syringe. Model 14-820B, Fisher brand, two-tenths milliliter 

graduations, two milliliter capacity. One and one half inch, 23 gauge 

removable needle. Purchased from Fisher Scientific Company. Pitts-

burgh, Pennsylvania. Used to inject samples into preparative-scale 

column. 

Syringe. Model H3916, catalog number 14-820. Two-tenths milli-

liter graduations, five milliliter capacity. One and one half inch, 
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23 gauge, removable needle. Manufacturer unknown. Obtained fl'om 

Fisher Scientific C001pany, Chicago, lll:tne:ts. 11sed te :lnject sample$ 

into the preparative-scale celumn. 

Thermocouples. (4) Iron-constantan, 30 gauge wire, fitted with 

1/8 inch Swagelok fittings. Obtained from the Chemical Engineering 

Shop, Virginia Polytechnic Institute and State University, Blacksburg, 

Virginia. Used to measure the temperature in preparative-scale column. 

Thermocouple Potentiometer. Model number 0242, serial number 

229249, three volts. One degree graduations from (-) 80 to 1200 degrees 

Fahrenheit. Manufactured by Leeds and Northrup Company, Philadelphia, 

Pennsylvania. Obtained from Research Division, Virginia Polytechnic 

Institute and State University. Used to measure temperature of pre-

parative-scale column. 

Thermometer. Catalog number 14-9900. Incremented in two degree 

graduations from 20 to 400 degrees Fahrenheit. Manufactured by Fisher 

Scientific Company, Chicago, Illinois. Obtained from the Chemical engi-

neering Stockroom, Virginia Polytechnic Institute and State University. 

Used to measure temperature of carrier gas feed to preparative-scale 

column. 

Timer. Catalog number 78-760; 120 volts, 60 cps, accuracy to one-

tenth second. Manufactured by Precision Scientific Company, Chicago, 

Illinois. Obtained from the Chemical Engineering Stockroom, Virginia 

Polytechnic Institute and State University. Used to measure bubble 

rise time in bubble flowmeter. 
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Tubing. 1/4 inch copper, 1/8 inch and 1/16 inch outside diameter 

stainless steel. Oota±ned frC>1ll the Che.m;l:::cal Eng±neer±ng Shop, Yirg;l:::nia 

Polytechnic Institute and State University. Used for flow lines 0n 

preparative-scale unit. 

Tubing. 1/4 inch outside diameter plastic type 44P. Manufactured 

by Imperial Supply Company, Inc., New York, New York. Obtained from 

the Chemical Engineering Stockroom, Virginia Polytechnic Institute and 

State University. Used for flow lines from gas supply tanks to ana-

lytical and preparative-scale units. 

Valve. Metering type. Model B-2M. 1/8 inch Swagelok fittings, 

three degree pitch on needle, 100 psi (max.), 0.055 inch diameter ori-

fice. Manufactured by Nuclear Products Company, Cleveland, Ohio. Pur-

chased from Dibert Valve and Fitting Company, Richmond, Virginia. Used 

to split flow from preparative scale unit to flame ionization detector. 

Valve. Needle type. Model G4B, serial number 32127G4, 1/4 inch 

Swagelok fitting, 3000 psi (max.) (-) 40 to 400 degrees Fahrenheit. 

Manufactured by Hoke, Inc., Cresskill, New Jersey. Obtained from the 

Chemical Engineering shop, Virginia Polytechnic Institute and State 

University. Used to control flowrate of carrier gas in preparative.-

scale unit. 

Variacs. (8) Rheostat type 116, serial numbers 66324, 66325, 

66378, 66379, 66380, 66411, 66442 and 66445. 120 volts AC, 1 KVA 

(max.) 50/60 cps, 7.5 amps (max.). Manufactured by Superior Electric 

Company, Bristol, Connecticut. Obtained from the Chemical Engineering 
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Stockroom, Virginia Polytechnic Institute and State University. Used 

to control: (l) four heating tapes on the preparative-scale column. 

(2) heating tape for the vaporization chamber. (3} heating tape for 

the feed preheat. (4) two heating tapes on product line to flame 

ionization detector. 
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A STUDY O:F HEW AND EFfLCIENCY FOR AN ANNULAR 

PREPARATI'VE~SCALE GAS~LIQULD CJ:m,eMA,TOG:R,A.PHIC COLUMN 

oy 

Jesse A. Williams, Jr. 

(ABSTRACT) 

The purpose of this investigation was to test the effect of sample 

size and carrier gas flowrate on the efficiency (relative to an ana-

lytical column) of an annular preparative-scale column. 

The chromatographic system for this investigation consisted of 

n-methyl-butyrate injections with nitrogen carrier gas and a liquid 

phase of Craig polyester succinate on Chromosorb W. The analytical 

column had an inside diameter of 0.061 inches. The preparative-scale 

column had an outside diameter of 2.075 inches and an inside diameter 

of 1.050 inches. The operating temperature for both columns was 215 

degrees Fahrenheit. A sample size range of 0.1 to 3.0 milliliters was 

studied on the preparative-scale unit; this corresponded to a 0.2 to 

3.6 microliter range on the analytical unit. Carrier gas flowrates of 

4305, 8610 and 17,220 milliliters per minute were studied on the pre-

parative-scale unit, This corresponded to flowrates of 5, 10 and 20 

m;Uliliters per minute on the analyt;tcal unit. 

Preparative-scale efficiencies of 20.43, 41.95 and 45.34 per cent 



were obta;ined at a sample ~;i;ze o:f; 0 .1 mtll:Uiter. Th.e above e,fficiencies 

cerrespond to flowwates of 4305, 8610 and 17 ,220 m±lUlite'l:'s pe'l:' minute. 

As the sample size was increased to 3,0 milliliters the corresponding 

efficiencies dropped to 7.20, 17.71 and 27.11 per cent respectively. 
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