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A THEORY FCR

INDUSTRIAL\GAS-LIQUID CHROMATOGRAFPHIC COLUMNS

'Robert Henry Houston’

Radiation Laboratory and Department of Chemical Engineering

University of California, Berkeley, California’

'September 1957

ABSTRACT

A theory of elution chromatography is proposed for the design of
large-size chromatographic columns, In this theory, an equilibrium

linear isotherm is assumed to be the mass-transfer mechanism, and dis-

persion of the solute band is attributed to longitudinal diffusion.

The theory was tested with a small-size gas-liquid chromatographic

‘column. The tests were conducted with a column pressure of approximately

100 psig, at wvarious temperatures, and the Reynolds'number was varied from

0.2 to. 1,8, Results showed that the solute isotherms were dependent

chiefly on temperature and_slightly'on concentration, The isotherms were

independent of flow rate,

The effective longitudinal diffusivity was dependent on the flow
rate and size of solute sample, The Peclet number decreased from 0,11 to
0,06 with increasing flow {using benzene) and also decreased from 0,16 .to
0,06 when sample size was varied from 0.6 to 6.3 micromoles of solute |

(using toluene),
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A THEORY FOR INDUSTRIAL GAS-LIQUID
v CHROMATOGRAPHIC COLUMNS ~
I. INTRCDUCTION
Origin

Chromatography was orlglnated in method and name by Tswettl

1906 He found that an extract of plant plgments, 1f placed on a column

of sol1d adsorbent and then eluted or washed into the column w1th more
solvent, would be separated into d1st1nct colored bands This method of
"color wrlting Tswett named chromatography., This neme is now firmly

establlshed even though most current appllcatlons ‘of chromatography in-

volve colorless materlals

The work of Tswett went almost unnotlced for 25 years and was
then redlscovered by Kuhn Wlntersteln, and Lederer.24 Different modes
of . Operatlon were develoPed for this liguid-scolid adsorptlon chromatog—

raphy in the follow1ng year by Tlsellus3

and others. Gas-solid adsorp-
tion chromatography was orlglnated by Turneru'ln l9h3 and has been_ex—'
ten51vely develOped since then ) o

' Keulmans5 has given this general deflnltlon "Chromatography is
a physical method of separatlon in Wthh the components to'be separated

are dlstrlbuted between two phases, one of these phases constltutlng a

" bed of large surface area, thé other belng a fluld that percolates

through the statlonary bed, "

Partition Chromatography

A new form of chromatography was reported by Martin and Synge
in 1941, This‘process, called liquid-liquid partition chromatography,
made use of the distributing or partitioning action of sclutes between two
immiscible solvents to effect their separation, Briefly, this ¢hromato-
gram consisted of a stationary aqueous phase uniformly dispersed over a
porous solica-gel support, which, in turn, was packed into a glass tube,

A moving organic phase was allowed to percolate through the porous solid
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bed, The mixture ofvsolutesjtoibe;separatedlwas;fed to the,chromatogram
in the mobile phase, Theasolutes,movejthrough the column at different
rates because of the different_yalues of,their partition coefficients,
The order of their emergence at the end of the column and their degrees
of purity are dependent to a cons1derable extent on the relative values ¥
of their partltion coefficients. _ ‘ |

" In this same wr1t1ng, Martln and Synge proposed a gas—llquld
;partltlon chromatogram whlch ‘would cons1st of a nonvolatlle statlonary
llquld phase and a mov1ng gaseous phase ) v ‘

In splte of this clear proposal, 1t was not untll 1952 that work

with gas-liquid partltlon chromatography (G.L.,C.) was reported - James

T

and Martin had constructed a chromatogram whlch used as its statlonary
phase a nonvolatlle silicone oil dlspersed on kleselguhr " The mov1ng
phase was nltrogen gas whlch transported the solutes through the porous
stationway phase This chromatogram Was used to separate a mlxture of

volatile fatty acids (C to C ) into 1ts components Detectlon and.

‘quantitative estimation of thilsolutes leav1ng the column was accompllshed
with an automatic recordlng burette. o

.Since its inception, G.L.C. has-receivedvintense investigation.
" Its chief attractlons and uses are shown in Table T. Appllcatlon of it
‘to continuous cycllc analys1s of process streams in 1ndustr1al plants has

9

been reported Commerc1al units for the separatlon and purlflcatlon of

gram-s1ze quantltles ‘of solutes are now- avallable

V’iJ
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Table I

Features 'and Common Uses of Gas~Liquid .
Partition-Chromatography Equipment

Features
C1. © Simplicity of equipment’ construction and operation,
2, Easy achievemént of very refined separations,

- 3, Small sample-size requirements,

Jseg

1, TIdeéntification of components of a wolatile liquid or gas
mixture, ' '
‘2; Quantitative estlmatlon of amounts of each solute present,

3., Purification, on a small scalée, of volatile organic. compounds

Scope

The purpose of this work is to develop a theory of elution_chrOg

matography, using_ayailable data on partition .coefficients and the flow

' properties'of packed columns; which will make possible the design and

predlctlon of the performance of chromatographic processes on an 1ndus-
trial scale, Because very little has been published on the use and per-
formance of large G. L C equipment sultable for industrial appllcatlon,

thls wr1t1ng w1ll use nomenclature and unlts commonly found in .industrial-

de31gn practlce

In thls work a chromatographlc model is proposed and described

‘Lnathematlcally A solutlon is obtained for the solute concentratlon at

the column ex1t as a functlon of the volume of the mov1ng phase passed

through the column The model 1s tested w1th a laboratory'G L C. unit,

A design method is proposed and 1llustrated Also economic factors of

the 1ndustr1al appllcatlon of G. L C are brlefly cons1dered



1T, CHROMATOGRAPHIC THEORY

vThrough.the recent yeare, two basic treetmehts of the theory of .
chromatography have been developed ‘The first considers the chromatog-
raphic column as a number of distinct equilibrium stages or plates and
leads to the "Plate" theory. The second treats the column as a continuous
medium and leads to the "Continuous Column" theory,. Though there are
three basic modes ofvoperation of chromatograms -- elution development,
frontal analysis, and displacement development -- this work will-be con-
cerned only with the elutionvdeVelopment of the column, 1In this case, a

~small quantity of a mixture of solutes is charged to the inlet of the

~column, The solutes are selectively moved through the column by the
mobile phase or eluent, The’primary requirement of the eluent is that
it be insoluble in the stationary phase, or in any case, be less soluble

in the stationary phase than any solute charged to the column,

The Plate Theory .

This theory of the chrOmatographic column was originally developed -
by Martin and Synge. They reasoned thét a chromatographie separation was
similar to distillation or extraction and that the chromatographic column
could be treated with the methods applied to plate distillation columns. ‘
They considered thatrthe.oolumn.wae,made up of steges or plates and that
a8 certain height (or length) of column.was eQuivalent tb'a theofetical
plate. This height was named the H,E,T,Po and was defined as é length of
the column in which the mean concentration of the soluté in the stationary
phase is in.equilibrium with the solute concentration in the effluent
mobile phase, They assumed that the "plate-to-plate" diffusion was neg-
ligible and that.the partition coefficient ﬁas independent of solute coh-
centration and of .the presence of other solutes.

Martin and Synge then showed that when a un1t mass of solute was © 14
placed in the first plate of the column and was eluted by small increments
of the mobile.phase,.the solute concentration in any plate could be ex-

pressed by a term of the binomial expansion, With a large number of
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pla‘_t,es,.ice° > 100, the binomial distribution closely approximates the
Gaussian distribution, and is a function of:
l,:.The.amount of eluant used.:
2, The number of theoretical plates,
3. The effective plate volume_availablevto,the,solute
(i.e, equal to the plate's,mobile-phase-volume _
plus its stationary-phase volume times the partition
coefficient),

Experimentsl observation showed the interestingifact-thatithe HE, T, P, of

their liquid—liquid»partition chromatogram was about,l/SOO as large as

that of the best distillation or extraction equipment.

- The plate theory was. amended by James and Martin'

for its appli-
cation to gas- llquld partltlon chromatograms, x;a;gymf “This modification
was necessary to compensate for the expan51on of the mobile gas phase as
it flows through the column, Two methods=were presented for the calcula-

tion of the number of plates from experimental elution diagrams, which

are plots of solute concentration in the mobile phase at the column exit

against the .volume of mobilevphase used to elute. the solute, In ﬁheir
work Y-ft columns were reported as hav1ng TOO to. 1200 theoretical plates
and an 11-ft column as having 2000 plates

Glueckauflo subsequently revised .and elaborated on the mathemat-
ical treatment of the plate theory, Where the theory of Martin andVSynge
described the movement of mobile phase by intermittent flow, Glueckauf

used expressions for continuous or uninterrupted flow, The solution

obtained in this case expressed the solute concentration as a Poisson

distribution, which also approximated,a.Gaussian,distribution in a

column with many plates, .He also developed an. expression for the fra-

- ctional impurity of one solute in a second after their separation by

chromatographic equipment. The fractional impurity'is a'funetionvof:
1, The molar amounts of solutes being separated,
2. The ratio of their partition coefficients (the
' separation factor or relative volatility).

3% The number of plates in the column,
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Porter, Deal, and‘Strossl; have used the plate theory of Martin
‘ and Synge to study the influence of solute sample inJjection on the shape
of the elutionjdiagram. The first case that they studied was the in-
jection of a plug of solute having a constant concentration over a defi-
nite charging time, Ihe second case waévthe injection of a certain
quantity of solute of a specified initial concentration, but here the
concentration fell off exponentially to zeerOQer a certain period of
.charging time, The first case is ofteﬁ called "plug flow" and the sec-
ond,~"perféct,mixing"tof the solute with the eiuent, Comparison of ex-
perimental and theoretical elution diagrams showed that the perfect-
mixing,soiution_clOSely approximated-the actual columnperformance, In
their work, the solutes were vaporized in a special chamber of small
volume and were then charged to the column when the mobile-phase flow
was bypassed through this chamber, ’ .

Van Deemter, Zuiderweg, and Kllnkenberg ha?é extended the plate
theory for the case of a finite volume of feed, Using this volume .of
feed, the effective volume of a theoretical plate and the square root of
the number of plates; they developed expressions for the prediction of
~ the height'and width* of the elution -diagram, If the.volUme of feed is
gradually reduced to zero, their theory predicts that the width of ﬁhe
peak becomes independent of the feed volume and depends only on the
number of plétes and the effective plate volume. Other portions of this
work will be.considered,later° ' ‘

- The plate théory, from the above discussion, is seen to be useful
in describing the perfgrmance of chromatographic columns, The H.E,T.P.

1s a measure of. the efficiency of these .columns and is a basis for com-

paring their performance with that of other separatbry'methods, The .chief

shortcoming of the plate theory is that it doesvnot.contain.within itself

Peak width is defined by these authors as the width, measured
at the base of the peak, between tangents constructed through the points
of inflection of the elution diagram, See Fig. l5,ypage e

[ot]
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any way'of'predicting the H,E.T.P, The H,E,T.P, must be evaluated empir-

ically. This fdct has led others to find better ways of describing’

column behavior and of analyzing the factors that influence it,

The Continucus-Column Theory

This theory considers the chromatographic column as a .continuous
medium end attempts, in principle, to describe the phenomena of chroma-
tography by differential equations, It“includéé‘the effects of molecular
diffusion, disturbances céuséd'by the bed ﬁécking, convective flow, and
thé‘rate,of mass transfer betweéﬁ the'th phases, Thé.prime difficulty
of “this theory is in describing quantitativelvaOmeAdf fhesé.phenomena,
especially those connected with the movement df”d;solute in and around
the particles of the bed, This problem has beentépproached.by'many
authors, each .one proposing cértain idealizaﬁibns and simplifications -
of the physica; picture; Some of the factors that must be considered

are as follows:

. The hydrdgynamic velocity gradient, AThe mobile -phase veldcity gradient

usually varies over the coiumn'seétion as a result of packing irregu-
iarities and the influence,of the column wall;‘ Concenfration variations
result from the uneven velocity distribuﬁion, Héwever, mathematical
description of the velocity variation is Virtually impossible, so a uni-

form veloeity is assumed,

Variation.of longitudinal-velocity, The chromatographic.separatiOnS that

use a gas or-vapor mobile phase, the longitudinal velocity of the moving

phase varies along the lengthAof5the.columnq This variation is a result
of the expansion of the gas as it‘travefses the. column and may be large

if the ratio of inlet pressure to outiet pressure is.muchvdifférent'from
unity. Mdst theoretical treatments,é0nsider that .the velocity gradient

affects all molecules, and the assumption of an average“velocity,is

considered permissible,
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Constant partition coefficient. . The equilibrium relationship of the

- - solute in the two phases is often described adequately by a,linear iso-
therm or a partition coefficient that is independent of solute concen-
tration, However, in scme types of chromatography, particularly ad-
sorption chromatography, the nonlinearity_is very pronounced, The

- assumption of linearity simplifies the mathematical treatment consider-

ablyf

’”Axial.moleculaf diffusionr The axial-component of molecular diffusion :.

is assumed to be superimposed on the convective flow of the solute and
. tends to.either increase or decrease the rate of "solute movement This
effect contrlbutes to the spreadang of.'the band of solute charged to
the column and eluted by‘the moving phase At low moblle phase veloc-
‘1t1es, the molecular diffusion may greatly reduce the eff1c1ency of a

_column whlle at high flow rates 1ts 1nfluence is negligible,

Eddy diffusion, Dispersion of the solute band, caused by the effects

of the column packing, is usually called eddy diffusion,. The solute

: molecules follow a random path through the interparticle spaces., Three

.effects that contrlbute to eddy diffusion are: |

: _ l, Varlatlons in the legnth of the path followed by the indi--

:'v1dual solute molecules in their tran51t of the- column

| ‘ ‘ 2, Orientatlon of portlons of this path in other than an axial

direction, ‘ |
3,' Variation .in molecular_velocity'which.results from changing

_dimensions of the flow channel (i.e., its expansions and contractions).

“These effects cause a variation in the time that solute molecules spend
‘in'the column, Because of their nature,; they may be treated statistical-
ly-and are analogous to the eddy diffusion observed in pipes under tur-

“bulent flow conditions.

- Rate of mass transfer., The rate of mass transfer between the two phases

may vary from .a iveryi..large.w..cvalie . at. equilibrium conditions: to

L
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. the nonlinear isotherm,-

12—

low-values at nonequilibrium conditions, Here,vparticularly, description

of thé phenomena taking place ‘is difficult, Van Deemter et al, have re-

. . . 1
- viewed some .of the methods used for analyzing the physical picture. 2

"In G,L.C, columns, the dispersion of the liquid phase .as-a very thin film

over the large surface area aids in the attainment of a dynamic equilib-

‘rium, Low flow rates also help in the attainment.of equilibrium, ‘As

the flow ratelincreasesd some of the moleculés .either fail to enter the
stationary phase, thus leading the solute bénd,lor-deléy}injleaving the
stationary phase, thus trailing the band. . This departure from £he'ideal?
infinite rate of transfer is seen:-to be a cause of band spreading,
Wilson piesented the first continuous column theory of chroms-

3

1
tography. "He assumed uniform velocities and neglected diffusion and

mass-transfer effects, Solutions:were presented for both: linear and

+.nonlinear isothermswa‘DeVault gave a more exact solution for the case of

1k

Lapidus and Amundson also assumed uniform velocities and included

15

the dispersive effect of longitudinal diffusion on the solute band.

Using a linear isotherm, they presented solutions fér both the case of

- infinite rate of mass. transfer: (equilibrium) and the case of a finite

. rate of mass transfer (nonequilibrium), Though the mathematics of this

latter case are quite involved, this solutionﬂrépresents.the most general
case for the linear isotherm,

Giddings and Eyring have presented a similar solution except that
they. neglect longitudinal diffusion.l6 Van. Deemter et al,:have simplified .
the nonequilibrium solution of Lapidus and Amundson to a .Gaussian.ex-

pressioh‘and have obtained a relation between the .diffusion and mass

~transfer terms of the -continuous-column theory and the H,E,T,P, of the

plate'theory,l2

The complex problem involving nonlinear. isotherms. and finite

17

rates of .mass transfer has been studies by Thonas,

19

Goldsteéin, " Hiester and,Vermeulen,Zoland others. -

“Amundson,



-13-

Description of the Chromatographic Model

The chromatographic model, to be.develobed,now,:uses certain .
portions of the equilibrium solution given by Lapidus and Amundso‘n,15
In their theoretical development, they consider a column of infinite
length for which they obtain a .solution .that describes the solute con-
centration in the mobile phase at any time or place in the column.
Their general solution is for a column feed,ﬂthe_composition of which
is a known function of time.

| The mathematical model, used for the chromatographic theory

here, differs from the above as seen from the following,

-Dimensions.,. The model cbnsists of a column of length L and of circular
croSsesectional area A, It is assumed to be uniformly packed with,partij
cles, whose average size is d.p and whose fractional void volume is «,
(For a G,L.C. column, the solid particles are assumed to be uniformly

impregnated with the stationary liquid phase,)

Velocity profile, The hydrodynsmic interstitial velocity is assumed to

be a constant value, V.. The empty-column suﬁerficial velocity, Vo’ is

the -product of the void-volume fraction and the interstitial velocity,

Equilibrium relationship., The concentration profile over any cross-

section is uniform in either phase, The stationary—phase concentration,
n, -and the mobile-phase concentration, ¢, are assumed to be in equi-
Alibrium at all 4times and places through the relationship -n = ke, where

:k is the partition coefficient and is a constant,

-‘Longitudinal diffusion., In this model; the spreading of the solute band '

is assumed to bé caused only-by the longitudinal-diffusion, As was
shown earlier, the diffusivity is of .two types, molecular.and eddy, and
both decrease the sharpness of the band by varying the residence times

.of the solute molecules,

L
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mobile phase is estimated from the methods summarized by Wilke and ILee,

‘-1)4.—

" The molecular diffusivity, D M ‘'of the solute molecule in the
21
It is independent of the interstitial velocity, The effect of molecular
diffusion of the solute will be éignificant only at low velocities,
2. The eddy dlffu51v1ty) E, will be deflned by use of the ai=-
mens1onless Peclet group, va

= D
PeE 5

Studies of the value of the Peclet group in recent years have shown that
it is approximately 1 to 2 in the turbulent,flow'region == and about
0.5 for laminar flow, These values were obtained. for llqulds flowing
through regular packings. ' o ,

In their recent work, van Deemter et 'al. report that ‘the values
of the Peclet number for G,.L.C. columns vary'ffom.o.l to 1 and.larger.l2

This variation seems dependent upon regularity of the packing material,

- The lower values .of the Peclet number were observed in beds having the
Y .

smaller average particle sizes (i,e, Pe =v0.125Afor_dp 2130 microns)
and, usually, larger void-volume fractions,

' Thellqngitudinal diffusivity, D, 1is then assumed to be the sum
of the molecular and eddy diffusivities:. '

Thls assumption has ‘been substantiated by‘the work of Kllnkenberg and

SJjenitzer,

.Inltlal bed conditions, The column 1s assumed to be 1nitially free of

solute with the mobile-phase flow establlshed

: Solutevinjection, At an arbitrary-tiﬁé,vt.=;0, atunit,mass of solute

is assumed to be charged uniformly to the initial surfaée.of the column
packing. The time interval required for thisﬂcharging_is,cohsidered to
be, in -the limit; of zero.duration; and the resulting,volUmefric concen-
tration of the two phaseé'at.the plane containing the solute is infinite-

ly large. This method of solute charging is analogous to the impulsi#e“
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. function of mechanics or electricity, Forrthis model, the charging
function is defined - _ ‘ '
. o

:fa(t)dt_'l" |

for a unit molar mass being fed to a column of unlt cross section., This

charging functlon is simulated to a good degree in G,L.C. apparatus where
a small guantity of solute is charged either directly on the column
. packing with a.syringe, or is carrier into the column by a .small volume

.of the mobile ?hase{

Material balance, A material balance of the solute, taken over an in-

cremental length of the column, yields the eguation

2 - ‘
o Frofpeaf e Foo, @

where z is the distance into the bed. From the equilibrium relationship

n .= ke

and with algebraic manipulations, Eq. (1) may be simplified to.

% o de . b |
D<= v= 4 &£ 2
dz 8 N oz ¥ oT (2)
~ where ,v o . N T = t/r
and - ’ y=1+ k/a .

Boandafy conditions, The model of Lapidus and- Amundson was'an infinite

column with only the initial conditionsvepecified. The inlet and outlet
conditions for a finite,columnuhave been discussed by several writers.v
 The conditions used for the solution of Eq. (2) are those propdsed by
Dahekwertsz3 and elaborated upon by'Wehner and Wilhelm, 2 At the column

inlet, (z = O),for T > O we have

d (T) Ve =D gs s | S (3)
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where 8 (1) has the units ,of“'lb-.mole/ftz’-min' by definition. At the

column exit, (z = L), for T > O, we have

dc

S0

* The initial (v = 0) solute-free condition of the bed is described for
0<z<Lby ' | o |

c'.'= 0 o‘ i ' (5)

'Solutlon of the dlfferential equationo The detailed solution of Eqs

(2) to (5) is given in Appendix IT, If we use the dimen51onless para-

meters.
RN - VL
= D
. and
' N = £ D D
= - TS ===
Y L2 L'2

the solution for the mobile-phase concentration at the column exit, C,

is

The quantity CL is also dlmen51onless by deflnltlon If'the quantity of

' solute fed to the column or. the column cross- sectlonal area differ from

. tthelr arbltrarily a581gned unit value, the left: hand of Eq. (6) should be

CLA
W
where o is the number of moles fed to the column of area A, -
Equation (6) is easily evaluated numerically by the use of the

parameters s and sn where

A value is assigned to s and then sn is.varied ffomuO:through 1,0 to the

value were CL becomes negligible, The plot of a CL.ordinate“ahd an s7
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abscissa represents the column-elutlon diagram . The experimental counter-
Vpart is seen to be a concentratlon or millivolt: ordlnate and a time -abscissa,

A family of theoretical curves, for various s values, s shown in Figs. 1 -
and 2. Because the theoretical voiumetrie toncentration of the feed is in-
finite, the value of CL Will‘increase to‘infinity as s approaches infinity, *
" The theoretical elution diagrams may be normalized by use-of the peak maxi-

mum concentration, (CL)ﬁax

» to give the ratio
_CL __C
(CL)pex  Cpax

Families of normalized elution diagrams are shown in Figs. 3 and U,

The s parameter, The .dimensionless s parameter (VL/D) may be considered

as a measure of column efficiency, The larger the s value for a given
column operation, the more highly resolved are the .861luber: peaks emerging
at .the column exit, If the molecular diffusivity is neglected, the s para-

meter may be written

P .

From this expression, it:ﬁould seem ~that ﬁhe s value could be increased in
Two ways,'namely,~by increasing‘the length of the column and by decreasing )
‘the average particle size, The first effect i57USually.observed but in G,L.C.,
where long columns are very feasible, the increase in the s value is not neces=-
sarlly linear with L because the lengthening of the bed produces other effects
such as increased pressure drop and the resultlng ve1001ty variation along
the bed length,

The variation of column:efficiencyfwith-average particle size has

Z He.reports that, with the irregular packing

been studies by Keulmans,
materials in common G,L.C. use, a decrease in the particle size results in
approximately an equivalent decrease in the Peclet number.

One of the most effective ways to increase the resolution of .the
column.is.to-increase iﬁsﬁlength-* Fredricks and,Brooks:report the use of
a 50 -foot .G,L,C, column packed w1th -a crushed, dlatomaceous-earth fire~
brlck 25

’
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The sn parameter, The dimensionless sf parameter;[tVO/(a+k)L] may be

considered as a measure of the solute residence time, For a given sol-

ute and column operation, sn is dependent only on the time, In most

.chromatographic work, where s > 100, the solute peak emergesvwhen the

value of sﬁ is approximetely 1 (i.e, for s = 100, sn] = 0.97). So
the time of peak emergence is essentially 1ndependent of the s par ameter
Then it follows that if we know the'd1mens1ons and the 0perating
condltlons of the column, the tlmes of peak emergence may be carcalated
from the partition coefficients. ' ,
~ From thermodynamlc cons1dera ions discussed later the partition

coeff101ent is shown to be dependent upon the nature of the solute-solvent

 system and the temperature of column operatlon As the temperature in~

~creases, the valuerf the partition coefficient will decrease,

Test Program for the Chromatographic Model

Because the chromatographic model assumes a constant partltlon
coefficient or linear isotherm, a type of chromatography that approaches
this ideality was needed for. the testing program, Because the ‘basic
mechanism of partition chromatography, the distribution of the solute‘
between,the_twovphases, is a solution effect and is not dependent on the
number of adsorption sites etc,, the partition coefficient is often almost
linear, Gas~liquid partition chromatography was chosen .over its liquid-
liquid counterpart because of:

1, The current interest in G.L.C.

2, The. hlgher mobile~phase velocities which speed up the

time of analy31s. ,
3. .The need for eraluation of this process for industrial
- applicsation, v .

A test program, using G,L.C. equipment was established to compare the
actual column performance with that predicted by the chromatographlc
theory.
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The partition coefficient, The sn parameter embodles the partltlon

_coefficient and should be free from the infldence of the longltudlnal
dlffusivity in G,L,C, eduipment as mentloned earlier, The partltlon

» coefflcient should also ‘be independent of the moblle—phase £low rate
and of the nature of the packlngo It 1s sen51t1ve to temperature change
and is, of course, a property of the solute - solvent systemo Fol

given solute and column length the product of the peak time (t ) and -
superfic1al velocity (V ) should be a constant, If this constant is
multiplied by the column aree and corrected for pressufe effects, the
retention volume of the solute is‘obtained “This'method is used ex-
tensively as & means of reporting the partition coefficient in the
literature, The retention volume also will vary_from solute to solute,
will decrease with a temperature rise, and should be independent of the
quantity of solute charged to the column, if, of course, the equilibrium

» equation is to be truly linear,

The longitudinal diffusivity, The s parameter contains the longitudinal
diffusivity term, As shown in Eq, (7), for a given packing and length of
column, the s value shiould be approximately constant, except at low values

of the movingnphasevvelocitya' Also,; the s value should be independent of
'changes in column temperature, pressure, and the solutes in the .column,
The quantity of solute: charged to the column should not influence the s

value, either,

| The experimental progrem, ‘The experimental program, of necessity, was
-limited to the testing of the most important aspects of the theory and
included the following studies:

l° Flow variation over a T-fold variation of the Reynolds number,

2, Tempersture variation over a 19°C range, from 87°C to 106°C,
3. -Solute varilation using acetone‘,f‘-_benzene,=and-toluene°
L, Solute cherge variation over ann8~fold“range of sample size,

using toluene,
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IITI, APPARATUS

The schematic diagram of the G,L.C. appardtus is shown in Fig. 5,
The overall arrangement, shown in F1bo 6, is typicai of most G,L.C. equip-
ment in its component parts, . The usual laboratory G,L.C. unit, however,
is much more compact and,often.porfable.

The G;L?Co unit used in this work was constructed to operate at
e,columnuinlet pressure of 100 psig, rather than at lower ‘pressures, in

order to minimize the relative pressure drop and, therefore, the variation

'of the longitudinal velocity along‘the'length of the column, Description

and construction detail of the oomponent parts of the G,L.C., unit follow.
Column

© The G.L.C, column Was:made of 3/8-in, o0.d, copper tubing, the wall

thickness of which was O ,035 in, Fig. 7 shows the detall of the column

constructions The column was attached to the sampleeanectlon valve as-
sembiy, Figu 8 with l/2=1n, R-L flttlngsov Neoprene rubber gaskets were

used in. these flttlngs

Three copperuconstantan thermocouples (No, 24 gage) were inserted . :-

into the column by means of modified R-L fittings., A cylindrical molding

of Epon was .cast about the wires, When the resin had hardened, it was

machined to fit into an enlarged 3/8=ino R-L fitting, as. shown in Fig. 9.

The thermocouples were inserted into the empty column and, after they were

centered, .the column was packed,

Column Packing

Solid support. The porous solid support for the stationary phase was

.crushed insulation brick, Johns-Manville Sil-0-Cel C-22, The bricks were

% .
University of California Radiation Laboratory standardvtubing fittings

for pressure and vacuum uses,
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Sample-injection valve and upper column assembly,

Fig. 8.
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pulverized in a,laboratory Jaw crusher and then sized on a series of

vibrating sieves. .Portions of 30 to hO mesh 40 to 50 mesh and 50 to 60

- mesh (U,S. ‘Standard Sieve . Series) screenlngs were. bdended together into

the packing,mlxture, The weight ratlos of these portlons were .2: 2:1 re-
spectively° .The brick was treated with 6 N HCL and washed w1th distilled

water, .The water washlng removed some fines adherlng to the larger part1=

cles, The support was removed from the flnal Washlng by filtration and

dried at 130 C.

Solvent phase, .The stationary solvent,phase used for this work was a

methyl-phenyl silicone oil, Dow Corning DC-550, It was selected as a
typical G.L.C, solvent hecause it has excellent thermal stability, low
volatility, and a viscosity of 18 centipoises,at lOOOC° .The manufacturer
reports  a calculated molecular weight of 1756, ' The volatility of.DC-550
is expressed as an .evaporation loss.rate, ‘Approximately 3% by,weight is ..

lost over a 2h-hr period when the solvent is held at 25o°c° " Various

‘ phys1cal properties of this solvent and other materials used in this

,work are summarized in Appendix I,

Mixing of.solvent and support. .The.column,packingfwas“preparedbby‘mixing

35.5 g of.DC—550'dissolved in 300 ml of acetone with 87.5 g of the sized

. s0lid support to form a .slurry, .The acetone was evaporated over a steam

plate under continuous stirring. The last traces of acetone were removed

' by’drying‘at 13000 The packing haterial was a free-flowing powder, which

‘was blended Wlth 9 5 g of a similar materlal prepared at an earlier time,

The final compos1t10n of the packlng material was
: Statlonary llquld phase , . 28 8 wt %-
SOlld support - 71.2 wt %,
which corresponds to 40, 5 parts l1qu1d per 100 parts SOlld
The mean partlcle size, calculated from the range of sieve s1zes,

was O 0165 in, (HZOu)

* Private communication
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Packing operation, The column was packed by slowly feeding the powder to

the column whlle vibratlng 1t with an eccentrlc cam on the shaft of an
,electrlc motor The material was free—flow1ng and packed ea51ly to a
,dens1ty of 37 2 lbs/ft or 0, 597 g/cc The volumes occupled by the varl-

ous,phases are shown 1n_Table IT,

Tabl° 1T

Propertles of PpC- 550-- -22 Firebrick Packlng

Volume of empty column - - 108 cc
Weight .of solid support . . 46 - g

. True density of solid support - _ 2.07 g/ce
True volume .of solid support. S 22,2 _co
_Weight of solvent liquid 18,6 g
Density of solvent liquid - = . 1.07 g/ce
. Volume of gsolvent liquid N I i ce
Volume .of voids (by difference) - . 68,5 e
Volume fraction - support v 0,205
Volume fraction - solvent o 0,160

- Volume fraction -.void o 0,635’

¥ 0 SR :
Determined by P-V measurements,

Mobile Gas.Phase

Hydrogen, hellum, and nltrogen are the gases most generally used
for the G,.L.C, mobile phase Where a thermal conductivity cell is used
for solute detection, either hydrogen or helium is preferred to nitrogen
because their hlgh thermal conduct1v1t1es 31mp11fy callbratlon and in-
terpretatlon of the detector data Hellum was favored over hydrogen be-
cause of its 1nertness Though the molecular d1ffusiv1t1es of the
volatile salutes are much higher in helium (and hydrogen) than in nitrogen,
use of high column pressures and avoidance of very low.interstitial veloc-

ities nullified this effect,
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Grade A helium, which is oil~ and moisture-free and has a purity
of about 99,9%, was used for this work, It was .supplied in cylinders
pressurized to 2000 psig. \ '

Sample=-Injection Valve

The sample-injection valve was deéigned to ‘receive solute samples
at room temperature and pressure and to charge these samples 1nto the
mobile gas phase enterlng the column at lOO p81g,‘ Flgure 8" shows the
sample-inJectaon valve with its bracket for mountlng it -on the lattice
work, ‘ v

The sample-injection valve was constructed,of>brass stock, The
interior detail of the valve and the method of eﬁérging are shown in
Fig, lO° Wlth the valve in the 'LOADING- positlon, the solute sample was

placed on the bed section, The bed sectlon consisted of a l/2=1n--diam°

hole in the 1l=in, cylindrical valve block that Was_filled‘to a depth of
about 5/8=in, with column-packing material, .This packing was retained
in the valve by a 100-mesh screen suppert soldered to the valve block as
shown, - Micropipettes were used 'to meagure’ the quantity”of'solute-chafged
to the bed section, | i, -

As soon as the soclute had been.ejected from the micropipette, the
valve was moved toﬂthe,EQUILIBRATiNG position for solute_heating,aﬁd
equilibration with the bed section, After a 2 .to 5 min period, depending

on the size of sample and the solutelvolatility, the valve was then moved
to the CHARGING positlon, plac1ng the bed section in the flow .of the

mobile phase, ‘ 7

Pressuie differences between.the,column.and.theAbed section caused
a minor flow fluectuation when the bed section was moved into the gas-flowr
path, This fluctuation was sensed by‘the reference side of the thermal-

conduct1v1ty cell, maklng a start" mark or initiating pulse on the elution

,dlagram.of.the recorder,

When the solute was placed in the bed.section,.avsmall volume .of

air would also "contaminate" the. bed section, This air, when charged to
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the column, was only slightly, if at all, retained by,theAstationary phase,
so it moved through»the cblumnlat.epproximately the same velocity as that
of the mobile phase, This air was sensed by.the'thermaleconductivity;cell
upon emergence from the chumno The time of its emergernce was used to
calculate a measured void fraction,

.8ilicone-rubber O-rings were used for pressure seals in the sample-
',injection.valve, A small hole was drilled in the 51de of .the.valvelouter
- cylinder to vent the pressure of the bed section as it is moved to the
LOKDING'positioné ;Thisuearly=“blowdowh"epreVented.upset\of the sample bed
‘as it was moved under the injecﬁion port on top of the valve,

The EQUILIBRATING stocp was manually positioned to-limit the travel
of the valve as it moved into the EQUILIBRATING position, - This .stop pre=-
vented premature charging of the‘solute,r ‘

‘The sample-injection valve was heated with a glass-fiber; electric
. heating tape which was 1/2 in, wide and 2 ft long, The tape was wrapped
eround the outer eylinder of the valve, ~Curreﬁtrwas supplied to the tape

from a Variac at the control panel,

Gas Preheater

- The helium gas, from the reference side of the thermal conductivity
cell, was heated to eolﬁmn temperature by passing through a preheaﬁer tube
inside the column heater. This tube was made -from 1/h- -in, ©.d. copper
tublng having a O O30-1n wall thlckness. ,The.length“of the preheater
tube was 90—1n The gas, on leaving the_preheater;»pessed directly into
the sample~inJectron valve, vA,ﬁortion of .the preheater tube is‘seen in

'Fig, 8,

T L . oo |
The "blowdown'" hole is shown.in Fig, 10 .on the bottom of the valve only

to illustrate its relative location,
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vThermal-Conductivity»Cell

‘A thermal conductivity (T.€.) cell'was used to detect the presence
of solutes. in the mobile phase leaving the .column, A Gow Mac* model 9285
T.C. cell, used in this work, was mounted in a 6-in, cubic equipment box.
The box was fitted with the»neéessary gas inlet and outlet connections,.

.Electrical connections for the T.C. cell and the heater were mounted on
the opposite side’ of the box. The T,C, cell is shown in Fig. 11 with the
heating tape, normally‘Wrappéd.around the cell bldck, removed, The box
was insulated with glass-fiber pads and was mounted on the lattice frame-
work, The cell was connected to the expansion valve with a short length
of 1/htin. 0,4, insulated tubing,

‘The flow channel through the T.C. cell was designed so that the
cell would rapidly detect changes in the thermal conductivity of the gas
flowing through it. Details of the cell's construction are shown in

.Fig;.IZ,'-The filaments, reported by,thegmanufacturer to be tungsten
helices, are located between the two legs of the flow channel to reduce
the cell's sensitivity to flow changes Flow sénsitivity has been con-
sidered by .Dimbat et al, 26 and Keulmans5 and was measured for this cell
as reported in Appendix ITT. . -

As seen in Fig. 12, this T.C, cell has four filaments, two in each
flow éhannelé' These-filaments constitute the four reéistances in the T,C.-
cell bridge'ciréuit shown in Fig; 13,  One of the flow channels served as

“the pure—hellum reference cell, R, High preséﬁre helium from the control
panel passed through this channel to the gas preheater The othér channel
was the. sampllng cell S ‘which monitored the thermal conductiv1ty of the
effluent gas from the column, The unbalance output of the bridge c1rcuit
caused by solites in the sample cell, was fed through a voltage-divider
circuit to a Brown self—baléncing, fecordihg potentiometer, This instru-
ment has a range of -1 to +10 mv.

' The filaments of the T.C.cell were heated by a 120 ma current
supplied to the bridge circuit by the 6 v dc battery,

. Calibration of the T.C. cell is reported in Appendix IIT,

Gow Maé Instrument Company, Madison, New Jeréey.'
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Fig. 11, Thermal conductivity cell and controlled temperature box.
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Pressure Regulation and Measurement

High-pressure helium,wasrgxpanded with a 2-stage regulator to a
pressure a few pounds greater than the,column-inlét-pressure. A Manostat
Corporation No, -6 manostaf was used to maintain a constant column-inlet
pressure, An Ascroft No, 1082A laboratory test gauge measured the inlet
pressure, This precision bourdon-tube gage had a rénge of.O-to 100 psig;
A The.pressure drop across the column ﬁas measured with a Meriam
50=~in, mefcury_manometero' The pressure taps for this U-tube manometer
were located at the column inlet and outlet on the sample-injection valve,
Connections to the manometer were through 3/16-inb 0,4, copper tubing.
Tﬁe low pressure leg‘of the manometer was fitted with a ﬁercury trap to
prevent contamination of the column in case of a manometer blowout., A
'bypass valve was mounted across theAmanometervlines for usé during rapid
pressure changes of the G.L.C, sysﬁem° A Lucite tube servéd as a pro-

tective shield around the manometer,

Heaters, Temperature Measurement, and Control

Column, - The column.was‘eleCtrically heated with a Corning E-C coated
glass tube (No, 9340), This 2,56-in, i;,d;, Lh-Pt,-long tube was .coated
with an electrically conducting film which had a room temperature re-
sistance of approximately 60 ohms, The coating was subdividéd into 3
sections by 4 metallic electrodes, Electrical connections were made with
.copper bands fastened around the tube at the electrodes, The column
heater was connected to the controlled voltage .supply at the control
'panel, Two variable resistors. were placed in parallel with the two lower
sections of the heating tube to obtain a uniform temperature along the
length of the heated.section. The maximum allowable operating temperature
of the tube is 350°C, ' |

An iron~chstantan.thermocouple.was attached to the_ﬁidpoint.of
the upper section of the heating tube with adhesive glass tape, ‘A strip

of this tape was also used to insulate the thermocouple from direct

9
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contact with the surface of the tube,. The thermocouple was connected to

a Ieeds .and Northrup Miecromax temperature indlcator«controller which had_

a temperature range of 0 0 200 C. .The desired temperature was manually
“set on this Ainstrument, which, in turn, would apply one .or the other of
two volt_ageso The values of these voltages were set’ by Varlacs on the

‘control panel, One voltage was of high enough value to cause rapid heat-

ing of the .column to and above the des1red temperature The second volt-

age was low enough that the column would cool below the set temperature

' This system would control the column temperature to .0, 5 C at lOO C.

The column-heating tube was enclosed in a 3=1n, i, d Pyrex tube

IR longo The outer tube was wrapped with glass=fiber 1nsulatlon and

asbestos papern

Other units, The T.C. cell, the sample-injection valve, and the expansion

valve'(described below) were all heated with glass-fiber electric tapes,

" which received their heating currents from Variacs mounted on the control

panel, Fairly constant temperatures were maintained by thermal equ111br=um
of these units with their surroundinggs, Minor temperature.fluetuatlons
resulted from variation of the mobile-phase flow rate, the ambient tem-

perature, and the line voltage,

fTemperature.recOrdingsb Temperatures were measured at six points with

coppermconstantan thermocouples . The voltages of the thermocouple circuits
were measured and.’ recorded by a ILeeds and Northrup 6~point recording

potentlometer° . This selfébalan01ng“recorder printed one point every L

see,..The referehee_juhctions of the thermocouple circuits were immersed

in an ice bath

: Three thermocouples measured the inlet, mldp01nt and outlet

-temperatures of the G,L.C, column, Approximate locations of these thermo-
'~ couples .are shown in Fig, 7. The thermocouple junction was about 3 inches

beyond the resin-plug fitting, ;A_fourth.thermoeouple.measured the sample-

injection valve temperature and was locatedpjustzbelow the valve (see
Fig, 8), The fifth and sixth thermocouples measured the temperatures of

the T.,C, cell and, the expansion valve,
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- Expansion Valve

A needle valve was used to regulate the ﬁobile;phase flow fate and
expand the gas to approx1mately atmospheric pressure, Originally, a Hoke
brass needle valve (No. 30&) was tried but found unsultable for close
control:of_the,moblle-phasevflow rate, A needle valve Wlth a long, tapered
valve stem.(Ohio>Chemical and Surgical Equipment Company No. 304 -5208-800)
was found to give very precise flow control,

Two locations of .the expan51on valve were . trled Th@ flrst and
.preferred locatlon was at the exit of the column as shown in Figs.. 5 and 14,
After leaving the column, the mobile phase was expanded and then passed
4 through the T.C. cell and vet-test.me_tero The second location was at the
exit of the T.C., cell, The height, shape, and time of emergence of the
‘solutelpeaks vefe,not significantly affected by the location of the ex-
pansion valve However, condensatlon of the solute in an unheated ex-

» pansion valve did dlstort the shape of the solute peak, An electric,
' glass-flber heatlng tape was. wrapped around the valve to heat 1t thus

'preventlng .solute condensatlon in the valve

Flow Rate MEasurement _

In'this G.L.C. eQuipment,vthere were three methodszherebthhe flow
rate’ of the mobile gasvphase‘could be measured, Three Fisher-Porter flow
meters (Tri~Flat Tubes No. 08-F 1/16-12-k/70, 02-F 1/8-12-5/70, and 02-F
1/8-25-5/70) were mounted on the control pamel to give an approximate
measure of the helium flow rate, The meters were manifolded to be used
separately or in parallel and had a flow-rate range of 12 to 2500 cc/mln
‘of air at one atmosphere and 70 F when used separately,

The 50ain‘ mercufy mancmeter measured the pressure difference be-
tween the column inlet and outlet, This pressure drop was an excellent
' 1nd1cator of the flow rate and was quantity observed when settlng the gas

flow rate w1th the expans1on valve

L)}
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Fig. 14, Operational arrangement of sample-injection valve,

expansion valve; and T.C. cell., (Fiberglass insulation

removed., )
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A 0.1 cubic-foot wet test meter (W.T.M.) of the Precision Scien-
tific Company (Model 3110) was used to measure the mobile-phase flow rate,
The W.T.M, was fiftted with an electric contactor at the zero index of the
dial, As the dial pointer passed the index, the contact was closed, acti-
vating a solenoid pen mounted on the. 6-point recorder, This pen drew a
continuous trace on the recorder chart and made a'pulse along this trace

_ ,llne for each O 1 ft3 of mobile phase- pa551ng -through the W,T.M, The
j?lfconditlons of measurement were approx1mately room temperature and atmos-

"fipherlc pressure

Buffer Vessel
A O 29 ft3 buffer vessel was placed on the hlgh-pressure side of
"the column, as shown in Flg. 5, to 1mprove the base—llne stability of the
<, C cell c1rcu1t Minor flow fluctuatlons from the rotameters and the
ppmanostat were damped by the presence of this vessel 1n ‘the gas system,

,Ip was constructed from a 45-in, sectlon of 4 1n brass tube
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IV, . EXPERIMENTAL PROCEDURE.

The G L C. apparatus was simply operated The basio:procedure

used in the experimental work was as follows

Preliminary Steps

’Temperaturelequilibration, Prior to operation, the column and the- aux=

“iliary components had to be heated to the desired operating temperature

and, with the T.C, cell, expansion valve, and sample 1ngeetion valve,
the Variacs had to be set to maintain a thermal equilibrium at these
temperatures, Temperatures of the various units were continuously avail- .

able from the 6—p01nt recorder

Mobile-phase flow;“ As'the'equipment approached operating temperatures,

" the helium flow was started,” The cylinder regulator was set to supply

gas at a few pounds pressure higher than the operating'inlet pressure,

“The manostat was adjusted to give fine pressure regulation.atithe desired

column-inlet préssure,  The flow rate'through'the column was regulated

"with the ekpansion valve and the pressure drop through-the'columnﬁwas used

as'the,approximatepmeasure,of the flow while the expansion valve was

adjusted, The .contactor circuit}on the wet-test meter wasvenergized-to

‘record the actual flow rate on .the 6?point recorder chart,

‘Thermal-conductivity cell, .The 6-v de supply was applied to the T.C. cell

eircuit -and the cell current adjusted .to 120 ma, As the filaments reached

operating temperatures small adgustments .0f the cell current were neces-

sary, The T,C,. cell recorder was energized and the chart motor started,

.The bridge circuit was then:balanced to give a zero reading on the recorder,
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Operation

Final adJustments° Just prior to charging the solutes, the flow rate,

'temperatures, cell current, and T, C. bridge circuit were checked and
adjusted, if necessary, Barometrlc pressure,‘room'temperature, ete,

were recorded,

Sample charglng. The solutes were charged to the column in the manner

described under the Sample-InJectlon Valve 1n the precedlng chapter.

Run operation; Once the solute is charged the operation of the run

continued w1thout any further part1c1pat10n of the operator unless.

1, The attenuatlon of the brldge c1rcu1t has to be varied to
give a good display of the solute-elutlon diagreams,

2., The operational program calls for- variatlon of flow or.
temperature as the rUn progresses, in order to expedlte
the run, o )

As the solutes are eluted from the column, they pass through the T.C.
cell Wthh detects thelr. contamlnatlon of the helium moblle phase
The unbalance of the brldge c1rcu1t is dlsplayed on the recorder chart
dand from thls the progress of the. run is known if the components of
the sample charged to the column .are known,

The effluent from the column may e1ther be passed directly to

the wetwtest meter for flow measurement or diverted through a.cold trap
1n order to separate the solute from the moblle phase and then passed

on to the wet-test meter

Variations

Operating.conditions° At the completion of 'a run, changes in the flow

rate are easily made by adjustment of the expansion valve, .Temperature
changes require a longer.period for equilibration.‘ As a rule, the tem-

perature of the T.C., cell and the expansion valve are set higher than



" to sustain the charge of the battery,
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~ the c01umn,temperature, _Then, the column temperature may be varied withs=

out changing theutemperatures,of.the T, C, cell or expansion valve,

Repetitive operation. .The.column_mayfbe.charged again ds soon as the

last solute 1s eluted from the .column, Where the nature. .of the sample
is known, sample charging may precedé the elutisn of all the solutes if
it is ‘timed go -as.to preclude- overlapping of the elution diagrams of the

two rims,

.Shutadown,operations

The G,L.C, apparatus is removed. from operation in the reverse of
its preparation for operation. The bridge supply voltage is shut off,

the flow is stopped, and the heaters are turned off The system pressure

is rapldly vented by opening the manometer bypass valve and the expansion

valve,

-For continued day toiday operation, the column.pressure is not
vented and. the heater units are left in operation, '

During shut down periods, the 6 v dc battery was connected to

" the charger and received a small amount .of current, ie, 150 to 200 ma,

-
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V. DATA FROCESSING. -

" Data Collection

During the .course of_the.experimental'program,-some 135 G:L.C.
.runs were made, The data acquired from 123 of these runs were used to
analyze the performance of the G.L.C. unit, Distributions of these 123'
- runs among the different solutes, column temperatures, and flow rates
is shown in Table III, _The experimental data were obtalned from the
traces of the thermal-conductivity-cell recorder and the,temperature—

flow-rate recorder.

'Thermei_ConduotiVity-Trace

During the progress of the chromatographlc run, the unbalance of
ﬁheoT,C cell 01rcu1t was recorded by the -1 to 10 mv recorder as_a
function of tlmed AThe.tlme,base, in turn, was a function of the Yolume
of eluting.gas passed through the column, For-eech-run, the foilowing

events were .displayed along the time base,

Q"Start" mark or 1n1t1at1ng pulse Thls mark was recorded at the instant

'”the sample ~ 1nJectlon valve was moved to ‘the CHARGING position It in-
dicated the zero time of each run, and the tlme of each subsequent event

was obtained by measuremént from this referencea

Alr peak, When a solute sample'was loaded on the bed section of the
sample valve, a small quantity of air was captured in this section,
This air contaminant,would be charged with the solute sample, Because
‘air is not significantly soluble in the stationary solvent phase, it
would pass through the .column at the same rate as the helium gas and
would be the first material detected by the T.C. cell., The time of
emergencevof_the point of maximum air concentration was designated the

air peak time, tpa’
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Table IIT

Solute, temperature and flow-rate distribution
of G.L.C. -experimental runs

Approx, Approximate pressure drop through column
. Solute temp, _ ‘ _ :
(°c) . In, Hg (inlet pressure of 100 psig)

40 35 30 25 . 20 15 10 - 5. Total

88 2 - 2 - 2 1011 9

Benzene 98 6 3 3 3 2 2 2 1 22

105 2 - 3 - 2 2 1 1 11

88 1 - 2 - 1 1 1 - 6

Toluene 98 4 3 3 2 9" 2 101 25
105 2 - 2 - 2 101 -

| 88 2 - 2 - 2 1 1 1 9

Acetone . 98 2 3 3 2 3 2 3. 2 20

2 - 2 - o 2 2 1 13

105

- Includes T runs with sample size variation,

Solute pesk, .For a run with only one solute, the next and final event

that was obtained was emergence of the solute from the column, The time

of maximum solute concentration, the peak time, tp,'was used to calcu-
late the partition‘coefficiento .The width of the solute; relative to
the peak time, was used to calculate the longitudinal diffusivity, .The

shape of the peak served as a qualitative indication of the linearity

of the partition coefficient.

The method of wvan Deemter et aldl?“waSSadopted‘forbthe;measure:

ment of peak width, (Fig, 15)., Tangents were drawn through the points

of inflection of the leading and trailing edges of the peak, The initial

time, t., and the final time, t, were at the points where the leading

f
edge and trailing tangents, respectively, intersect the recorder base

1ine (usually zero mv), .The peak width, t , measured in time units, was

the difference between the final and initial times,
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Fig. 15. Method of elution-peak characterization.,
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The maximum solute concentration, observed on the elution dia-
gram, was termed the peak height, HP; and was used to calculate the
‘maximum solute mobile-phase .concentration observed at the column exit
as well as the approximate molar quantity of solute emérging_from the
column, For this latter calculation, the product of the peak height,
Hp, and’the peakvwidth,at,half the #alue.of,maximum concentration, t5,
was an approximate value of the peak area., This area was multiplied by
the .T,C, cell andffiow coefficiehts»to,give the approximate number of
micromoles .in the solute peak. Figure.lSa‘shows.a-superposition,of-ex~
perimental €lution diagrams for the three solutes,cl)'n‘a,‘common.timebase°
Also, Fig, 15alshows'the eQuivalent theoretical elution diagrams for
each of the solutes as determined from the expefimental partition cdef-
ficients and values of the s pérameter, The asymmetry of the peaks is

apparent in this figure,

Temperature and Flow Rate Trace

The voltages of the thermocouple circuits and the,marks for the
O,l-ft3 volumes of eluting gas were recorded on the chart of the 6-point
recorder as a function of time, Utilization of these experimental data

was as follows:

Column temperatures, The voltages of the three colﬁmh.thermoCouples were

converted to their equivalent temperatures. As shown earlier in Fig, 7,
'the'thermocouples were located in ﬁhe packed section of the column near
the entrance, at the midpoint and near the exit, .The measured tempera-
tures ~- i,e, the inlet,vTi; the midpoint, Tm;‘and‘the outlet, To -
were averaged to yield a .column temperature,.Téol;'Which was used in
calculating the column gas flow rate and other properties, The spread
in the three .column temperatures was usually about 1 to ZOC. Occasional-

1y it was greéter than3OC°

Miscellaheous/temperatures, The temperatures indicated by the three other

thermocouples were used to ascertain when the T.C, cell, the sample-



-51-

14 — - . T - T : T T
: THEORETICAL L COLUMN TEMPERATURE—99° G )
2l | aceTone (5= 6009 o . COLUMN FLOW RATE — 444XI0” cfm
i 4 REYNOLDS NUMBER — 0.835 J
ot EXPERIMENTAL ’ ]
) .L, THEORETICAL ’ ‘
) g} " BENZENE (S* 465) v = o ]
oXI0° EXPERIMENTAL '
SOLUTE EXIT , .
CONCENTRATION | ]
( Lb-Moles )
Ft3 L )
.. 4
TOLUENE ( S°250)
EXPERIMENTAL 1
2 ]
’_AlR j | J
) \ N , . : S _
0 5 o ) 20 25
- TIME (Min) | '
. o . MU-14188
50,156 -2

» Fig. 15a., Superimposed.experimental and theoretical elution

Idiagrams.



injection valve, and the expansion valve were in thermal.equilibriﬁm-with
their surroundings. These units were held at an approximately constant
temperature during .all the runs, . These measured.temperatures were'not -

used in the analysis of the data.

Mobile-phase flow rate, The,marks.recorded by the solenoid pen on .the

6=point recorder gave an indication of the .time required for the: ' flow
of 0,1 ft3 of helium through the W,T.M, - The measured volume of helium
was assumed to be saturated with water vapor and to be at the temperature
of the water in the W,T.M, The pressure in the W, T, M during these
measurements was the prevailing barometric pressure, . This flow rate, Q,

was calculated for a time unit of one minute,

‘Miscellaneous Operating Data

Most other data, used in ﬁhis werk,’did not vary significantly
with time but were pertinent to column operation.-,These quantities,
their units of measure, and the frequency of observations are shown in
Table IV, |

Table IV

Miscellaneous Experimental Data

Quantity : Unit ‘ Remarks

Barometric pressure in, Hgv Recorded once or twice a day.
‘ N 6.\ -

W.T.M, temperature oF‘ " Recorded once or twice a day
Room temperature . c): from mercury thermometers,
T.C., cell current . ma Manually set to 120 ma and

» IR checked every 2 to 3 runs,
Column inlet;preSSure (pi) . psig , Maﬁually set to 100 psig and

checked every 2 to 3 rums,

Column pressure drop (A.) in, Hg " Measured at ‘start, peak'time
P : "~ (when possible), and at end
of each run.

_Rotameter (Fl"Fz’ or F3) Arbitrary Recorded for each run,
_ scale units
Solute and sample size S Recorded at each run, Sample

(0,001 ml) sizes for each solute were
usually constant,
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Data Correlation

In order to test the ability of the chromstographic theory to
predict actual column performance, methods were developed for correlat-
‘ing theoretical predictions with experimental obsérvations, - The longi-
tudinal diffusivity parameter; s, and the partition coefficient parameter,
sn, are correlated to -the peak width and the peak time in the following

manner:

" The. s-.Correlation

Flg. 15 illustrates the method used in th1s work for characterl’-
ing the solute peaks. The peak width, t ! OF (sn) ; is divided into the
peak time, tp or (sn) o’ to give a dimensionless ratlo ‘which is an ex-
pression of the relatlve peak width, This ratio, for the theoretical
elution diagrams, is proportional to the.square<root of the s value.

The s, value, conversely, may be written . . L ‘ o
s =2 | rgﬁji'v : . 4,, )
for s 5 100, The s_gafameter_ig likewise related to the initial and

- final s7 values -

o fen, T e, 1
s-=‘2 .h‘z-s-ﬁy; +i__2 .=:2 AW-ZG (9)

These relatlonshlps follow from the fact that at the hi gher;sfialues the
theoretical elution diagrams closely approx1mate,the normal=error curve,
When . eXperimental'data are applied to Eq. (8) or (9), it is pos~-
sible to ass1gn an s Value to the peaks _ Beoaﬁse'the experiméhtal
elutlon dlagrams seldom have exactly the same shape as the theoretlcal
curves, two s values ‘may be a551gned The first is obtained from the
measured peak tune.and w1dth, ‘ '
sz 2 [n —52—} . (10)

hria
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The second s value is obtalned from the peak's initial or final time and

1ts ‘width,
o [; ti L 152
g 2§ 5 t2)
W

ot L2
S S
8p 2 [;h - é]

Because of the way they are deflned, si and Se are always equal to the

.same value, which will be designated as s'. The designatlon of this s'

w0
nt

and (11)

value as an initial or final value will be. d1scussed later,

The (sh)p Correlation

We have seen in the theoretical develomment that the Ll value
' for the maximum cbncentratien of the elution diagram, (sn) o’ is ap-
pfoximately'l"for values of s > 100, From the numerical. calculatlons
of the theoretical elution diagrams, the values of (Bﬂ) were, deter-
mined for various values of the s parameter. .From these values, a
power series in s was calculated by,electronic-computer.for evaluation

of-(sn)piat experimentally determined s values, The series is

(sn)_ = 1.0000720 - 229925346 , 13187706 (12)
p o s S2
The . accuracy of the experimental work does not justify use.of this re-
finement, but it was easily included.in the program for correlating the
experimental data and it may be of use in future. continuations of this

work,

" Peak-Height Cefrelationv»- : f‘~j17“7?ﬁ“ o

_ The .solution: to the equation of: the chromatOgraphic model, Eq.
(6), is used to calculate the maximum value-of the solute concentration
at the exit of the column, .Before Eq. (6) can be applied to an actual

column operation, it must be modified in threée ways.
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First, because the column area and the quantity of solute usually
differ from their arbitrarily assigned unit values, the left-hand term
of Eq. (6) is modified, as noted eesrlier, o CLA/w. Second, the impulsive
feed function thafﬂcharges the.coluﬁn.was defined in time units of 7, If
the time unit t is used, where t = r1, the left-haﬁd term- of Eq,.(E) must
also be multiplied by v. And thirdv because the T.C, cell is not located
in the packed portion of the column, the void fraction, a, must be in-
cluded in the leftehand term of Eq, . (6)

.The expres51on then; -to be used for calculatlng the solute mobile-~

phase concentratlon at the exit of the column, for the given s value, is

- e maximum ordinate
Cpnax ~ oz | of Ea. (6) for o (13)
ot .given s value (s)-

From the plots of Eq, (6) in Figs, 1 and 2, the values of (CL)

. _ max
-were found to vary with the s paramcter:by the relation

(CL)max ) 2 Jrn

for s > 100, From Eq, (14), the final expression for the predicted maxi-

N o (1%)

mum in solute concentration at the column exit is then

,(D’\/._S !

QC = B
max. 2 Vrn. QyvAL

. | (15)

Calcuiations

An IBM 650 Electronic Digital Computer was used to process the
experimental data, which are tabulated in Table V. The computatlonal
program for the computer Was,writtén in an interpretive system, desig-
-vnatedvthe_F.LéS)(,P,So routine, ‘which was developed by the Bell Telephone

Laboratories, ~This same routine was used for the numerical evaluation

of Eq. (6) as described in Appendix II,
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20# 25450 98410 14e45 35480 44770 425 14440 = 300 24090 1e62 29449
270 23,00 98410 14447 30400 34980 475 1.700 6290 24300 1490 20401

280 23,00 98430 1he47 30400 34980 <490  1.730 4325 2,310  1.90 26429
29 23,00 98430 14447 30400 34980 @ 4500 14740 ¢300 24310 1498 16449
35 22478 98470 14447 25420 34390  «600 24070 6280 24520 2427 19417
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Table V (Continued)

o : Pq_' o]
. . 3 . -
y B3 5w oL.a L Ba B ;9
£ L8 5. dm oy mos i oedh e 3T 4. 0§ g
§ ggo go *33 g@éo -~ o Q - «© S 43 S
a QO g 80 =) w O w2 H R~ oo~ ST 33e = A~
8 &~ = o SH g =8na wtgd s D o o S 5 o >
§ 88 .-gg % -E ﬁ & + -H-EE s:‘.-ﬁs G - g — B o g o g
o e N S m - = & < P H P~ moE By~ Ay~ Ay —
ACETONES
36, 22478  98480- 14447 25.20 34340 550 24000 $280 24470 2422 19449
41 22478 98490 14647 20435 2.780 4700 24500 «325 3,060 2475 17.65
42 22478 99410 14e47 20635 24780  «650 24500 +350 34120 2475 19499
43 22478 99410 14447 20430 24745 <657 24450 6350 34090 2475 20459
44 22,78 98490 14447 15410 24682 14000 = 34500 o450 44250 3487 21459
45 22478 98490 14647 15410 24065 4990 34400 o440 44180  3:77 20449
50 22460 98447 14440 10470 14480 14400 44925 «590 5 915 5440 20423
51 22460 98447 14440 10480 1 500  1¢350 44930 +600 $960 5437 20435
52 22460 98453 14e40 10480 14515 14370 44830 $600 Ba806' 5627 208443
56 22450 98417 14433 5,60 789 24650 94340 14030 114150 16424 234901
57 22450 98420 14433 5464 4798 24600 9.210 ¢970 104910 10405 22463
60 22450 102417 14433 41480 56100 4375 14150 «170  1e425 1422  20.87
61 22450 102,00 14433 40485 54050 «350 1.100 «180 14425 - 1420 2187
66 22480 105493 14434 30400 34866  «500 14575 $235 14985 1470 20.83
67 22480 105480 14434 29486 34876 6480- 14545 ¢255 24012 1478 19499
73 22480 105670 14434 20430 24710 6743 24350 .300 24895 2451 21446
T4 22480 105477 14434 20635 24720  +725 24305 $320 24820 2449 23450
75 22480 105463 14434 20630 24690 4750 24350 400 3,050 2ib6 19.066
76 22680 105453 14e34 20430 24710 725 24305 6330 24870 2450 22465
81 23.80 105433 14440 15425 24000 14065 34182 e495 44030 - 3448 21495
82 23480 105403 14440 15440 24070 14045 34105 4085 3,765 3437 234071
87 22450 105487 14e47 10410 16374 1460 44620 ¢540 5,550 4408 23443
88 22450 105490 14447 9485 14339 14550 44835 §535 54775 5420 28497
91 22450 105467 14447 5420 4702 24900 94180 14000 16.960 980 57.43

=O9m



Table V (Concluded)

: _ o p% a
= o ) . 2 . FE N - o
LY : ‘ , 0} Lo~ :
§ =4 S PO T ST C g 2
5 8 hi} ‘ H;; 'g H é & E g a 8{ﬁV\ .g-ﬁ«« %i;;r\ — —~ +?é\ QA
= gEE RIZ BR BE THE “yw B3 983 93 33 3%
§ 2% 88 &7 p8 E" J4E BiE EgE @E RE gE
7 ACETONE-
93 22461 88447 14e44 39495 54320 4363 14525 6260 14980 1471 .15;33
94 22461 88403 14444 40400 54490 «370 14530 $233 14935 1473 15475
98 22461 B7.77 1l4ebt 30,50 44310 4487  2.035 $290 24525 2430 1541d
101 22441 88400 14454 30445 &al70 4475 14990 6280 24470 2423 15417
104 22444 87450 14e54 20470 24920 4720 3000 §395 34675 3438 16499
107 22444 87410 14e54 20460 24920 o713 34040 400 34725 3442 15499
110 22444 87428 14454 15420 24160 4975 44125 +515 44995  4i65 17413
113 22444 87413 14454 10,00 14460 14455 64260 $725 74530 7405 17411
115 22444 86493 14e54 5410 4750 24895 124500 14375 144885 144 08 18413
Note B |
1. Benzene average sample size -- 0,200 ml,

2, Toluene average sample size --
3. Acetone averagé sample éize --

4, Column inlet pressure constant
5., Liquid statlonary phase for all runs -- DC-550 silicone 0il,

at 100 p51g for all runs.,

0.300 ml, except where marked * for sample
size variations,
0.075 ml, except where marked-ﬁéfor 0. 200 ml, and

@ for O, lOO ml,

_T9;'ﬁ
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Mobile-Phase Calculations

- The mobile-phase volumetric flow rate, Q, was first corrected

for the partial volume of water vapor, This flow rate was then adjusted

‘to column température and pressure using the perfect gas law, This gave

the .column flow rate, Q o1’ which when :divided by the column area gave

the superficial velocity, V .

‘An experimental void fraction, o calc? WoB calculated from the
transit time of the air peak through the column after subtractlng from

" the measured air peak time the periods spent in the entry, exit, and

expansion—valve sections of the flow path, This column transit time for
the air was divided by the superficial column transit time (=‘L/VO)

giving the experlmental void fraction,

The modified Reynolds number was computed from the express1on
Vdp a
. H

where‘p"and u are fhe,density-aﬁd Viscosity of helium at column ‘con=

ditions.,

- .Diffusivity Calculations

The peak width was found from the difference in final and initial

'times An s value for the solute peak was calculated using Eq. (10).

Because some of the solute~elution diagrams exhlblted a marked assymetry,
a .second & value was calculated for ‘a symmetrlcal peak situated between
the initial and final times, The peak time for this theoretical peak was.
. T :
o o (g + %)
P 2 ?
and its s Value, s'y . was. Calculated from Eg, (11),
The column length was then .divided. by these s wvalues to give the

‘terms L/s and L/s', An approximate Peclet number was found from the

product .of the s value and the ratio of.average particle size to column

length;
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Pe

Partition:Caefficieént.falduldtion

The partition:coefficient based upon the measured peak time was
calculated from the expression : T
o v |
k =(g%;i— -a . - ' (16)
A partition coefficientffbr the symmetric peak, k; was also calculated
by §ubstituting\the theoretical peak time?vt}p; for the meaﬁu;gd peak
time,

Concentration,Calculations

The maximum solute mole fraction in the moving phase, Yyex’ was
~ obtained frqm thelprpduc§‘of peak.height, Hp, apd the T.C,fcellfgali-
bration coefficient, M. The latter was determined by the method re-
ported in Appendix IIT., The maximum volumetric_concentratioh was cal=-

culated from the expression

e = X o oap
col )

" assuming ideal behavior of the solute in the vapor phase, Here, p_ is
) 1 |
phase mole fraction, in equilibrium with yhéx,.was calculated from the

the COlumq outlétrpréssure,‘aﬁdvRTco has its usual meaning. .The liquid-

expression

_ . max ‘
*nax ~ kK ¢ +N (18)_
, ©. max

where N is the number of moles of solvent per unit volume of bed,

‘ An.approximate_material balance. .of the SOlute’faEalc’ was cal-

culated from an approximation of the solute-peak area by
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.Miscellaneous Calculations

A reciprocal column temperature was.found useful for'plotfing
the partition-coefficient .data, The IBM computer also calculated
several other quantities. that were'uSed.forchmparison,éf-the data with

fhevwork.of,other authors, .These quantities were not tabulated,

Tabulation

The results of the IBM calculations are shown in Table VI A and

B, An analysis of these results showed that run number 7 was not re=
liable, The partit;onrcoefflcient vs reciprocal column-temperature
plots of runs 60 through 65 showed large deviations from those of all
the other runs and were discarded, The acetone runs T, 8, 18, 19, 20,
27, and 28 used larger sample sizés than the remainder of the runs and
were also discarded _ - v

A sample calculation of a typical chromatogiaphic.run‘is shown

in Appendix V.



Table VI - A

8e773

+488

SUMMARY OF IBM 650 CALCULATIONS FROM G.,L.C. DATA™ '
— : —
o:\ 055
O ~~ =lan] e = ﬁ.—i ‘
— LN O + e ' (o] —
- : 0 O +© + o G oA g o QS W
2] b T B S B i _ o HRSN L H P - Q
[0) Q ; @ = g o g o O @ o~ 0 Q o Q . 0
g2 585 8 B S8~ 38 gEYL FE B 8 g94
g $ 8 0 &g b £ - LA~ >gor B "3 e O Q.
= g X gggv HGM Hhx vogl ] = -
28T TAET BEE®T YT nget 5g dE% BLL
5 O W O O 6O g o - @ O X O~ X 0 ol 0 o &
g OH ~ MmoP~— Mo A4 O B O— ' EH§ S I - e
| BENZENE I o
1 1.000 269483 Gelk 9432 5568 04326 <433 44178
2 1.000 269475 9412 9419 54701 04429 439 44136
9 ¢901 269432 9406 9427 66379 404847 4465 44255
10 4901 269432 9.85 9484 44717 403584 4411 44380
11 .901 269.32 9413 - 9447 64011 404567 452 44335
12 +785 269425 = 8496 9426 64821 405050 4478 44446
13 780 269432 9413 9442 66416 404747 4468 4i604
14 o784 269432 8498 9422 64584 404871 4470 4e49¢
21 4655 269432 8458 8499  7Te411 05347 «489  4a515
22 4656 269446 8457 9401 74501 05402 491 44625
23 4659 269475 8481 9406 7.776 405582 4507 44872
30 4523 268452 774 8402 74410 405226 463 4i268
31 4558 268445 8435 8475 74921 405589 4498 44532
32 4555 268488 8431 8475 7e4753 405457 .492 44522
37 4449 268460 8467 9406 T7:506 405168 494 . 4.894
38 o446 268481 8447 8494 84035 405520 +506 4432
46  #338 269417 8485 9434 8329 05582 <525 44844
47  +331 269417 8446 8491 84061 ,05402 4506 44413
53 4237 268496 8455 9411 84235 405423 o514 4587
54 4239 268496 8455 9411 - 84983 405016 536 44949
58 o123 269410 B440 9404 84966 05768 531 44983
62 o855 266.52 6489 6486 74720 405927 4444 44295
63 4855 266475 Te25  Te07 7001 405368 433 44369
68 0648 263d9® Ts23 Te323 066437 4.834

gg9a



Table VI - A (continued)

.02415

¢496

o 59,

O o~ [=lag) ] K= 'gr-!

: ~ e » P a5 = é 3 o
o o d BT o8 a8 88 o~ B89Y a3 % T
g 55 8 BH S99~ 3% g9 88 B 8 a3
g . g988 sgad LA Po~ B dod 5 G HO4d O O
g 5 oo .a.go;n,\ R e i R 1O ! ~ — o 4og

S5 BSET BYT L% o85g24% 828 359 B8
5 Or -+ © 000 & O cdg- Ngﬂ' e cr'-.—mré‘ r—i'_'cgvﬁ;’
ot OH~ M O~ M O Ay O FH O~— =8 B 8 e
69 «670 263.87 84691 .06410 485 44633
70 «670 263.96, 84070 05954 o471 44i763
77 442 263497 94765 406844 4510 44752
78  ¢449 263483 104033 407038 «521 44935
83  ¢333 264411 9082 . «+06216 492 4 820
84 6342 264401 164963 .67521 s539 5.010
85 «322 263483 184812 07383 4534 44998
89 - 217 263485 116319 07562 548 54061
92  s111 264404 116307 +07389 4548 4,871
95 4896 276483 44961 403650 469 4aT16

97  +885 277+00 54157 403788 474 4&582
.99 685 277408 54820 #04077 4507 - 54029
102 «672 277413 5:951 404160 503 44919
105 0458 277423 66271 04181 4518 44730
108 e 459 277444 64314 04209 522 44893
111 6340 277446 66602 «04291 4536 54242
114 219 27767 60390 «04050 #4529 44942
116 s114 277467 66263 +03888 4526 5éil22
3 1:011 269475 53816 02190 <461 S5.4T2

4 «011 269454 24818 219 s455 4,846
30186 5.‘683

S

=99-.



Table VI - A (continued)

Run&nUmbef”

2y

Column
flow rate

(£t3/min x 10

’)

{Reciprocal
column
tempe
(°K)~

ature
x 10

i
(k")
(k)

(Partition
coefficient
Partition
coefficient
Exit-vapor

concentration

'(1b-mol

ﬁs/ft3j

x 107)

Imole fraction

'Exit-ﬁapor

15
17
24
25
26
33

34
39
40
48
49
55
59
64
65
71

72

. 719
80

86
96

e @

~©
0O
= L)

«782
«781

6660

e654
«660

e555
4555
AN

o b3
331
«331

s 235
124

6 845
« 847
«655

«663

o 440
e 440
e 337
0218
« 894

269483
269446
269403

268696

268488
268481

269415

269408
269405
269i25
266.85
2674607

263459
263495

263487

263599
263490
264401
276,91

LI LILY
.8 @
U £ W
(@ 0N o
O O

L
.

w
o]
£

34445
3,851

34773

36864

26897
36946

34879

34889
34884

:3-910
34994

44279
44136
44539

44659 -
40933
446948

5.235
55151
246472

. 02520
402568
002601
« 02655
« 02469
o62764
« 02712
.02718
e02742
e 02712,
«02667
«02607
002604
02574
+02568
+ 03276

603150

s03342
03426
003459
203468
.63585
«03441

401941

85

Equilibrium-

mole fraction
material balan
(lb-moles x 10

liquid
Elution

-L9-



Table VI - A (Continued)
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E Y 52 g5, § 8-
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B "3 837 48 a G BB o~ 856 3 8% “a
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5 ofE 258 EST F8. £HES £E 0 Sod AT
5Bl BEE ZhE HEE OI8FL I, OP. 8E%
5 988 §958 BY 5% H488 #9530 4%A
o D%~y O P~ Py O By O B0~ EE H-l g M8~
» ) ' TOLUENE - , L
100 +683 277410 26645 29470 24710 401899 <518 64427
163 4674 277421 25499 29i29 24791 401950 <521 64500
106 4463 277.36 26452 29489 24813 401875 4528 64631
1090 6337 277660 26452 29490 24781 401806 4525 64700
112 o224 277652 26490 306i53 264731 01734 524 64815
117 o443 267464 16675 17420 839 400579 <174 603
118 4438 268402 17,00 17475 14594 401098 4289 14328
119 440 267493 17418 17497 14707 01176 4306 14487
1206 o443 268407 17433 18427 24073 401428 350 14985
121 o44h 268400 17472, 19404 24664 401836 4415 24940
122 e443 268616 18429 20413 34211 202211 469 4eb432
- 123 o441 268621 18449 20452 34582 402466 6499 54352
' ‘ . ACETONE - -
7 898 269.25 3484 3627 74287 405538 6296 44s451
8 o901 269432 2464 2450 166198 12308 +392. 44234
18 «789 269,10 3400 2484 174810 13191 445 44217
19  +789 268496 3418 2484 106551 . 407819 335 44583
20 «788 269432 2484 2454 144429 410679 4381 34414
27 4655 269.32 2:60 2643 104082 07247 4283 1.916
28 655 269417 2464 . 2443 104217 407348 .288 24178
20 6655 269¢17 2465 2457 84304 405973 4248 14634
38 4553 268488 2448 2445 94870 406943 4269 14530
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Table VI - A (Continued)

)

91

263494

2409

v Gk g AR LF F sER. xR 2 F A7
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5 g8E 8sf¢ AT Fao 593 £& 0 Sod AT
= BLT BEEL PEE pEEIREL Lo 335 £E§
- ~ ~ (S + 0 30 Lot
5 938 §d85 38 58 "EA H9 590 489
o O H~ B O P~ o S Ao H O~ = g Mg B g—
. L ACETONE - o 5 L
36 . WD4T ZbBe81 T Ze3% Ze33 10032 W07TUST <261 13532
41 o449 268e74 2442 2439 94295 06392 253 1:357
42 © J449 268460 - 2446 2§39 10e521 .07240 «280 14655
43 C443 268460 2637 2435 104839 LOT457 4279 1684
C44 4332 268474 2453 2452 114649 407819 4307 14743
45 4329 268674 - 2442 2641 114055 407421 4287 14604
50 6233 269405 2446 2644 116141 407326 291 14531
51  «236 269405 2452 2448 114202 407370 4298 14587
52 4238 269401 2647 2445 11e244 407399 4295 1,610
56 o122 269427 2443 2443 134470 408659 ¢330 14696
57 4123 269425 2641 2440 124746 408195 4316 1529
60  «867 266440 2407 1492 94783 407558 4233 léssl
61  +856 266652 1498  1i85 104307 aO?QZO $234 14588
66 645 263476 2il6 2602 104264 407544 4250 1 ;557
67 <646 263485 2416 2403 04861 407240 4243 14626
73 J442 263492 2418 2405 114086 407772 <267 14471
74 sbhh 263487 2412  2é0h 124134 08510 4279 lea725
78 o439 263497 2426 2410  0i864 406914 251 14732
76 o442 264e04 2414 2404 114706 #08202. +274 14708
81 0322 264417 _ 2420 2409 1l 626 +07949 4277 14856
.82 ¢333 264438 2415 2409 124 220 «08354 283 1i652
87  «221 263480 3400 2403 154692 08485 4285 14517
88  +215 263,78 2414 2408 114372 07594 268 14312
o111 2.04 156192 +09933 323 14699
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Table VI = A (Concluded)

2y

Camputer output cardss

- » Q),\
o gm ' %“%
o S~ . - o+ o _ o =
N S ) G g DY -3 5 9 T

3 ¥ 'ga = g 0 0 @ W~ 4P g 3 Q
0] 0] @ g o C 0. 4 & o o o o 9] [0
2 28 0 pPX O ol A O goLo-H0O s B TR T~ o
g EE S g8a AT SO w TERT 24 "god 833
=] g\ Qg Q¢ ol G P H— P O e ! ~ AN H
) e e Q4 42 G ga) - g .o £ B3 0. Lo 1
§ 3938 §98d 78 &8 &332  ®o 43 A8 3
o' OH~— M O P~ A O ‘ ' : =g M~ H HE8-
. , ACETONE o o
93 o873 276,49 3418 3410 64577 404843 4239 14493
94 4900 276483 3426 -3é25 74754 405705 275 1i626
98 4690 277403 3430 3433 74810 405473 279 1i564
101 «673 276485 3410 341l 74846 405495 4268 14478
104 4460 277423 3419 3424 94221 .06154 4307 -li67e
107 +459 277454 3424 3420 84692 05792 4297 14598
110 336 277440 3418 3026 94543 406204 313 14652
113 6224 277452 3422 3431 94763 406197 4321 14589
115 114 277467 3426 3637 104577 406566 341 14658

Note:, - . N . o o
1, - Data in this table were printed directly from IBM 650

Since there was no provision for rounding

off this data, usually one extra significant figure was tabulated,




Table VI - B

1

SUMMARY OF IBM 650 CALCUIATIONS FROM G,L.C..DATA
=]
— 3 -
5 S e~ 7% A S0 d
§ S58 58 84 S SEE
§ g -gfo-« ~ © 2 Y 549;8;:
a - - O™ ' [oe} 0] b Qo O &~ O
g &%L 3% EE 3. Se SHLE
& a - 8% &F O A ¢
‘ BENZENE , : B
1 1972 655 16782 21107 40649 337 349 <0650
2 19472 +629. 14782 22+4434 #0611 324 328 s 0250
9 17476 635 1.620 194128 40716 370 385 « 0850
10 17676 o683 16620 344651 40395 213 212 =~ 400499
11 17476 +611 14620 214262 0644 324 346 e140
112 15447 4580 14428 184079 <0758 383 407 o 144
13 1537 505 1419 214997 0623 . 316 ° 335 4140
14- 15647 o580 14428 204455 40670 343 360 e115.
22 12492 4640 14209 174243 <0794 390 427 - <250
23 12699 601 14218 17468 +0784 400 422 «145
30 10432 4525 4972 184724 40732 368 393 = 4205
31 11600 o578 14036 154082 40908 448 488 4270
32 10694 536 1:033 166642 0823 463 443 «295%
37 8486 561 845 184382 0745 370 401 ¢324
38 8679 4495 e840 144299 40958 467 515 ¢« 395
46 666 624 644 144251 40961, 468 517 e 545
47 6653 o607 632 136279 41032 504 555 4515
53 . 4467 4569 «455 134101 #1046 501 562  «890
54 4e72 584 4460 136175 41040 498 559 «885
58 2643 4580 4240 124908 L1061 499 571 1e95
62 16686 o543 14494 234381 .0586 317 315 = 40125
63 16685 4588 10494 294600 0463 260 249 = 40800
68 12677 551 1e¢149 184635 40735 386 395 «0575
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~ Table VI - B (Continued) -
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- o BENZENE j
69 13621 4589 1,186 17+436 0786 406 422 «0010
70, 13421 o544 14186 226674 0604 326 325 = 400750
77 8e7l 4583 801 144863 40922 469 496 e192
78 8485 4608 813 146757 40928 466 499 0232
83 6657 643 612 134048 1050 521 565 «365
84 6674 4578 626 136250 1034 518 556 *315
85. 6+34 4581 «591 124511 41095 516 589 0627
89 4428 4598 403 124046 1137 555 612 $692
92. 2419 +598 4208 10e741 +1276 611 686 1460
95 17667 o534 14675 234938 40572 291 308 e 149
97 17446 4530 1e657 214303 40643 320 346 <210
99 13451 4590 16311 184606 <0736 356 396 0375
102 13624 o573 14287 176822 40769 370 413 - 380
105 9403 594 898 144952 40916 438 493 0605
108 9406 599 «901 156414 +0889 420 478  W672
111 6e71 599 4676 154273 0897 416 482 106
114 4433 o604 o441 134968 0981 456 527 1.60
116 2424 <593 231 144270 #0960 435 516 3,72
3 19693 4665 14800 284232 40485 220 261 680
4 19493 «666 14800 244684 0555 ° 250 298 «650
5 1778 4624 1e¢623 304151 +0454 204 244 «799
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~ Table VI = B (Continued)
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"6 17680 «625 14623 266842 40510 226 274 §854
15 15641 o618 16422 256231 <0543 233 292 lol4
16 1542 o556 14422 224953 40597 259 321 1.06
I7 15639 +638 14419 24697 40555 239 298 leli
24 13401 o558 14221 22405 +0611 268 329 1620
25 12¢90 «551 16209 264321 40520 224 280 1.33
126 13401 <602 14218 236747 0577 248 310 1430
33 1094 o536 14033 244628 40556 239 299 le54
34 10494 610 1.033 244590 0557 239 299 1e55
39 Be75 o575 o836 244068 40569 240 306 2.08
40 BeT74 o550 <834 234101 40593 250 319 2406
48 6453 +607 632 234516 0582 245 313 2485
49 6452 +605 0630 234503 40583 247 313 2473
55 = 4463 4575 e452 234532 L0582 245 313 4401
59 245 o580  «242 234479 40583 240 314 8422
64 16666 o567 14479 284113 ,0487 220 262 6622
65 16670 o569 16486 294036 40472 219 253 «522
71 12491 595 14159 244418 - 40561 251 302 «876
’ 72 13408 571 1176 244574 40557 244 300 . 982

79 8e69 o580 @ 4798 224811 40600 247 323 1491
80 « 8468 o615 «798 224727 40603 258 324 1461
86 6664 608 e618 224234 L0616 265 331 2.09
90 4429 4595 404 224325 L0614 261 330 3ebb
96 17462 o616 14672 276315 0501 217 269 1430
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Table VI - B (Continued)
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100 13446 «00b 14300 26369 0510 22 279 1«80
103 13630 595 14293 264338 #0520 220 280 185
106 9¢12 +611 ¢907 25e441 40538 228 289 2675
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- Computer output cards. .Since there was no provision for rounding
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.VI. DISCUSSION

Definition and Assumptions - ' -

The G.L.C. partition: coefficient was defined 1n the theoretical
model presented 1n the section on, CHROMATOGRAPHIC ‘THEORY and was assumed
to have certain propertles. These are briefly summarlzed ‘here for com=-

parison with experimental observations,

Definition. The pértition cdefficient‘is the equilibiiumiratio of the

solute concentration in the stationary phase to the solute concentration
in the mobile phase, The units in Use are moles per unit ‘volume of bed
as packed in the column, bver'mdles‘per'unit volume of gas in the mobile

phase,

Assumptions. The partition coefficient is assumed to be independent of
solute concentration (a linear isotherm) and, for a given'G.,L.C° column,
a function of temperature;only, This implies'that the partition coef-

ficient is not a function of the mobile~phase flow rate,

Temperature dependency. Porter, Deal, and Strossll have shown that,

from the above deflnltion, the partitlon coefficient at 1nf1n1te solute
dilution can e expressed
’ o _ NRT

AP '
where N = moles of stetiohary.solvent'per unit volume. of bed,
'R = universal gas constant, _
Ao = act1v1ty coeff1c1ent of" solute in solvent at inflnlte
dilution, and :
o] :
P = solute vapor pressure,

and the solute .is assumed to be ideal in the vapor phase,  Equation (19)
was modified to show the temperature dependency of the partition coef-

ficient



e

51 g° . AH, - RT - AH
S (I/T)  ~ ‘R

(20)

neglecting the temperature dependency of the molal volume of the solvent,
The .term AHV is the latent heat of vaporization .of the solute in the
region of ‘temperature T, The excess partial heat of solution, AHS«5 is

the measure of the nonideality of the solute-solvent system, i.e,

1n x° =

Experimental Results

Heat effects, Values of the partition coefficient were calculated for

each G,L.C. run and their natural logarithms'were.plotted against the
reciprocal: of column temperature 1n Fig, 16, To obtain the apparent
heat of solution, the numerator of the right side of Eq. (20), a least-
squares line was calculated-from the experimental data and is also shown
in Fig. 16. | | :
Partltlon coeffi01ents,- *, were also calculated from the theo-
 retical’ peak t1mes, and represent the partition coefficient of a sym=
metrical elution peak having the same peak width as the actual experi-
mental peak, A least-squares line was also computed for the k' values
of each solute shown in Fig, 16 for comparisen '
- The apparent heats .of solution are obtained from the slopes of
the leastasquares lines of Fig. 16, From the known heats of vaporlzatldn
and the approx1mate mean temperature, the partial excess heats of solution

- were determined. .These values are tabulated in Table VII,
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- Table VII

Apparent,heats,of solution from G,L.C. measurements

using DC=550 silicone fluid with a temperature range of 87OC'to 106°¢

* —F

(aB ’RTﬁAHs Zexp A, (Ags )ex
Solute kcal/mole - kcal/mole kcal/mole- = N - A’
Beﬁzene T.57 T.21 -1,07 0,24 -
Toluene 8,24 - 8,13 -0,85 0.32 - 0.27
Acetone’ 6,90 ' - 6.54 - -1.10 0,23 @ ==

* at 100°%

Inspection of Table7VII shews'that the major heat term for these
solutes and solvent . is the heat of vaporization. If a value of the
partition coefficient at a certain temperature is known, then its value
at other temperatures may be estimated from the heat of\vaporization° ’

- The activity coefficients, A\, were computed from the partial exe-
. cess heats of solution, The x° shown for toluene was calculated from the
data obtained in the runs with sample-size variations, .The data were

extrapolated to infinite dilution,

Flow dependency, The-partition coefficients measured at approximately

88° C were plotted against the Reynolds numbers at whlch they were .observed,
.and are shown in Fig., 17. The column average temperatures at the begin-
ning and the end of this series of runs are also shown., The slight tem-
perature variation during the period of these runs is believed to be re-

sponsible for the minor .changes in the partition coefficients,

Solvent variation. All experiments of this work were carried out using

a silicone fluid solvent. Selection of the G.L.C., solvent is, as yet,
done mostly on an empirical basis although an increasing amount of data
on these coefficients for various solutes and solvents is appearing in

current writings, Perotti et al, have described & semiempirical method
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method leading to the prediction of partition c.-oenf‘fic:'Lem:s‘,28 This method

develops an expression for the solute infinite-dilution activity coeffi-

_cient, XO, as determined by the chemical natures of the solute and solvent,

As yet, this system is not adegquately developed for general apﬁlication to

G.L.C. work, Keulma’ns5 discusseé in some detail the selection of G.L.C.

solvents and gives a compilation of many of the solvents in general‘use,

Sample-Size Variations

Durlng ‘the period of the exPerlmental work, the size of solute

‘sample was observed to influence the measured values of the. partition co—

efficient and the Peclet number, To investigate this effect, a brief
study was made of the elution diagrams from runs with.diffetent amounts

of SOlute in the column feed charge. Toluene was used for this .study

‘because its elution peak showed greater asymmetry than that of the othef

solutes, The peak asymmetry, attributed to a nonlinear partition coef-
ficient, makes it .difficult to arrive at more than qualitative conclusions

about the influence of sample size,

Experimental results. Runs numbered 39, 40, and 117 through 123 were used

in this study. The elution diagrams of seven of these runs are shown in

Fig. 18, where they are superimposed upon a common abscissa, The data

' collected from these runs are shown in Fig; 19 as a function of the quantity

‘of solute charged 4o the column, .The actual amount of toluene charged to

the column was determined by measuring the area of the elution peak with a
planimeter. and, from the operating parameters and the T,C. cell calibrations,

converting,this area to the equivalent number of moles of solute, This

method was necessary because of the inaccuracy in the measurement of the

small volumes (0.035 to 0,300 ml,) of solutes. (With acetone, there was some
vaporizatibn of the solute as it was placed on the sample bed because of its

fairly low boiling point (56°C) and the relatively high column temperatures,)

The maximum variation of the measured amount of solute from the volumetric

‘amount presumed . charged was 13% with an average deviation of about 6%.
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Time of peak emergence; The time of the theoretical elution peak emer-

gence is independent of the size of sample for the specified feedvconi:
‘ditions, Use of pure solute, charged over a short.interval, closely ap-
proximated the impulse-feed condition, .This approximation is improved
by the use of a long_cblumn (i,e. s > 100), In the toluene :study, the
time of peak emergence is seen to bé a linear function of‘sample size,
The peak time,may also be extrapolated fo zero sample size, giving the

value for infinite :dilution (here, t; = 15 min),

Pegk width. The width of the theoretical elution peask is not affected by
the quantity of solute sample, However, in this series of rﬁns, the
width increases approximately linearly with sample size except at Very
small values of the solute sample size, Here, the variation of width _
5ppears to deviate from linéarity and tends towards a constant value of
the peak width that is independent of sample size (twé = 2.8 min) as the
theory predicts, The influence of sample size on the s parameter is

discussed later,

Peak height. The theoretical peak height should be a linear function of
sample size, In Fig. 19, Vé see that this is approximately true for small
sample sizes, At higher values of sample size, the peak height does not
increase asvmuch, .This woﬁld be expected from the increase»of the peak

width.

Partition coefficient.  In the theory developed, the partition coefficient

is assumed constant., However, in these runs, as the .sample size was in-
creased the.apparént partition.coefficientAinéreasedb The computed value
of the partition coefficient is related linearly to the peak time, Thus,
the partition_cdefficient.shows.a linear increase, By extrapolation, the
value of the partition coeff:"L‘cient at infinit‘e .dilution was found -(.ko =
16.7). The increase of the partition coefficient, k', based on the ini-
tial time and the peak width, is related only to, the increase of the peak
width because the initial time of all these runs are about the same, Both

partition coefficients extrapolate to the same infinite-dilution value.

w
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Infinite-dilution performance. ~The partition coefficient is truly in-

dependent of_cdncentration.only-in ideal sclutions, From the data of
Fig., 19, extrapolated to zero saﬁﬁle size, the performénCGVOf'such'a
G.L.C. column was estimated, Table VII shows .a comparison of column
perfofmancé at infinite solute dilution and also when charged with a
finite amount of solute, The time of peak emergence and peak width both
increase by about the samefmagnitude, but, because of their absolute

values, this increase,sharply,redﬁces the value of the s parameter,

Table VIII

Comparison: of .G,L,C., column performance

at two feed conditions

Solute, toluene ~ . ‘Solvent, DC-550 silicone fluid
Temperature, 100 C o Reynolds number, 0,835

_ Superficial velocity, 8.7 ft/min  Helium flowrate, 4, 142x1073 ft3/min
Quantity of solute feed, ' . Infinite dilution  5x10™° 1b moles
Resolution parameter, s -~ - 920 - . 370

/s - S 10,008 ft, © 0.020 ft,
Time of peak.emergence,'t? - 15 min, © 17.7 min,
Peak width, t_ : 2.8 min, © 5,2 min,

Static Partition-Coefficient Determinations

Appendix IV describes a static method for determining partition

vcoefficients, This work was performed to verify the order of magnitude

of the column-deteriined coefficients and to check for their variation
with'concentfation, The resulfs,ofithis work, as presentéd in the ap-
pendix,‘shbwlfhat ﬁhefpaftition coefficients are of the same order of

magnitudé“énd that they Vary'Wifh fhe'quantity of solute present in the

two phases,



=87 -

Longitudinal Diffusivity -

Theoretical Definitions and Assumptions

The  theory of the chromatographic model postulates that the ex-
istence of a longitudinal diffusivity in the column causes the spreading
of the .solute band. This diffusivity is the sum of the molecular- and
. eddy-diffusional components.- The,methodaof'expressing_the diffusivity

was shown earlier to be

L
s

<=

D 09
7 T Pe

’ (21)

where.g has the dimensions of length and is comparable tolthevtheoretical
concept of the height of a mixing unit as used by‘other authors, 12,22
Tt is, as determined experlmentally, equal to one-half the H.E,T,P, em-
ployed by Keulmans6 and van Deemter et al. 12

. Experimental evidence prior to thls work 1nd1cates that (1) eddy
diffusivity is linearly related to the interstitisl velocity for high
Reynolds numbers; (2) the L/s,exPression should.be_lndependent-of the
solute, solvent, and mobile phase in the column except when the inter-
stitial velocity is .so low that the molecular diffusivity becomes sighi~
ficant compared to the eddy diffusivity; and (3) there should be no
effect of temperature or pressure on the L/s term except where the molec-
ular dlffus1on effect is significant, or where there is a large varlatlon
of interstitial velocity along the column because of the high ratio of

inlet to outlettpressures.

_Experimental Results

The smoothed curves through the L/s values for the-three solutes
are shown in Flg 20 as functions of the Reynolds number, Figure 21
shows a comparison of the L/s values computed from the peak time and
from the initial tlmes versus the Reynolds number, In Fig., 19, the vari-

ation of the L/s value of toluene with sample .size is shown,
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Influence of Molecular Diffusivity

- Calculation of the molecular dlffu51v1t1es of the solutes in
helium showed them to be on the order of 0,005 ft /mln (0,075 cm /sec)
-at,lOO,C and 7.8 atmosPheres.zo The minimum interstitial velocities
used in this work were oh the .order of 3.5 ft/min. Then the maximum
contribution.of‘the.molecular:diffusivity to the L/s value is on the
order of 0.0015 ft.  Because this is less than one-fifth of the minimum
observed values of L/s, the eddy diffusivity will be assumed to contri-
bute the whole‘of the L/sﬂvalue in the range of intersﬁitial velocities

studies,

Variation of the Eddy Diffusivity with Flow Rates

Studj of Fig. 20 shows that the furiction L/s does not become
asymptotic to a constant value with increasihg Reynolds numbers as
previous'experimental evidence and theories would predict, This curve
appears to pass through a minimum, or start from a low value, in the

‘Reynolds range of 0.2 to 0,6 and then rlse " The function L/s does ap-
pear to become asymptotlc to some linear function of the Reynolds num-
ber at higher velocities, It must be mentloned,-however, that in our
experiments the Reynolds number did not lie in the highly turbulent
region where a constant L/s~value would be predicted,

.Two possible effects that were not considered in the theoretical

‘model and.that,may'be the cause of or contribute to the variation of the
L/s function with the Reynolds number.are,‘first, a finite rate of mass.
transfer and, second, radial mixing, Both of these effects warrant
additional study, whieh is beyond the scope of our work. Hoﬁever, they
will be briefly described and will be considered as tentstlve.exPlanations

for certain observed experimental results.

Finite rate .of mass transfer. Our model assumes a condition of continuous

equilibrium between the two phases, which infers an infinite rate of mass
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transfer, As mentioned,earliér, van Deemter et al.;? developed an ex-
pression for the H.E,T.P, involvihg terms for'molecﬁlaf énd éddy.dif;
fision and also a third term for the resistance to mass transfer, The
third term is - '

\ ko jfa d _ ,
l¥‘2 . = > L v, (22)
e 1 + (k ozL/oz) D, :
where o = fractional volume of the solvent
df = an estimated solvent film thicknéss assuming the liquid
uniformly dispersed on the solid '
D, = solute diffusivity in the solvent,

Radial mixing. Spreading of the solute band by radial mixing in a tube
30 Uhder

has been proposed.by_Téylor29 and furthef discussed: by Aris.
laminar flow,conditibns, the veloéity profile across a tubular section
is not uniform and the interaction of this profile w;th_molecﬁlar'dif—
fusivity produces a radial mixingveffect thatvhas been .called Taylor

~ diffusion, The effective diffusivity, D,, for this mechanism has been

T’
shown to be 2 2 .
a VO .
’p = W, o - (23)

fbr laminar flow in .a tube of radius a, Originally, Taylor set certain-
restrictions on ‘the length of the tube and thelflowVVElocity_for which
Eq. (23) is valid. Aris has since shown that these restrictions are
not.necéSSary°

'Application.of,this.radial,mixing to laminar‘flow conditions in
~the column provides.a,second means of accounting for the increase of the

L/s value with increasing interstitial velocity.
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Temperature Effects

Although no temperature influeﬁce on the L/s valdes isvpredicted,
each solute s L/s curve. exhibits a Bemperature sensitivity. In all cases
the values of L/s rise more rapidly with higher temperatures The factors
-that 1nfluence thls variation are dlfficult to determine, One factor is
the decrease of the partltion coefficient resulting from increased tem-
perature The . obv1ous nonlinear isotherm has a direct effect on peak
w1dth and hence .on the L/s values, If a finite'rate of mass fransfer is
cons1dered the decrease in the partition coefficient tends to increase
the numerator of Eq, (22) while ‘the same temperature rise w1ll give a
very’marked 1ncrease dn the solute diffu51v1ty'1n the solvent, DL’ there -
by increasing the denominator of Eq. (22). The use of the Taylor dif-
fusiviﬁy'term"would predict a decrease in the L/s valde“becadse the gas
diffdsivity,iDM,:in the denominatcr wpuld increase.with aﬁtemperatdre

increase.

Sample¢Size fnfidence“_

'The,L/s~value calculated'from.thejruns'with.sample-size vari-

* ation: are shown in'Fig. 19 plotted as a function of the quantity of
solute charged to'the'cclumh, ‘Above 1,6 x lOm6 1b moles of solute
YCharged to the column, the L/s~lehgths increase almost lineariy° Below
this quantity of charge,"the:L/s~lengths are less dependent on sample
size and reach a limiting value for infinite dilution'(L/éo = 0.008 ft),
When this limiting value is compared with the-L/s value of acetone at
the same'Reyholds number invFig;'ZO, the infinite dilution value for
toluene is'some'25% less ‘than the acetone value. With the limited data
that are available for sampieFSiZe Variatiohs, the dependénce of the

* L/s value (as determined by our linear isotherm model) can only be said
to be a function of the number of moles charged to the column, ‘Because
" the variation in peakﬁwidthﬂis related to the asymmetry of the'peak, a
.quanfitativeErelafithhié between the L/s lengfhs of the solﬁtesvcannot

be predicted,
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Causes of band spreading at constant Reynolds number, The probable

causes of the increase of peak width and the L/s value with increasing
,sample size are: _

1, The nonlinearity of:the.partitionfcoefficient.as discussed
earlier, ' -
' 2. The longer period of time“required to feed the solute chafge
from the bed seotion in the sample injection valve -- the éesorption
of thisvbed'seétion. The effect of the bed section with larger sample
sizes and higher partition_coefficients is that the column is not charged
impulsively but is charged over a finite period with a concentration of
solute varying,with-the time of the,charging period, This prolonged
charging was enhanced by the period of equilibrationiof'the,soluteiprior
to charging - v o

‘The placement of the thermocouples in the column resulteéd in the
h'measurement of the change of bed temperature as the peak passed the
thermocouple location, As the peak.approached thevthermocouple, the
temperature would rise, because of the solute condensation, This effect
was most easily noted with the broad toluene peaks at low flow rates,

As the peak moved past the thermocouple, the bed would cool from solute
evaporation, sometimes tovtemperatures lower than the ambient temperature
of the hed In run No, 59, as an extreme example, the peak time was
about 66 min and the peak width; 21 min at the end of the .column, - The
first thermocouple, some 5 in, into the bed, indicated a peak width of
roughly 10 min which flnlshed passing the thermoeouple'only ste 12 min

after charging.

. Particle size. The influence of particle size on the eddy-diffusion
_term was not studied in this-work; All experimental work was done with
a bed having a 30 to 60 mesh size of particles, With these particles,
the max1mum value of the Peclet number was 0,2 for the acetone runs at
1a low Reynolds number, assuming a mean particle diameter for this calcu-
latlon,_ If the small effect of the molecular diffusivity is considered,

the Peclet number is somewhat larger, approximately 0.25, If the method
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12 |
of van Deemter et-al,fznwere applied ~-- by extrapolation of the asymptote

of the L/s curve at higher Reynolds numbers back to Re = O gilving the -

d /Pe quantity =- the Peclet number would be .on the order of 0,7. .This

vvalue is in.fairly good agreement with those they obtained.
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VII,® CONCLUSION

- A mathematical model of an elution’chromatographic column has
been proposed which will facilitate the design of industrial chroma-
~ tographic equipment. Using either published or batch data on ﬁhe par-
.tition coefficients of solute-solvent systems and the standard flow
properties of packed beds, the theory can be used to predict:

1. .The_operating conditions of chromatographic columns for a

specified solute purity, or |

2. The solute purities for given-column.operating conditions,

Validity of the Model

» In its present form, the theory predicts a greater column sep-

aration ability than is actually GBServed, sometimes by a factor of ‘
2 or more, For most accurate column predictions, two conditions must
prevail: v

1. The.qaunfities of the individual solutes of the feed charge
must be.small == an empirical figure is approximately 2‘,5.):.10-3 moles
solute/ftz.column cross section, _ |

2, The superficial velocity of the mobile phése must be low --
approximately 1,0 to 6.0 ft/min, .The nﬁmerical values of the feed
charge given will depend on the value of the resolution parameter -=-
the s-value -- and the value of "c,he,jg;aLJ:‘t',:i.i:ion.coeAff:'Lc_:T.ent.a The larger

these parameters, the greater is the solute capacity of a given.column;

Testing of the”Modei

The model was -tested with a T.4-ft G.L.C. column using silicone
0il as the stationary solveht. The results of this work are summarized

and the deviations from the theoretical predictions are noted,
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Partition coefficients. The effective partition coefficients of benzene,

toluene, and acetone were calculated from their respective chromatograms.,
" It was found that these calculated values were  insensitive to variations
.of the velocity of the mobile phase, and that they varied with the tem-
perature in a regular way, Moreover, .it was observed that the calculated
partition coefficients also varied with the amount -of solute charged to
the.cdlumn, This is.dué.chiefly to the monlinearity of the equilibrium
isotherm, whereas it will be remembered that the mathematical model as-
sumed that the partition coefficient is dindependent’of solute concentration, .
Independent determinations .of the partition coefficients by a

static-equilibrium technique yielded values that were consistently lowér
‘than those measured in the column, Both méthods.Shbwed, in the case of

' toluene, a fairly similar variation of the isotherms with increased con-
centrations. The reasons for the differences in the values of the parti-

tion coefficients determined by these two methods are not known,

Flow properties., The values of the longitudinal diffusion were measured

for the various solutes in a column packed with 30 to 60 mesh particles
impregnated with 40 parts of silicone fluid per 100 parts of pulverized .
fire brick, The measured valués of the longitudinal diffusivity, ex-
pressed as the Peclet group, varied widely, from 0.01 to 0,20, There was
a regular variation of this group with the velocity of the mobile phase,
Higher velocities produced lower Peclet numbers., The Peclet numbers re-
ported in the literature were invariably measured at mﬁch_higher Reynolds
numbers and were found to be practicadlly independent of flow rate, tem-

perature, and solute concentration.

Future Work

This work can be extended in several promising directions, New
mathematical models should be developed and then checked experimentally
to determine the influence. of the following factors .on the performance

.of the G,L.C. column:



- . packing,

=97~

1, The existence of significant mass-transfer resigtance be-
tween the mobile and stationary phases’,.
2., The nonlinearity of the .equilibrium isctherms.

3+ Diffusion in the liquid-solvent phase absorbed by the

L, 'The‘pérticle size and the fractional void volume,
5. The effect of adsorption of the solutes by the carrier
solid, . o ' o | ' |
6. The influence of high column pressures on the solutes in .

the mobile phase.,

In addition, further experimental work Should.cdnsider the
charging mechanism and its influencevon»theapeak'spapei_,The,method

for éontrolling_the columnwtemperature:should be improved, .
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APPENDICES

Appendix I. Propertieé of Experimental Materials

"+  Chemicals

‘Benzene, 'Bakérfand.Adamsoh,‘reageﬁt grade, General Chemical Division

Molecular weight 78,11

Specific gravity ; . 0.879 (20%)

Boiling point , 80.1%C" :
' . o ' -3 Btu 0

Thermal conductivity, vapor 9.1 x 10 - ——— --at 200°F
: ' : hr-ft"("F/ft) o

, % o
Molecular diffusivity ... o 3 .2,
in helium ‘ . , 4,825 x 10 ° £t~ /min

Toluene, Baker and Adamson, reagent grade, General Chemical Division

" Molecular weight ~ ' 1 92.13
Specific gravity - 0.8669 (20°%C)
Boiling point ~ 110.6°%C B
. - o]
Thermal conductivity, vapor 11.5 x 1073 —B2—— at 200°F
' hr-ft"( F/ft) - -
* .
Molecular diffusivity _ -3 2,
in helium 3.76 x 10 © ft~ /min

Acetone, Baker and Adamson, reagent grade, General Chemical Division

" Molecular weight - =~ 58,08
Specific gravity 0.788 (2500)
Boiling point | 56,1°C
: L. an=3 Btu o
‘Thermal conductivity; vapor 9.9 x 10 5 at 200°F

hr-ft (Oi/ft)

' *
Molecular diffusivity » -3 .2 :
in helium ' 4,59 x 10 ° £t°/min

" Evaluated at 100°C, 7.8 atmospheres from Wilke and Lee 2t
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Helium, Grade AA - U.S. Navy -

Mdleéﬁlar.ﬁeight; o "' h,O

Density (at ooc; 760 mm Hg) 0,0111h.1bs/ft3
| - Thermal conductivity  97.7 x 1073 B§9O' at 200°F
. _ au y ‘ el X et (OF /) :

Silicone 0il. ”DC#SSO fluid -@'Dow-Cornihg_CorporatiOn

Lot number o BB-147
Molecular weight (calculated) - 1756 =
Specific gravity = - 1.07 ~
Chemical composition -~ Methyl-phenyl silicone .
Viscosity at 100°C - 18 cp.

Column Packing., C-22 insulation brick, Johns Manville Corporation

Original form - Fired, diatomaceous bricks
Final form -~ Mixture of sized particles
U.S. Standard Mesh 30 to 60 (0,0098 in, to 0,023%4 in,)
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Appendix IT. Solution of the DifféréntiaiﬂEéﬁétioﬁ~
' ' of the Chromatographic Model o

?Thévdifferential equation for the chfématographic“model,

2 o
p e _y %, 2 2t
5 , .
C9z" . ow QT - S

has been derived from materialvbalance over a small transverse -section of

the column, The boundary conditions of theﬁmddel'are, _

at z ;’o; B (r) ='Ve - D %% .forﬂrz>‘bg o : e » (25a)
_ oc | o

at z =L, S = O for T > 0, . (25b)

and When T : O} c = Oo ol e o - . ' : .' - (BSC)

Using the substitution

o | vz 'VZT. '
c = ¥ exXp 3 ~ TIp)

we may write equation (24) as

2 o . ‘
D é"}lé{' = éj!' 9 ’ ' (26)
oz ot '

and equation 25 at z = 0, for T > O

8(7) = [127- ¥ =D -g% exp [- }’;51] ; - (27a)

and atiz =L, for T > 0

; v
Srmv o | - (em)

end when t = 0, ¢ = O, - | ' (27¢)

* ;
Also ‘designated as Eq, (2) on page 15.
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_ Now _this .system .of ﬁeq.ua‘t,_ioris will be solved by the method of the
Lapléu’cé transformation. The definition. of the transforms will be taken

asgs
-co

W) = [Py (gma
o

Equations (26) and (27) are then written
vl <y, o (28)

and at z - :

i
o
N

:2L Y -~ D= = 1, | - (29a)

and at z

i
£
¥".

¥ , v _ -
ot ¥ =0 | (29p)
The general solution of Eq. (28) may be written directly as

1/2 . 1/2
s.gle(P/D) Z: +‘Ma2e_(?/P) 2 . (30)

Y.
Then at z ‘.=‘ 0, “"we ‘have - -'
%, (Qi'+:?2) ;th;BT(?l ',@2> = b - (31a)
and -at -z = L, | :
1 (e o) g (e )
| | (31b)

It follows by rearrangement that

al=

O ) L

and . . a ==
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At z = L, the solution”to the differential equatlon (28) is

Y<~/p3 - Z) (CECI 5 <p/D>l/2L' S
D e ez<p/n>l/2v o
which mey also be written i e_(ka)l/ZL
T = (ZA - “/‘;5)'2” . | A - (32a)
TR o
T e

In this form, the denominator may be expandéd in the manner of the

.series
e ) 1l +X +X 4 s60es
- l-x '
giving _ .
’ o : . 2 : ,
. 1 - » ¢
N I RGN PN -l B R T

: 33

It is apparent that, as L —> w, all terms beyond the first of -
the series are negligible, so, to a first.approximation,-IL may be assumed

large and the second and .subsequent terms .of .the expansion neglected.

To obtain the inverse of Eq. (33), the equation may now be written

‘ 1/2 1/2 : 1
Y - 2 p/l e-sz/ __z_P'_ A 1 , e-sz/
2.2 e A i - : 5
Yo (g #0797 N e L,
where, be definition; ABl =
A
and | - o , 62-— L ..
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The inverse transform of the portlon of the equation in brackets

31

is found to be: Y
. B.’

/o, - 2/ Cay (B B +B r) 2 l 2

_ 21-1/gf1/;e-52/{tx - (2p,7 + B) e erfc( 1/2 + Byt /

£(7)
and atl't =0, £(r) = 0.= £(0).

‘The term erfc (x) denotes the counter error function, which is, .
erfc (x) =1 - erf (x).

The inversion is completed by

"-l; ) 2- vd f("r) f(o :l .
sl ]

where a f('r) < ! > 6—62/ }-Pr .
dr V 21:,1;2 -
T s + BZ 1) ( B, 1/2)
287 T + ZB + B 5 e'"172 - "1 "/ erfec -——-7—— +.B.T
( ) _ [_ s I 211 ?_ o1

e (36)
and £(0).= 0.. . L |

Ai’ter we substltute the orlglnal nomenclature the solflition of the dif-—

.errentlal equatlon is

2 o2 V2T — e'(L”VT) /ll-DT
€= : + 1/2 .
N} N\
S V3T‘ . YL - VL/D . L *l;'VT -
- +V 4+ —= e PP i,

‘ v erfe ———— |, (37)
ND O\ s W 2N D |
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This solution can be written in g dlmen31onless form by substi-

tutlon of the parameters

_ VL S D . Dt .

D L Ly

‘Then at z = L the solution. is, in the dimensionless fo}m)

(38)

The left side of Eq. (38) is dimensionless when the original assumptions

of unit column area and unit molar feed are incorporated.

Numerical Evaluation

- For ease of computation,zit is better to consider the gquantity (sn)
as,theliﬁdependent.variable. For calculation of a,concentration-time.curve
at the outlet of the chromatogram (z = L), a value of s is set and then snq
is varied from 0,0 through.l.o to the point where CL becomes ineignificant.

The calculation of time-concentretion_curves is done readily because the

equation contains only well-tabulated functionsi“Howevef, eince the solu-

tion is actually the .small difference between two much larger numbers, high

accuracy of calculatlon is requlred to glve useable answers,

For this work 1s‘was desired to have ‘a large family of time-
concentraﬁion curves available for comparison witi.experimental results,
The.equetion~was programmed for solution'by an IBM 650 computer, Machine
computation required modification of 'Eq,_(38) in order to calculate values
for'ihe.counter-error function, The asympfotic egpansion.of the counter-

error function is:

2 : ‘
: -1/2 -x 1 1 l-+3 1-3.5 . :]
erfc (x) = =« e [:—' - + - + laees .
x 3 22x5 2357 ;
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4ﬁhenﬂqu (38) becomes

CL

il
+

The brbgrém for solution 6f the IBM 650'computer was easily writ-l
ten in the system prepared by members of the Bell Telebhone Laboratories, &7
This is an interpretive system which transforms the IBM 650 computer 1nto
a three-address, floatlng ~decimal, general-purpose computer The program
system is_genefally_knowh as the F.L.0.P.S. routine.

In the:éompurational program; it must be remembered that the.ex¥
pansion used for erfc (x) is an asymptotic formula that is valid for large
values of x (x > 4), Time-concentration calculations with s = 15 required
full use-of'the 30 terms of the .expansion whose coefficients were included
as program constants. Theﬂprogram was s0.-designed . that it would indicate
if all terms of the expansion were .calculated, This would occur when no.
term-of the expansion was lessvthan,10-7,: v ‘ ‘
Time-concentrdtion curves for values of sn < 15 were .computed with

32,33

deskvcélculator‘énd tables of the-funcﬁions. Selected curVes for s
calues ranging from 3.5 to éoo.arershoWn ih,Figs,ﬂl and 2, In Table IX
.the CL values are given for various én-Values for the families of curves
shOWn in Figs. .1 and 2 Also shown are the value of the maximum ordinate

and its location :onithe sn—ax1s
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Table IX

Computed values of_the;CL ordinafevof Equation (38)

for various values of the s.parameter (3.75 to 37.5)

S
sn. 3.75 7.5 15 25 - - 315
0,1 o = o. o 0
0.2 0.17 - 0.01 - o 0
0.3 0.53 0.16 0,01 0 0
0.k 0.80 0.48 0.12 10,02 0
0.5 0.93 0.79 " 0.43 0.16 0.0k
0.6 0.9k4 0.99" , 0.83 _ 0.55 0.29
0.7 0.89 1,06 1.k 1,06 - 0.87
0.8 - 0.81 1.03. . 1.29 . 1.5 1.51
0.9 - 0.72 0.9%4 1.27 1.57 1.84
1.0 . 0.63 0.85 113 1.k LTS
1.1 0,54 - 0.70 0.95 1.18 1.39
1.2 0.4 - 0,59 0.75 - 0.88 . 0,97 .
1.3 - 0.39 0.48 0,58 0,62 0.61
1.k 0.3 . 0.39 . 0k - o 0.35
1.5 - .0.29 - 0.32 . S 0.32 0,26, - 0.19
1.6 0.2k 0.26" - 0,23 0.16 0,10
1.7 0,20 0.20 - 0,16 0.10 0.05
1.8 0.17 .  0.16 011 0.06 0,02
1.9 0.15 0,12 0.08 0.03 . 0,01
2.0 - 0.12 0.10 0.05- . 0.02 .0
2.5 0.05 . 0.03 0,01 0.
Maximum
point _
oL 0.945 1.06 1.30 1.57 1.86
&n 0.56 0.72 0.83 0.895 0.929
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. Teble IX

Computed values of the CL ordinates of Equation (38)
for various values of the s parameter (100 to 2000)

o

T

S
sn . 100 200 500 900 . 2000
0.65 0,05 o 0 0 0
0.70 0,01 0 0 0
0.75 0.53 0,09 0 0.
0.80 1.12 0.45 0,02 0 0
0,85 1.85 1.35 0.29 S .0.03 .0
10.90 . 2,51 2.68 1,8k 0.81 0.06
925 2,73 3,31 3,31 z2.k2 0,72
0.95 S 2.87 378 b9 5.05 3.65
0.975 2,90 4,02 6.05 7.61 9.51
1.00 2.8l 4,00 6.31 8.7 12,62
1.025 2.69 3.7%  5.64 T7.0T - 8.%
1.05 2.48 3.3 4,36 k.60 3.57
1.075 2,23 2,76 2.9% - 2.36 0.87
1.10 1.95 2,20 1.75 0.95 0.12
1.15 1.40 1.21 0.1 0.08 o
1.20 0.93 0.57 0,07 0 0
1.25 0.57 0.23 0.01 0 0
1.30 0.33 0.08 0 0 0
35 0.18 0.03 0 0 o
1.40 0,10 0.01 0 0 o
1,45 0,05 0 0 o o
1.50 . 0,02 o 0 0
1.55 0,01 0 0 o
-Maximum
point o A L
CL 2,90 - . hok - 6.3k - .8.h9 12,64
57

0972 0,985 . 0,99% 0.997 - 0.9985
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Appendix III, Thermal~Conductivity=Cell Calibration
) Purpose

. A calibration of the thermal conductiyity“(T,C.) cell was
conducted for the three solutes in the G;L.C. experimental prorgam in
~ order to be able to calculate the concentrations of the solute in the

column effluent.

, Equipment and Procedure

The apparatus for this calibratlon was fitted into the G,L.C.
experimental facilities so that ‘the ‘same gas flow and temperature control-
lers, pressure gage, recorder, and T, C -cell circuitry of the G L,.C.
experiments could'be used, The equlpment consisted ba31cally of & satu-

’ rator, a vapor heater, and the T.C. cell and its recorder

Hellum at a constant pressure was brought from the control
.panel to the reference side of the T.C, cell, Zeroing of the bridge circuit
was ‘obtained by‘bypass1ng the helium dlrectly'to the sample 31de of the T.C.
cell, _ 4

From the reference side of the T.C. cell, the gas flowed to the
base of a thermostated saturator which was made of a 48-in. section of 1l-in,
industrial-glass tubing, The tube was packed with 1/k-in, ceramic saddles
and filled to approximately 2/3 of capacitvaith the eolute being,cali-
brated, . Saturator temperature was regulated by the,Micro-Max temperature
indlcator—controller, This controlled the passage of’current to the ni-
chrome ribbon heater Wrappedvalong the length of the saturator, The satu-
rator was enclosed in a 4-ft section of L- -in, glass tubing for insulation.

The top of the- saturator was fitted with the following:

1., An iron-constantan . thermocouple, connected to the: tempera-=
ture .controller, which measured the temperature between the two glass tubes,

2. A copper-=constantan thermocouple which measured the tem-

perature of the solute-helium vapor leaving the saturator,
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3; A pressure connection to the 100-psi gage at‘the control
‘panel which indicated the saturator pressure,

4, An expansion valve, heated with an eleetricalftape, for
.control of the saturator pressureAand the,vaper flow rate,

v The vapor, aftef expansion, went through an.8 ft. coil of
l/h in,-0,D. copper tubing immersed in an 011 bath at 100°C, Then the
vapor passed through the sample 51de of the T.C. cell° .The T.C,-cell
temperature was approx1mately 100° C, the normal temperature for the cell
durlng the experlmental work., -

A range of solute cohcentrations in_the_helium gas was obe
tained by varying the saturator temperature and pressure. 'Mole fractions
of the solute were calculated from its vapor pressure at the saturator
temperature, and the total column pressure. The selutes and helium were

assumed to behave as perfect gases, -

Results'and Discussion

The results of the T.C;'calibfation_are shown in Fig, 22 in
the form of the recorder response‘in.mV‘pthted against the mole fraction
of the solute, The slopes of these curves were used in the IBM calcu-.
latlons of the G.L.C., data. The’T'C célllwas designed to be fairly in-
sens1t1ve to variations in the gas flow. In the'caiibration of acetone,
a 7 -fold increase in the volumetrlc flow fate fesulted in‘approximately
'_a 10%.decrease in the recorder response, '
| The experimental data and calculated results are shown in -

Table X,
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: .Téble X

Thermal-conductivity-cell calibration data

and calculated results

" Run ‘Barometer Saturator WIM flow y mole Recorder

(psia) Temp;' Press ft3/min_ fraction r?;£§nse
| (°c) (psig) 4 102
. Benzene |
. H-1 14,37 27.25 10,0 0.4%2 . 0.083 © 25,50
g2 o 26,50 15,0  0.k2  0.067 - 21.16
H-3 " 26.75 ~ 20.0 0.60 0.058 - 18,00
H-L o 26.75 ° 25.0 0.67 - 0,051 - 15.64
H-5 14,40 27.00 - 35.0 0.85 0.0451 12,36
H-6 " ~ 26.75  50.0 . 1.08 © 0,031 9,56
-7 " ' 26.50 60,0 . 1.23 . 0,027 ~ 8.3k
g8 " - 26,50  75.0 1.42 0.022 - 6,88
H-9 . " 26,25 90,0 - 1,562 0.019 ° 5.8k
,leuéhe‘

J-1  1k.38 Couh25 1 0.54 0.072 . 23.36
J-la " M 5.0 LTS 0,080 2k, 12
J-1b " 511 51 2,78 0.097  25.08
J-2 " 43,3 15,1 0,52 0,045 16.52
g-ea " ' 52,5 1532 1.6 . 0,068  15.32

S e o RER 15,1 3.33 o083 T 13.9
J-3 " 39.25  50.1  0.58 - 0.017 6.3k
J-3a " 40,75 50,0 1.58 0,018 5.90
J=3p - " 43,3 . 50,2 ° 3,00 . 0.021  6.28

(continued)



\ -113;

Teble X (continued)

‘Run Barometer 7H537Séﬁﬁfator “fTTWTMVleW--‘1fiyﬁméle" " Recorder
(psia). - "Teﬁp. ~“~Press. ft3/miﬁ fraction response 2
(%¢) . (psig) % 102 . . - (mv)
~ Acetone )

-1 1hb5 28.25 . 5.1 O,k 0.251 . 83.0
-2 " 27.75 ° 10,1  0.52 0.195 62.9
I-3 " 27.25 14,9 0.66 -.0.160 50,0
I-k M 27.0 - 20.1. 0.7k . 0,134 41
I-5 " 27.0 - 30.1 . 0.92 © 0.10h4 30.85
1-6 " 27.0 40.0 1.18 0,085 23.8
I-7 " 27.5 50.35 - 1.38 - 0.073 19.86
1-8 w 27.0 . 60,25  1.56 0.062 17.28
I-9 LI 27.25 70.3  .1.68° 0.055 15.01
I-10 " 27.25 | 79.9 1,90 0.050 13935
T-11 " 26.75 - 90.0 2.05 0.0} 12.0
1-12 " 27.0  100.0  2.30 0.041 10.88
I-12a " 26.25 . . 99.8 0.58 0.040 11.64
1-12b . 26,13 - 100.0 1.31 0.039 11.38
I-12¢ " 27.38° 99.8 W37 0,081 10.68
I-13a " 26.75  50.0  3.79 0,072 19.kk
I-13b " 27.50.  50.0 1,98 0,073 o 20,12
I-13c " 26.75 ~ 50.1 ~ 0.78 0.072  20.87
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 Appendix IV, .Equilibrium Coefficient Measurements

Introduction

Dééign,of,G?L9Cb or other gas-liquid contacting equipment requires
'a.knawledgevof, or a means of predicting, the solute equilibrium relation-
Iship betwéen.the £w0'phases, ‘For solute-solvent systemS'wherevboth are
:volatlle, standard vapor-liguid equlllbrlum stills are.the general gource
of this data, . ‘

- However, in G.L.C. the differences in volatilities between solute
.and,sdlvent is great .and often there 1s no appreciable solvent vapor pres-
sure, Therefore, normai vapor-liquid techniques will not furnish the
desired data, A dynamic method for determination of G,L.C. equilibrium
coéfficients has beern described by Porter; Begl, and Stross,’ll

| A static method of determining the équilibrium relationships of
G_,I‘_.J,,Cv° solute-solvent systems,was developed for thié work, Basically, it
- involves the_measuremént of the solute vapor pressurefover a solute-

solvent mixture of known concentration,

A.Equipment

"The.ove;all arrangement of the equilibrium dpparatus is shown in
' Fig. 23. Though installed on the G.L.C, equipment rack, the .equilibrium
'équipment used only the helium-gas supply and the 6-point recorder of the

G, L C apparatus

MaJor components of the equlllbrlum equipment are: the equilibrium
7~vé3sel, the pressureftransducer, the manometer, and the pressure-vacium
- manifeld, -Auxiliary components are the vacuum pump, cold trap,:DoCb.volt~
age supply, and the associated electrical circuits connected to the 6-

point, 10-mv recorder,
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7ZN-1786

Fig. 23. Equipment arrangement for equilibrium determinations,



-116-

Bquilibrium vessel, The equilibrium vessel, Fig, 24, was .constructed of
1l-in,-I,D, brass tubing (0,030-in, wall thickness), 4.75 in. long and
closed at the bottom, A 3/16-in, flange, fitted with an O ring, was

soldered to the top and a short,l‘ength-ofvl/_ltminowobD° copper tubing,
with standard flare fitting, was attached just below the flange for con-
nection with the pressure transducer.

‘ The closure for this vessel Was.constructed in two pieces,; The
first was the sealing flange, fitted with the crushing rod, This .1/4k-in,
steel rod passed through the 1/8@in, brass sealing flange into the vessel,
A 1/2-in; brass "Sylphon" seal is attached at one end to the sealing
,flaﬁge and. atvthe other,‘td a disc soldered on the .crushing rod, This
seal makes the vessel vacuum‘tight.while‘still»allqwing,movement of the
.é?uéhiﬁg;rod,‘-Afspripg clip.wés threaded.onithe'baéekof the crushing rod
to Hdld‘fhe,solute—fiiled emplues, ’

The second part of the .clogure unit was the mount for the serew -
fitting that was used to position the crusher rod, It was constructed of
brass with a steel serew and collar, The collar was slotted to fit ovér_
the crushing.r6d, '

All three pieces were assembled together with six 5-40 serews,

L ‘ , : *
Pressure transducer, The Glannini pressure transducer (model 47155) ,

used for these experiments, utilized a pressure capsule that operated the
wiper of a precision potentiometer in direct proportion to the applied
pressure, - The transducer was designed for absolute pressure measurement
“‘between O to 100 psi,' Though the instrument’s range far exceeded -the
rangefof-pressures measuréd in these experiments, proper use of the dc
voltége applied, to the transducer gave full-scale deflection of the re-
cordér for'absolute pressures of one atmosphere, .The transducer would
reproduce a given pressure with a * 20 mm Hg accuracy.
Associated with this transducer were the nééessary electrical

.componenté to furnish the desired .output to the recorder. These units

*
- G, M. Giannini and Co., Inc,, East .Orange, N, J.
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ZN-1779

Fig.. 2. Exploded view of equilibrium vessel fitted with ampule.



-118-

~consisted of a stabilized dc power supply, a voltage=-divider e¢ircuit, and

a 10-mv Leeds. and Northrup recorder,

Mercury'manometeré' A 50-in, Merium Ubtube.manometei filled with mercury

was used for calibrating the transducer, The manometer was connected to
the transducer through the pressure=vacuum manifold, and could be isolated

-from the manifold by a needle valve,

Pressure-vacuum manifold, This unit was machined from brass: bar stoeck to

accomodate 3 needle valves and a .fitting for comnection to the pressure
transducer, As.mentioned before; one valve opened the,manifold.to the U-
tube‘manometerb The other two valves were-'connected with the helium sup-
ply (at a pressure of approximately 15 psig) and the the vacuum system,
The latter consisted of a Kinney vacuum pump connected to the manifold
through a liquid-air cold trap, The transducer was connected to the mani-

fold by a length of rubber vacuum tubing.

Procedure

Ampule preparation,' Prior to:the equilibrium-measurements, it was neces- -

sary to prepare smpules filled with varying amounts of the solutes, Glass
tubing, 6-mm in dismeter, was blown into ampules with volumes -of 1/2 ml

to 6 ml, After cleaning and drying, each ampule was weighed,; filled with
solute, sealed off under vacuum after being chilled with liquid air, and

given s final weighing to determine the amount of solute added,

Transducer calibration, . The pressure transducer was calibrated before

* each series of equilibrium runs were performed, This.was done by adjust-
-ing the dc=-supply voltage to a valve thatuﬁould give full-scale deflection
of the recorder, The presgure in the transducer had been set by use of
the-pressure“andvvacuum.controlsnto a value somewhat higher than expected
in the runs, The parometer and U-tube manhometer readings were used to

measure the absolute pressure in‘'the transducer., Then, the transducer was
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evacuated in stepwise pressure increments down to the lowest pressure
obtainable with the vacuum pﬁmp.r At each step, pressure and recorder
readings were taken and these data were then plotted to give a cali-

bration chart of recorder deflection against absolute'pressure,

- Bquilibrium determinations, The equilibrium determinations were per-

formed in the .following manner: - _

1., An amount of siliconejoil solvent was placed in the equi-
librium vessel, and its weight_was»determiﬁed'by weighing_before and.
after £illing. The approkimate amount of oil used was determined by
thevsoluté-solVentvratio-désired for the run and also -certain volumetric
limits on the quantity of oil.

2. The ampule was placed in the sprlng clip of the crushlng
.rod.and thé clip was, in turn, pos1t10nedvon the thread end of the rod
to give slight clearance from the béttom of the vessel. ' The three units
of the equilibrium vessel were assembled and then attached to the trans-
vducer, Fig. 25. The whole assembly (Fig 26) was placed in a stirred
oil bath at lOOOC - It was supported in the bath by a ymke mount that
permitted oscillation of the unit by an eccentric rocker ' Rocking_rate-”.
was 180 c,p.m. ' _

3. The.pressure'in.the vessel and transducer was lowered to
approximately 100 mm absolute while the tempefature reached an eqﬁilibrium.
‘Then the units were evacuatéd to the minimum pressﬁre obtainable and iso-
lated from the rest,ofvthe system by the needle valve on the-manifo;d side
of the transducer. '

4, The valve between the transducer and the equilibrium vessel
was then closed and the ampule crushed. Equilibration of the solute and
solvent oil was allowéd to také'place for a period of time estimated to
be sufficieht on the basis of the quantity of material present., The
greater the weight fraction of solute, the longer the time alléwed for
equilibration,

-.5, The wvalve between fhe‘transducer and the equilibrium vessel
was then opened. Further time was allowed for the pressure to rise and

reach a constant value, which was the recorded final pressure,
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Fig. 25. Equilibrium vessel and pressure

and mounted in rocker yoke,

transducer assembled
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Fig. 26. Detail of assembled equilibrium apparatus immersed in

the constant—tempefature oil bath,
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' 6, The assembly was removed from the oil bath and vented to
atmospheric pressure. The equilibrium vessel was detached from the
transducer, emptied of the solute and oil, and then cleaned and dried

in preparation for the next determination.

Piscussion

Experimental résults, The data from the equilibrium deteérminations are

shown.in'Table.XI, Fig, 27 is a plot of the molar ratios of the solute
and solvent liquid against the observed pressure rise. .With the high
.kfvalues‘ofltéluene, relatively small asmounts of the solute were vapor-
ized, .  With acetone and, to a lesser degree, benzene, the amount of
solute vaporiied was a significant.percenfage of the tota¥-amountlof
solute present. The volume of the.equilibrium vessel and%the transducer
was measured and found to be 162 ml, The volumes of the liquids were
estimated from their densities and then subtracted from thé-volume,of

‘the two vessels, The.perfectdgas law was applied to Calculate.ﬁhe
amdunt of solute vaporized, . The amount.of.solute-remaining,in the
liquid}wasvfigufed.by differences and the solute-solvent molar ratio,

- n', was then calculated, The equivalent G,L.C. liquid-phase .concentra-
tion, h, was found by multiplying the solute-solvent molar ratio by the
moles of solvent per ft3.of.éolumn packing,»N, The vapor concentration,
¢; was calculated using the perfecf gas law and the measured pressure,

_The values of n and ¢ are shown in Fig, 28 on a logarithmic plot.

" Benzene exhibits an almost linear relation between the two concentrations,
Both toluene and écétoné show that the liquid phase coneentration in-
creases faster than the vapor concentration, G.L;Ca data .cbtained from
the sample-~gize Vériations with toluene are also plotted in Fig, 28.

The ¢-values .of these runs were calculated from the maximum mobile phase
concentration at the solute peak, The n-values were calculated from'the-c~
values and the partition coefficients, k. Points ffom benzene and‘

acetone data .are also shown, ‘These poihts are the average of data from

several runs as indicated in Table XI,
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_Errors., The sources of errors in .these measurements were of the follow=
ing,nature{

1. WEighing‘errors resulting from contamination of the outer
surfaces,bf the glassware and equilibrium vessel during thé filling
operations. Use .of proper techniques minimize these effects, _

2. The violent rupture of the ampule in the evacuated equi-
librium vessel caused splashing,of'ﬁhe solvent oil into the bellows
folds of the sylphon seal, and, fo some extent, into the l/hnin.bOBD.
tubing that connects the vessel to the transducef, - Some oil was lost
to the transducer when the valvé between the two units.was_opened, in
.run K-, the ampule was unintentionally crushed wifh,the.valvezbetween
the equilibrium vessel and transducer open. The errors.resulﬁing from
these circumstancéé.are unpredictable and can be miniﬁized by long equi-
libration times~and.improved methods of introducing'thé solute into the
solvent. )

3. Trahsducer-calibration'and,reproducibility errors are the
third.posSible.types.of errors., ‘Use of amtfansducer with a smaller
pressurefrahge,.i.ea 0 to'l5_or.O'to'30.psia,_would give more -accurate
data, In the toluene.déterminations (except M-5), the transducer volt-
age was set to give a pressure-foltage ratio of 200 mm Hg/mv at the.
recorder, Benzene runs were made with approximatel& 5 mm/mv, and the
ratio was varied for the acetone run to accommodate the high volatility

of the solute.

Conclusion

The partition coefficients determined by these static-equilibrium
measurements differ from the G,L.C, column values by as much as 40%.
Toluene determinations show that the equilibrium coefficients have the
.same Variation.Withvcbncentration.asvthose calculated from the column

elution diagrams,



Table XTI

Equlllbrlum experlmental data at 100° C

Equilibrium dlstrlbutlons n ' ‘ o

. : : Observed
Run Sclute Solvent : (gmnmoles x 10 )‘ Solute l§Olu§§ pressure l§Olu§e _
desig- weight ~weight Solute Solute Solvent Soilvent = - ;gg__% rise ——:EQ—E%- k
nation gms . gms liquid vapor liguid in liquid (r63x1072) (mm- Hg) (ft3xlo )
, ' Toluene : .

K-k 0,4902 25,7170 .5.03 0.29 14,6 0,345 2.29 50.2 0,135 17.0 -
K-1 0.7973 26,3790 8.33 0.33 - 15.0 0.555 . 3.69 - 57.0 0.153 2h,1 -
K-2 1.6784 25,1010 17.42 = 0,78 14,3 1.22 8.12 134 0.36 22,6 -
K-3 3,3806 25.4828 35,5 1.2 1.5 2.45 16.3 207 0,556 29.3
M-5 4,1560 22.0227 U43.6 - 1.5 . 12,6 3.46 23.0 - 258 10,693 33.2

Column Data (Runs 117 to 123, 39, 40) shown on Fig. 28, | |

Ny ) - Benzene : . .

L-1 0.2420 22,4120  2.8: 0,26  12.8 0.22 1,46 RER 0,117 12.5
L-2 0.4596 16,1748 5,14 0,76 9.2 0.56 : 3.72 123 - 0.33 11.3
L-3 . 0,854k 11,1845 8.8 2,10 6.37 1.26 8.38 322,5 0,867 9,7
L-k4 L, 1776 21, zusu . 48 6 4.8 12,1 4,02 26.7 822 - 2,21 12,1

Column Data (Runs 31 37) . 6;8 ' -O.77 . 8.9
M-1 . 0,4391 26,7498  5.76 1.8 15,2 0.38 2.53 316 0,85 - - 2,98
M-2 0.6256 21,0860 - 8,0. 2.8 12,0 0.67 ks L65 . 142; 3. 26'
M-3 0.6631 10,855 6.9  L,5 6.2 1,11 7.0 690 1,85 - 4,00
M-k 2.9265 25.5447 - k2 k8.0 1k.5 2.92 19.% 1410 3.79 . 5.12

Column Data (Runs 42 to 45 averaged) . 2.67 _ 1.10 2.k2

-92T-
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Appendix V. Sample Calculation for Run Number 116

Experimental Data

Room temperature | : 22.4°¢
Column temperature ‘ - : 86,990

Barometric pressure . g 14,54 psia
Column,preésure drop ‘ . 5.10 in, Hg

Wet test meter flow rate, Q 7.5 x.lO.3 cfm

Air peak time, tpa' ' , - 2,865 min

Initial time, ti 35;795‘min
Peak width at one-half peak_height( t5 7.17 min
Final time, tf _ h7;025.pin
Solute peak time, tp v 45,13 min
Maximum'peak height, Hp ' . 11,27 mv

Calculation Constants
| ' Column inlet pressure - | ' 100 psig
Water-vapor correction | | '0,973,ft3.d:y g'as/ft3
. . o I _ ' saturated vapor

Column area o e : 5,07 x 107 £t2
Column length . ' T.375 £t
Ratio-—coiumn area/entry area : 0,372
Length, entry section - - 0.708 ft

 Ratio--column area/valve area 2,58
Léngth, valve section - v : 0.271 ft
Atrea, exhaust section ' i 1.97 :a:.lO-lL ftzl
Length, exhaust section o - 1,04 £t
Void-volume fraction - o 0,644 N
Helium density, 0°C and 1 atmos 1.1k x 1072 1bs)pt3
Particle size, d . S 1.37 x 1073 gt |
Helium viscosity, 88°C . - 8,67 x'lO-h lb/ft-min
Helium viscosity, 98°C | o 8.75 x 107° 1b/ft-min
Helium viscosity, 105°¢ = 8.91 x 10™" 1b/ft-nin
Stationary solvent density, N - 6,65 x 1073 1b-moles/

££3 of bed



~-128-

T.C. cell coefficiént, M, benzene ~.T‘ 3‘45,x.10;3 mole fraction/mv
T.C. cell cpefficient; M, toluene 3.00 x 1073 mole fraction/mv-
T.C. cell coefficient, M, acetone . 362 x 1073 mole fraction/mv
Semple size, benzene, 0,2 ml | © b 96 x,lO-6 1b-mole

Sample size, toluene, 0,3 ml - 6,23 x‘lO-6 lb-mole

Sample size, acetohe, 0.2 ml- - 6.00 x_lO-6 1b-mole

Sample size, acetone,'O,l.ml | ~3.00 xth-6 lb-mole

sample size, acetone, 0,075 ml 2.255 x 10™° 1b-mole

Gas constant, R - 19.31k4 psia-ft3/lb-mole—9K.

Column Flow Rate

| o T
Quoy = @ (water vapor correction) —2&f . TCOl
p1 + po wim
2
-3 o Ah5h 360.17
= .5 x 10 0972 X
T T x0T X 11329 ¥ 295.6
= 1.1 x 1073 ££3 /min
§Eperfiéial Velocity
. 4 Lo 1073 A
Vo = 'Qcol = 1.1k 10" _ 2.25 ft/min
. A 5,07 x 1077 : »
Calculated Void Fraction
t = Lehtry Aentry = 0.708 oo 0.847 min
entry. : 7 T o
o N 2.25  0.372
S Lval-ve AValvé‘ ‘.‘ 0,271 # 1 : '
“valve = TV & -  Zzzsxz.58 - 0:048min

e}

N
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Solute Peak Characteristics

Pe

_ Aexit Iéxit thm
_"Q (wate?TYappr cqrrectiqn)‘tcolr ,
_ 1.% x 107 x1.0h x 295.6
7.5 x 1073 % 0.972 x 360.1
= 0,023 min
= %Q = ;;ggs = 3‘28 min
o ° .
= ?pa ( entry tvalve texit)
= 2.87 - 0,917
= 1.95 min
. Jeal 1.95 . '
= ¢ = 335 = 0.5%
fe) .
to -t = 47,0 - 35,8 = 11.2 min
£ \2 N2 o
. . 45,1 -
32 <t—p> - 3 Ti—z‘) = 51
Ve 2 " Yz
32(31-; + 1/2> = 32 ﬁg + 1/2) = U435
w
| Ei + 12 ) Ew.,f 3 69 x/ll 2 = 41.% min
w - . .,‘
. . 3
5 —i—’ ' 517 %gsx 10 = 0,09
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At = byt = b5 - Wb = 43.7min
L _ 7.375 | _ ‘ '
Lo ZEE?” = 0,0143 ft

Partition Coefficieht' :

<463l§77<?8-_ . 2?9925346) + 1.000072

I=

fl

(sm),,

]

= 0.993

Y =t - (% )

' . : t .
tp col P entry * 1-:'val-v.e -+‘ —exit
= 44,2 min
(t ) v

Kk . peol o - o

o Tsn)‘p | L

 hkzxz2.25
= 0.9 x 7.375 - OO

I B -

, Column Exit Concentrations-

Yy - HoM o - 11,27 x3.85 x 107

= 0.0389



_lsl- .
A Y% L0389 x m2 r
RT o 19,31 X 360_
- 6"26 b lO-)* M_e_s_
£t
. __a  _ _xe - “12,9ﬁxn6,26 x”1o’u
- 0.548

- Approximate .Solute Material Balance

' . . 107% % -3
w = C by Q= 6.26 x 107" x 7.17 x 1,14 x 10
- -‘6 ’ )
= 5,12 x 10 lb-moles
Re = Pcol'dp Vo
Heol
= 6,51 x 1078 x 1,37 x:10'3'x,2;25._
867 x107"
= 0,232 ,

The wvalues of x shown in TableZVI.were caléulated from k' values

rather than k values, as shown here,

-
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Appendix VI, G,L.C. Design Problem

Introduction

The purpose of this problem is to show the appllcatlon of theo~
retical and.experlmental results to the.de81gn of a large.GoL.C. column
for an industrial situation, A preliminary cost estimate is also given
for the G.L.C, unit and its necessary accessories to sho@vthe economic

potential of such a unit,

‘ The Separation Problem., In most petroleum refineries, phe use of cata-

lytic reformers has'increosed the qpantities.of aromatic compounds produced
' from crude stocks in addition to the general production of higher octane
fractions, These aromatics often are more valusble as petrochemical inter-
,mediates.than they are as gasoline additives or solvents;_ Various methods
have been used for separation of these aromatio fracpions into relatively
pure components However, as the molecular structures increase in size,
the number of isomers of a particular molecular weight increase, Such is
the case with the xylenes and ethylbenzene, all with the same fonmula
C8 lO° The resolution of & refinery cut with a distillation range “of 135
to th C into its components will be considered, This cut will be processed
by a G L.C, unit to sebparate it into the follow1ng fractions,

Paraffins and naphthenes (15% by volume" ) These hydrocarbons will

be reoyéled to the refinery or marketed as solvents, ~ Though n-nonane has a
b0111ng p01nt of 150 g° C, it will be used as thev"typlcal" component of the
paraffln fraction,

Ethylbenzene (129 by Volhme*)r This material will be separated for

use in organic syntheses, such as the manufacture of styrene.

Mixed meta and para xylenes (U45% and 20% by volume, respectively l

This fraction.Will be sent for further refinement by a fractional=-crystal-

lization plant into isomers of high purity. They cannot be readily
separated with G.L.C. or dlstlllation equipment.,

| Ortho xylene (8% by volume ), ‘This material may be used in phthalic

anhydride manufactureaor'invother:approprlate.organlc syntheses,

% . o _
Figures in parentheses show the feed composition,
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Discard fraction, In the G. L. C. separation, a small portion (2%

by volume) of the meta and para xylene fraction.will be discarded because
of its high content of ethyl benzene This will upgrade the.purity of o

the meta-para xylene cut,

Physical properties. ‘Some physical properties of these chemicals .

are shown in Table}(:[I°

Basic Design Considerations-—

A G,L.C. unit will be designed for the processing of 400 1bs per
hour of feed stock, Over a period of one year“s operation; with\90% run-
‘ ning time, the G.L.C. unit will produce about 3 million pounds of finished
products with an estimated value of approximately ¢l,OOO,OOO°

Solvent Selection‘ The solvent selected for this separation'is a poly- '
ethylene glycol polymer w1th a molecular weight of- hOO + 20 (P.E, G 40o).
Aromatic hydrocarbons have a much higher solubility in P.E. G 400 than do

- saturated paraffins and naphthenes This property makes it possible to
remove the paraffinic components after bassing them through a short length

of G.L.C. column,

Partition Coefficients, Experimental data'on,partition coefficients are

taken from the work of Adlard 34 The partition coefficients are reported
Iin ‘terms of the solute concentration per unit volume of solvent and now )
are modified to be expressed in terms of the solute concentration_per

unit volume of bed. Conversion 1s made using the solvent liquid-volume
fraction, Adlard does not.give data for either ethylbenzene or nonane,

The values used were obtained by 1nterpolation between m-xylene and toluene
for ethylbenzene ‘and. between n-octane and n-decane.for n-nonane, The
solute-solvent data are summarized in Table XIII for the column operating .ﬁ :

at a temperature of lOO C

Packing Selection and Characteristics, The column packing, 20 to 40 mesh -

crushed fire brick, will be impregnated with the P,E.G. 400 at a ratio of
40 parts of P.E.G. 400 solvent to 100 parts of the solid fire brick by
weight, .The estimated characteristics of this packing are also shown in

Table XIIT.
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Table XII

,SOme physical properties of‘thefaromgtic féed

- (Boiling range 135° to 145°¢)

Solute

Physical
properties

Ethyl

Meta-~-
Xylene

Para-
_Xylene

Oftho-

n=Nanare

5C2"s

Molecular :
welght 106,16
Density .0

'(ng/ml'fZSQ 0,8669

Meltihg point ..

Boiling poeint
O 136.15.
Specific heat

(peu/1b-°c)
at 100°¢

0,518 .

Heat of _
vaporization 145,7
(peu/1b)

Vapor pressure

at 100°C . 256
(mm Hg)

" Rélative vola#-' 
tility between 1.07

components

benzene

,C6HM(CH

3)2

106.16

- 0,86417

-53.6

139,104
0,455
O 147.6

- 240

1,035

,uC6Hh(CH3)2

106,16
0.86105
41302

138,351

.O;héz,

th?l\‘

232

117

Cety (CH3),

xylene

.156.16

' 0.8802.

-29

1k b1

0,465
C149.1

198

Cofl20

128,25

0.7176
=53.7

- 150,798

0,568

12k

165

1,20

* - -
(See Table XIIT for G,L.C. relative volatilities.)

i
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_Teble XTIT

Operatlng data. and packing characterlstlcs
for an industrial G,L.C. separation

Column tempefatﬁre o k - 100%
"'Stationary solvent phase . .Polyethylene glycol with a molecular i
o ' welght of approximately 400 (P.E.G. L0OO)
’Moblle phase o o "Hydrogen gas
Solutes and thelr partltlon coeff1c1ents @nodlfled by deflnltlon)
Solute ’ ’ B.p, (%) . | k_ ‘Relative volatilities
nﬁgonane ,150f8* 4,05 b.56
ethylbenzene 136.2% 18,5 -
m-, p-xylene 139,1-138.4 21.6 1.168 v
o-xylene | ' YN : 28.0 1.29%

Column packing (assuming a 1 foot length of column of 1 ftz.cross‘sectional area.)

Material ‘ T Crushed:firebriCK'(ChZZ.Insulation‘Brick)
Size range ' 20 to hO.meéh (U.8. sieve series)
Average partic;e.size - 0,0175 1n

Weight of solidTéupport a 24,7 1bs

True density of support 131 lbs/ft3

‘True volume of support L 0,19 £t3

Weight of éolvent (40/100) © 9,9 1bs

Density of solventat. | .

1000C (estimated) . 70 1bs/ft3

True volume of solvent ‘ 0.1k f£t3

‘Mobile-phase volume 3

(by difference) ‘ ©0.67 ft

* -
Interpolated data.
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Pressure Drop, The pressure drop of the mobile;phasefas{it”paséés through

the‘packed.column may be calculated from the expression of-Keu_J.-mans,5
2 2 : o
P;o= Bl o+ ——=2—, (k)
‘ aKeg, .

where.pi aﬂd po»are inlet énd oﬁtlet pressures of thescqlumn, V6~1s the
superficial velocity of the mobile phase, L is the column length, u is the
mobile-phase viscosity, o is the VOid—vdlumelfraction, K is the permesbility
coefficient, and g, is the gravitational dimensional constant, Keulmans

reports the permeability coefficients for this material;,5

Operating Pressures, The thebretical model assumes a .uniform velocity

along the lehgth of the column, .Short columns allow low ratios of inlet
to outlet preésuyes.with low inlet pressures and have a relatively smali
velocity variatiéh along the column length, As the column length is in-
creased;'the pressure drop increases for a desired flow rate, and it is
necessary to raise the absolute value of the column inlet pressure to

maintain the same ratio of inlet to outlet pressure and the same velocity

gradient, This ratio was set at approximately 2 in this.desigh,

Mobile?Phase.Seleétionu‘fThe.pressure drop through the column is related to

the velocity of the mobile phase by the viscosity term in the numerator of

‘Eq. (40). Because of the small particle size, the pressure drop is a major

»consideration, In'the.design'of the G.L.C. unit, hydrogen gas was chosen

because of its low viéCOSity and ready availability at most refineries,

Solute .Feed Rate, The.GgL,C; column operates as a batch-type process in

which a certain amount .of material is charged to -the column and is. processed

for é:périoaﬂof time before another amount is charged. ' The feed rate to the
column.iéfdetermined‘by the partition.coefficients;”the,mobile—phase,inter-'
stitial velocity and the relative volatilities of the solutes., The quantity

of feed per charge is -dependent on the amount of Stationary solvent phase

‘per. unit column area, the column cross-sectional area, and for a specified -

purity of' product, the relative volatility of the components that are most

difficult to separate,
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Column Iength, . .The resolution between ethylbenzene and m-, p-xylene is

the most difficult separation to be accompllshed by the G.L.C. cOlumn
The relative volatibility of these two components is 1, 168. From the =
work of Glueckaufl we ‘can determlne the number.of-theoretlcal chromatog-
raphic plates required to effect a. separation that will give no greater .
. than O, l% 1mpur1ty in elther solute The required number of plates is
approximately l5QO ~In the body of this work, we saw that the s number
-of a column is, by definition, twice the number of theoretlcal plates
j(where:s,> 100), Forpthe,deslred separation between the ethylbenzene and
the m-, p-xylene peaks, the column should have an sivalue'of approximately
1000, : . o , . _ :
- In the theoretical model, we assumed that the column length.for

. a desired s value is

a D 4 - ' .
L = s (:Vm{+ .‘i,;e?) . : , (41)

Because the molecular dlffus1v1ty is qulte small when compared with the
.superf1c1al veloclty, the first term in the brackets of Eq, (hl) is usual-
«ly“negligible, vThe Peclet number (asbcalculated from the eddy diffusivity)
is ‘then the factor‘that_would,determine:the column length for a desired
separation (with a given packing material, i,e,, average particle diameter).

o In the experimental work done with the small G.L.C, column, the
values of the Peclet number varied from 0 05 to 0,15, Thls-variation,was
- not predicted by theory, The Peclet number was dependent on the inter-
JStltlal velocity, the quantlty of’solute sample charged and to a slight

extent, on the temperature of column operatlon

" An emplrical expression was developed from the toluene data of the

small G.L.C, column, The toluene data should glve a fairly good description
_of the xylene performance because it is based on the velocity variation of
the L/s values at 88°¢c (well below its normal b0111ng point) and the sample- é
size Varlatlon,u.The larger_the var1atlon of<the»L/s value over a given
'range of the velocity, the smaller is the partltlon coeff1c1ent The xylenes .
and ethyl benzene have partltlon coefflclents in the same order of magni-
tudenag the toluene partltlon coefficient, The limited data,on sample—51ze

,variationhshow that;this<variation seems to be'independent of the solute,
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" The empirical expression is::

2 0,15 0.64

L=s (168x10°v" "7 + 1.8l a - 2.5 x 1072) (k2)
where V = interstitial velocity (ft/min) and

. _ 1b moles (solu.te)/ft2 column ares
% lbs (solvent)/ft5 of column as packed

The units of @, were selected to bevgenerally_applicable to combinations
of solutes and solvents in columns of various diameters with various
solvent-volume fractiens; '

- Equation (42) is based upon the data for a single solute charge.
It is assumed that each solute will actAindependently of the others when
a mixture of solutes 1s charged to the column,

Equation (hz) shows that the L/s value for any one solute is

signiflcantly influenced by the quantlty of .golute: charged and\lsuanflue

enced to a much lesser degree by this moblle-phase ve1001t;y° The minimum
' o~% 1b moles ft
B B
Below these values both exponents tend toward zero, No data were taken

values of V and ) for toluene were 1k.3 ft/min and 2.5 X
to determine the upper limits of applicability of Eq. (42). As the value
of V increases, therevshould-bevno'significant.changevinathevexponent of
the first term ef,qu'(LZ) as long as the ratio of iﬁlet and outlet pressure
s kept low. As the samplefsize is increased, the solute peak will probably
become saturated (flat-topped)oﬂ‘Saturation‘will increase the exponent of
the o term, ' - - o ‘

- The column .length is determined approximately by application of Eq.
(hl) The value of the Peclet number used .is 0,0425 (based on the extra-
poldtion of the toluene data at 88°C out to a Reynolds number of 3.8

'(Vé 4o ft/min), Thus we have

. 0.67 x 3, 3 x.'lo'3 ftz/min ' ,0175 in,
L = 3000 ( L0 £t /min * 12 in/T% x 0,0625)
= 3000 (5.53 x 10”5 + 3.43 x 10‘2) ft o

103 £t. T 100 %,

The molecular diffusivity used for the calculation is for xylenes and

hydrogen at approximately 225 psia and lOOOC° ‘The superficial velocity



. =139~

of 40O ft/min was chosen to be a compromise between a low velocity having
& low pressure drop with a long elution time and a high velocity having

a high.pfessure drop and a short elution time°

Individual Solute L/s Values. As noted above, the data on the small G.L.C.
column showed considérable variation of the L/s valﬁe-with size of samﬁleé
"The'arbitrary éize of feed chargé chosen was:l mole of feed per ft2~bf
solvent Cross section, For a column with l-ftz.cross—sectional area, the
feed charge would be 0.14 mole. (because the solvent cross-sectional area
is O;lh'ftz); Equation (42) may be used to compute the L/s values of the

- different components of the feed to determine the effective s number

for each component, Table XIV shows the results of these calculations.

The Predicted Elution Diagram. The s value for each solute (from Table

XIV) and the partition coefficients (from Table XIII) provide sufficient
data for prediction of the column elution diagram by the use of the

theoretical expressions ‘of Appendix IT. "

Peak Heights. Relative peak heights are calculated.by‘ratios derived from
Eq. (15): ' ' ' : '

€1 (w,); - (@ + k), ‘“[S_l | - 4
6;‘ - '(“6)2 (o + k)l J-Sg T : C ( 3?

For the aromatic solutes,. the meta-; parazxylene,peak.was assumed to be
the,reference.peak. The'ethylbenzene,peak height is 0,35 -times that of
the reference and the o-xylene peak 0,17 times the reference peak height,
The.paraffin peak is approximately 1,65 times as high as the referenée
peak,

Time Base. If we-assume that the solute.peaks will be symmetrical, then )
the peak maximum will occur when the value of s n ¥ 1, With the average
superficial velocity set aﬁ 4o ft/min, the times of the peak maximum can
be calculated and the elutidn_diagram drawn, Figure 29 shows the elution

diagram for the aromatic portion_of the féul chargé at the outlet of the
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Table XIV

Effective L/s,values_for separation of solutes
in an aromatic fraction using Eq, (42).2

Mole fraction Moles charged % 2 -L:s
" in feed . per P2 (Mbles solute /ft ) éf%)' s
: - - - column area - lbs solvent/ft3 .0 ‘777
Feed 1,00 0,14 - 14,3 % 1073 (0.1271)  (785)
‘Bthyl - =3 '
benzene : 0,12 , 0,0168 1,72 x 10 0,0378 2650
mexylene 0,45 |  0.0630 ' _3' '
o 9,2 x 10 10,0966 103k
‘p-xylene 0,20. 10,0280 ‘ '
o-xylene 0,08 - 0.0112 1,13 x 1073 0.0296 3380
paraffin 44 15 0.0210 2,12 x 1073 o0.0k23 2360

(n-nonane )

& Interstitial velocity, V = 60 £t /min, (Vb = 40 ft/min, @ = 0.67).
Gross solute charge = Oulh,mole/ftz‘column.area, ' -
Solvent density 2.9,9'lbs/ft3'béd.as.packed,
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»column (L = 100 ft) The parafflns are not shown on this flgure because

they w1ll be removed at the point L = 10 ft. The absc1ssa is shown in
both the 5 M unlts.for the m=, p-xylene peak and 1n,m1nutes for the
specified mobile~phase velocity, '

:The.Operating=Cycle; .The normal operating cycle of thls.GoL,C,Aunitkis

shown:ianable:XV where the zéro time is arbltrarily taken at a time of

-~ charging the column, ‘Study of Table XV shows that there will be more

than one charge in the column at one time., The frequency of charging is

determined by the time requlred to elute thé aromatic components’ of any

'charge from the column,

Paraffin Separation, = Because of the small partition coefficient (and the

resulting high relative volatility) of the paraffin fraction, a short

initial column section of 10 ft length is used for resolution of the

paraffins from the aromatics, A by-pass is provided to supply the mobile

phase to the major column sdections during this resolution period, The
finsl'time for the pafaffin‘fraction is predicted»to be approximately
1.35 minutes after charging., The initial time of emergence of both the
ethylhenzene_and.the m-, p-xylene peaks is at 3.85 minutes, " Because of
theseflarge time differences, the paraffins will be sharply separated

from the aromaties,

.Column Diameter The feed rate to the column was arbltrarlly set at. 0,1k

moles/ft column ~ This is an over-all high loading of ‘the column, but. if
each solute is treated separately, only the m-, p-xylene fraction has.a
hlgh specific loading., The charging ratio of the specific components are
shown in Table XIV, .From the time-base dataiof the elution diagram, the
span of the aromatic elution is about 36 minutes, 'Thererwill be about
1,66 charges/hour This is equivalent to 25, lb/hr for each square foot
of column The total ares requlrement for the processing of hOO lbs/hr
is then 16 ftza ' This area is realized by a column approximately 4,5 ft

in diameter,
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~ Table XV

;Operéting cycle of G,L.C. column as shown in Fig, 29.

(Tlmes are based on a superf1c1al velocity of 40 ft/min, -Equipment
designations refer to Flg. 30,)

Time - na : ; ' Event
(min) ' : :
0 0 ' .Solutes charged - Flow of mobile .phase of first col-
o - umn section (B-l) goes to paraffin adsorber (F-1).
3 ~0,054 - ‘Flow of first-column section (B=-1) shifted to second
column section (B B-2), Mobile phase by-pass closes,
36,2 0.65 Solutes charged, first-column section (B-1) flow
' ‘shifted to paraffin adsorber (F-1), and by-pass is
_ on,

39,2 0,705  Flow of first-column section (B-1) returned to sec-
ond-column section (B-2), Mobile-phase by-pass is
off. o ' :

43 0.775  Ethylbenzene appears at column exit,effluent is
shifted to ethylbenzene adsorber (F-2) (Point A,
Fig. 29) . :

50 0,90 Minimum between ethylbenzene and m-, p-xylene peaks,
Flow shifts to discard channel. (Point B).

51;5' ' 0,925 Effluent flow shifted to M-y p=xylene adsorber (F-3)

v : (Point C).
67 1,20 ‘Effluent flow shifted to o-xylene adsorber (F-h)
- (Point D), _
T2.4 1.30 Solutes charged, First column section (B=-1) flow
: shifted-to paraffin adsorber (F-1), .By-pass is on,
(Point E.). .
75.h 1,35 ' Flow of first column section (B-l) returned to sec-
' : ond column section (B-2), Flow through byapass is
, 4 off, ' :
79.2 1.hk25 - Column effluent switched to ethylbenzene adsorber

(F- 2) (Point F).

& s 1 values are for m-,-p-xylene pesk,
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. Plant and Equipment Design

General Plant Layout. ‘The schematic of this G.L.C, plant is shown in

Figu 30,. The plant consists of four bagsic systems; the column, the
solute-recovery system, the mobile-phase recycle system, and the timing--
unit system, The ihputs of the plant are the feed stream, process steam,
an inert purge gas,‘make-up hydrogen and utilities, The outputs of the

plant are the product streams, discard from the recycle-gas cleaner (F-5),

~ and a small amount of waste hydrogen,

Equipment Detail, The design detail of the pL@nt*s.eguiﬁment is, at best,

only approximate.for this problem, Certainchmments‘on.the assumptions
used in sizing the equipment and estimating’the.economic'factorsbmust be
noted for clarity.and;are»giVen‘below. The specifications of the indi-

vidual units along with estimated costs are given in Table XVI, -

The G.L.C. Column, Because of the‘l6W structural strength of the fire

brick packing, the column design incorporatesvffequent.meéh supports for
the packing, .These supports are spaced‘about-every 4 feet, and each car-
ries more than a ton of packing,, Normal materials bf'constrﬁction and -
techniques are employed, Special emphasis on the tightness,of the system

is necessary because of the hydrogen mobile phase,

lr,l’qgj:'_;‘s‘ba’ge‘Compressors° For these units (C-2 and 3), two-stage, axial-
flow or centrifugal compressors are adequate.,  The compression ratio is

approXiMatély 2¢1, Interstage .cooling is advisable,

Timing'Unitd The.control of the process timing is incorporated in the
master timing uﬁit,(TU-l), ‘This unit uses the information from the
‘sensing unit (S;Ua) on the column effluent, A differentiation circuit
with time comparison operates the feed, paraffin.by-pass,'and,solute
selector valves through the auxiliary timing units (TU-2, TU-3), An
elution program is built into the master timing unit. (TU-1). The control
of the feeding ahdiparaffin-stripping function is delegated to the auxil-

liary timing units,
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Adsorptidn Units, The solutes are adsorbed from theﬂhydrOgen;mobi;e phase

by fixed beds of activated charcoal, Specific adsorption data for the
solutes being processed were not available so that data available for
benzene was used, ' The adsorption units for paraffin, ethylbenzene, and
o-xylene are .of anridentical'design.based on an adsorptive capacity equal
to, or‘greater than, that assumed t6 be required for Zh-hoﬁr adsdrbtion
operation,; Each of theée systems has tWOvadsorbers preceded by a!gas
cooler, Valves are located in the system for isolation, steam regenerh=_..
tion, and purging of the adsorbers The regeneration time is,lé hours
‘for these units, _ - _ '
:The m-, p-xylene adsorbers handle the major amount .of solute.
- This system uses three adsorbers in all with two in series operation
and the third in regeneration. Each unit‘serves es‘awsecondary adsorber
for 12 hours and a primary adsorber for the succeeding 12 hours, It is
then regenerated durlng a 6-hr period, allowed to cool, and purged. before
being returned to service, _
The adsorption system for each SOlute_is fitted with a regeneration
condenser-and a phaée separator.. toc recover the product : After regenera-
tion and coollng with purge gas, the units are purged with hydrogen before

being put back on stream

Recycle:Gas Cleaner, The circulating hydrogen:stream passes through a cleaner

priorvto'recompression. These .cleaning units were designed for purifica-
tion and dehydration of the hydrogen stream with charcoal and silica gel,
respectively, _Theuenestream period of operation of each of these units
should be 24 hours, The units are regenerated by passage of a hot-inerf

gas through the unit. Regeneration should tgke approximately 12 hours,

~Recycle Gas Compressor, Thevrecycle‘gas cleaner also serves as a buffer

vessel for the recycle‘gas compressor. This‘unit.receiVesvthe hydrogen
.at approximately 100 psia and cgmpressesvit to 325 psia, uéingv3 stages
of compression and interstage cooling, - The high-pressure gas is fed to a
high-pressure receiver (T-2) which absorbs the fluctuations from the com-
pressor, .In the calculation of the power requirements of the compressors,

an ‘over-all driver-compressor efficiency of 50% was assumed.,

N
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Column. Feed Unit, The feed stream received from the refinery is assumed

to pass through intermediate’storage,to the positive;displaéemepf feed
pump (P-1). This pump delivers the feed to phé heater (H-12), where it

is heated well above the normal boiling point»and hence to the High-
ipressure receiver (T-1), ;Either supérheated steam or electrical heaﬁers
may be used in feed heater (H-12) to_maintain the‘desired feed ﬁemperature,
which is about 350°F, The feed pressure_bﬁ AOO-psia (or‘higher as neces-
sary) injects the feéd;inpo the mobile phaée throughvsuitable nozzles when
the feed vélve is opened, The combination.bf §réssur¢ and temperature
gives rapid vaporization of ‘the fuél, Mobile;ﬁhasebflqw to the golumn is

closely regulated for good control of elution times,

Heat Exchangers, _Sténdard heaters, coolers, and condensers may be used

for this plant, The two. exceptions are the feed heater (H-12) and the
~column heater (H-1). The.latter is a large tank approximately.ll ft in
diaméter that is fed with steam condensing at atmospheric pressure, L
Approximate design data for the equ@pmgnt‘of.thié plaqf are shown in
Table XVI, | |

Plant Economics,

‘A preliminary cost estimate of the G.L,C. plant has been prepared
‘using the method of Chilton,35 ‘In his paper he gives various figures for
the installed cost of'éQuipment based on. the Engineering News Record (E.N.R.)
index of 400, Alsd, a ‘method of estimating other construction and engi-
'neeringﬂcosts 1s discussed, Means of estimating“the.productionvcost'of the
product and miéce‘ll_aneous'capital:'requireménts“aregiven° Finally, an esti-
,mation 6f the'upgrading of the feed stream value has been prepared from cur-

rent price data available on these materials.

7Installed Process.Equipment Costs. The estimates of the installed cost of

the various plant components érevshown in-Table XVI,  Costs are based on C e
"~ an E,N,R, indéx of L40O,.. Basic:costs are from Chiltonts graphs, Various

multiplying factors (cost factors) have been estimated where 'the basic unit



Table XVI

EQUIPMENT DATA AND ESTIMATED COSTS

Feed injector and G.L.C. columns (E.,NI.R° index = 400)

Code Description pi p, Diam, Iength Volume Basic Cost Final .
(psia) (psia) (ft) (£t) (ft3) cost Factor cost . - Remarks
P P : ) ($1000) ($1000) ~
A-1 Feed (£) 350 ~ 300 High operating pres-
injectdion ’ 3 4,5 . ~28 1.2 L 4.8 sure and special
~ unit (g) 300 300 injector fittings.
B-1 Paraffin 300 250 k4,5 10 - 160 2.5 2 9.8
" stripper ‘ - _ .
column Packing cost equals
I - . 3 '
- . . O0/ft” 1 1 o
B-2 Aramatic 250 140 4,5 23 368 - 5.75 1.5 19.67 $30/ ‘ EiP ace .
. column 1 _ . O : Tower req resispe-
S _ : » "cial baffles for
B-3 Aromatic 300 140 k.5 33 528 8.25 1,5 28,24 packing, Final cost
SR govdmn 2 . : ) includes installed
B-4. . Aromatic . 300. 133 k.5 34 54k 8.5 1.5 29,10 . Pbacking.
coluinn 3 - \ R

(continued)
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Table XVI (continued)

'Compressors
i .y . Mass Inlet Driver
Code‘ Descrlptlon. pi Po zi zo o 'floW"i volume Stagesl ratihg($iggé' Remarks
(psia) (psia) (°c) (°c) (lbs/nr) (£t3/min) - (Hp)
C-1 Primary gas = 100 325 22 T3 2535 . 1202 = 3 1200 80 -
compregspr ' © All are centri-
_ .. - fugal compres-
C-2 First dinter- 140 300 100 151 2681 1007 2 885 65 iiiséoléiﬁsiiir'
: stage o T - B 1 L
compressor 1 -??Sigiz;e{ ef-
| ) ) , _ _ S assumed to be
C-3 Second inter- 140 300 100 151 - 2681 1007 2 88 65 0.

stage

_compressor 2 -

-6HT-

(continued)



Table XVI (continued)

Adsorbers
Vessel Charcoal  Bed Vessel Total
. Py P, Diam, Length volume weight cost cost . cost
d ipt ' , _
Code  Deseriptlon  ( ioy (psia) (£t)  (T9) (gal) . (1bs) - (41000) ($1000) ($1000)  Remarks
" F 1 Paraffin _ . , .
1 & 2 adsorbers (2) 125 . 120 4,5 10,5 900 3600 3,60 2.7 12,6 Total cost
' : includes
o .the ad-
F 2  Ethylbenzene o ' h sorbent
1 & 2 adsorbers (2) 125 120 4,5 10,5 900 3600 3.6 . 2.7 12,6 bed (at
’ o ] $1/Ib) oo
- , : . _ - installed.
F 3 m-, p-xylene 125 115 6.0 12,0 1875 7500 75 )0 34,5 for all
1,2,&3 adsorbers (3) ' e b units;
F 4 o-xylene 125 120 4,5 10,5 900 3600 3,6 2.7 12.6
1 & 2 adsorbers (2) " :
: : | 120 ) Charcoal
F 5 Recycle-gas 110 105 3.5 25 1800 IEEB% 2.4 3.8 12,4 -;fﬁiif— L
1 & 2 purifiers (2) S _ S1 Loa-ge

(cdntinued)
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Table XVI (continued)

* (continued)

Excheangers
Code  Description Hot- Hot- Cold- Cold- ‘Hot- Cold-. UAt Trans-
: slde side side side side  side PCU fer - .
inlet outlet inlet outlet stream stream - 3 Area Cost .
temp. tewp, temp, temp, (]Iﬁhr ) hr-ft. ftz 1000 . Remarks )
| (°c) (%) (°c) (°C) o (££%) ($ N ) .
H-2 Preadsorber 100 30 20 31 254  water, 222 218 2,0 All units are steel
' cooler, - 8,8 ' : shell and tube ex-
paraffins gpm changers,
H-3 Paraffin 138 38 20 31 4180  water,. 2220 106 1.25 Recovery is at a rate
. recovery bt ' - twice as great as the
condenser - gpm rate of adédrption,
H-kt  Preadsorber 100 30 20 31 498 water, 222 495 . 3.2
.cooler, - ' 20 ' '
. ethylbenzene grm
H-5 Ethylbenzene 138 38 20 31 417 - water, 2220 95 1.2 Same as noted for H-3.
recovery : : - 38 ' : o
_condenser gpm
H-6  Preadsorber = 100 30 200 31 1242 water, 222 1110 5,0
cooler, o S : b5
m-, p-Xylenes g -
H-7 m-, p-xylenes 138 38 20 31 . ZQZh"'water, 2220 450 '3.0 - .Same as noted for H-3,
recovery ' o 182 :
condenser o gpm
H-8 Preadsorber 100 30 20 31 - 842  water 222 883 4.3
cooler, ‘ : 38 '
o-xylene gpm

6T~
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Table XVI (continued)

Exchangers

Code’ Description Hot- Hot= Cold- Cold- Hot-  Cold= U At Trans-
: - 'side side side . side side side - PCU fer
inlet outlet inlet outlet stream stream 2 Area  Cost

) ) hHpe=ft
temp, tempi temp, temp, (Is/hr) 2 : N
, (o) (o) ()" ()t " ‘ (re7) ($1000) Remexke
H-9  o-xylene- 138 38 20 31 256 Water, 2220 57 0,9  Same as noted for H-3,
' - recovery ‘ ' 23
condenser - - A _ gpm
H-10° Mobile-gas~ 138 138 72 110  Steam Hydrogen 222 1450 5,5
- phase (50 7 ‘ 625 . 2535
heater . psia) - lbs/hr,
H-11 Purge-gas 205 182 25 160 ' Steam inert gas 222 91 1,2 - For resctivation of
heater (150 39 600 Ibs recycle gas purifiers
' .. psia) ' per hr, (F-5).
H-12' TFeed heater 370 370 20 350 k2  feed, 1111 7i,k 1,05 TUse eleetrical heaters
B . kw' 1400 lbs. , in fluid stream,
per hr, ' C S :
‘ ‘ ~ Exchangers
Code Descriptioh ,Diam, Iength Volume Pressure  Heat Steam Basic % -
, . 3 1a) g e o £1 cost Cos Remarks
, (£t)  (ft) (££3) (psia ource consumption (410043 (41000) ‘
- _ ' . (1os /hr) U
H-1  Column 11 4o = 3800 14,7 Condensing ., 5.0 10,0 YA t=22PCU/hr-
) . steam 2 :
- heater _ ft~, Outer side

insulated, Assumed
cost'factor'isfz.

(continued)
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Table XVI .(continued)

) . Feed Pump _ _
, D D Fluid Mass Volume . Driver Over-all . -
Code -Description ( i ) (' 1a) temp, rate rate power efficdency Cost Remarks
“ psi8) PS8/ (9¢) (Ibs/br) (gpm) _ (Hp) % ($1000)
P-1 Feed pump 4.7 350 25 . 400 1 0.35 40 0.8  Price is based
» T S . : : upon a l-Hp
unit,
High=Pressure Vessels
Code .Description Operating Shape Length Diam, Volume Basigrpcost Cost .Remarks
pressure (ft) (ft) (gal) cost faotor R
(psia) . | ($1000) ($1000)
‘7.1 Feed - 350 Cylinder 5 - 3. 250 1.3 2.0 2.6
reservolr with ' o
. -~ "pressure
‘ ends.. .
T-2 . High-pressure 325 Cylinder 10,5 3 560 . 2,0 2,0 4,0
buffer tanks = ‘ with N _ ' :
: pressure
ends

(continued)
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Table XVI (continued)

ContinuouS‘Decantersi

Description

Pressure Temp, Maximum Dismeter Height Volume Cost

Code _ . Remarks
(psia) (°C) Liquid input (£8) - (ft) (gal) ($1000)
~ 1bs/hr gal/min ' :
S-1 Decanter, 1k, 7 38 240 0,5 2 4.5 100 0,5 -
paraffin ‘
product
: , , ' C " Because of the
S-2 Decanter, 14,7 38 208,3  .0.45 2 L5 100 0.5 special decanter
ethylhenzene o _ ' fittings, a cost
product factor of twice
. S : ‘ the basic tank
S-3  Decanter, ik,7 . 38 1012 . 2.1 3 T.5 oo 1,10 cost is used,
m=~, p=xylene : a ' :
product
S=4  Decanter, - 1k,7 38 128 ~0,1 2 4.5 100 0.5
o=xylene :
product

(continued)

45T~
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Pable XVI (continued)

Timing Units

Code Description Remarks Cost
TU=1 - Main=-system Operates in conjunction with mobile-phase sensing unit
timer and solute-fraction valves, : :
' ' The cost of these
- units and other
TU=-2 Feed auxiliary Controlled by TU-1 and opens the main feed valve at " plant instruments
- eontrol regular intervals, : - .are lumped to-
' gether in an
; : instrumentation
TU-3 . Elution by-pass Controlled by TU-2; modifies the flow path of the first

‘control -

column section (B-1) for 3 minutes after each charging.

cost in_Table XVII.

-GGT~
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would require modification, The factors are used to compute the _final
cost of each item, 'The summation of these costs at the current E.N.R,
index, the installed process-equipment cost, is given in Teble XVII,

- Total Physical Cost, Chilton bases the costs of processg: pipihg, instru-

mentation,-manufacturihg buildings; auxiliary fecilities, and outside
.lines each as a fraction of the installedPprocess-equipment cost, The
percentages:are,determined.by_the naturé and_complekity of the plant
and-pro@ess and the amount of auxiliary equipment that is~rerired,
Thesé percéntages were estimated within the ranges specified by Chilton,
‘The total of these costs and the installed_process—equipment.costs is
the total physical cost. These costs are summarized ianable1XVIIu

/

Total Plant Costs. ~The.costyof'engineering;-conétructioﬁ, contingencies,

and the relative size facﬁof'of the plant are estimated as percentages of
the total physical cost., The summation of these costs along with the '
-total physical cost gives the total plant cost, This summation is also

shown in Table XVII,

Production Costs, ‘Table XVIII gives the cost of production per potnd of -

combined product, The factors used in this estimate are also gqutlined by
Chilton, The use of activated charcoal is'assumed to be 5 .1lbs per ton of
total prqducf‘prOCessed, The'stationary-éolvent usque 1s estimated to
be 1% of the total solvent requirement (17,000 lbs) for every 200 solute
charges, The solid-support useage is considered to Dbe negligible com~

pared to its total quantity (43,000 lbs), -

Product Value., The estimate of the.finalbproduct,value.is.bééed,on current

prices of these méterials,‘vTable_XIX summerizes the product_upgrading.
The applicability of these figUres,dépends on the démand for these products
at the high purities obtainable with a G,L,C. column? '



_157 -

" Table XVII-

Plant cost summary (dollars)

incorporating the current ENR index (735)

Installed process equipment costs (I,P.E.C.)

Feed unit and colummn o - 1684300
Compressors .. . o , 386,000°
Adsorbers - o 29,200

- .Exchangers . : : . - 52,600
- Column heater _ : L - 18,400
Feed pump " ' - ‘ 1,470.
Pressure vessels = . x - - 12,130
:Decanters : o 4,780

Total I,P.E.C. 672,880

Additional facility costs (A.F.C.) . .
Process piping (50% I.P.E.C.) o - 336,400 .

Instrumentation (15% I,.P.E.C.) 100,900
Buildings (10% I.P.E.C.) - 67,300
Auxiliary facilities (5% I.P,E.C.) - . - 33,600
Outside lines (5% I.P.E.C.) ' 33,600

. Total A.F.C. 571,800
 Total physical cost (T.P.C.) S . 1,244,680

Construction expenses, etc. _ o
Engineering and construction (35% T.P.C.) 435,600

Contingencies (30% T.P.C.) 373,400
Size factor (20% T.P.C.) o 248,900
h ~  Total construction expenses 1,057,900 1,057,900

Total plant cost, o o o o o o o o o o« o o o o 2,302,580
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(3% of sales)

0.0099

Total production cost per 1b products. ., . . . ‘,'v. . 0.2224

Teble XVIII
.. Bstimated cost.of production.per.pound of final products ... ...

Ttem ' |  Unit cost - Cost/1b

' (dollars) product

o (dollars)

Raw material feed 7 0.040/1b 0.0408
Activéted-charcoal replacement 0.30/1b ~0,0008
Column-solvent replacement 0,235/1b ©0.0012
Operating labor , :

(2 men at 2,50/hr) 5.00/hr 0.0127
Supplies (10% off labor cost) 10,50 /hr 10,0013
Utilities

Cooling water ©.06/1000 gal 0,0017

Steam 0,75/1000 1bs  0,0038

Power 0,01 /kw=hr. . 0.0575
Annual maintenance labor ' -

(5% of total physical cost) 62,234 /yr 0,0202
Annual maintenance materials : : :

(5% of total physical cost) 62,234 /yr 0,0202
Laboratory expense -

(20% of operating labor) - 1,00/hr 0,0025
Insurance, taxes, and depreciation ’ S .

(Annual, 10% of total physical cost) 124,500/yr = 0,0L02
Overhead . ' :

(75% of labor cost) 3.75/hr’ 0,0096

-Process improvement research '
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|, Table XIX

Estimated,productvvélues and income
based on 400 1bs of feed processed per hour

or 0,3294 per lb of product’produced.,

Annual production - 3,090,528 1bs pe

Mohthly»production

r year

. Ethyl= ma,:p- Orﬁhb-, .quaiﬁéns | Discard
~bgnzene Xylenes 3ylege; naphthenes stream
Quantity of solute , S o
per 1b of feed (1lb) ,0,12 0,65 0.08 0,15 -
Yield of each stréam’ ‘ S v ’
per lb of feed (1b) 0,1208 0,6303 .= 0,08 ~.0.15 0,019
Estimatediproduct : : -
. purity (%) 95 99.8 100 100 76,5
' ; : o - (non .- - ethyl
" aromatic) benzene
-EstimatedAproduct value o ' v
per 1b feed (dollars) 0,25  0.25 1,50 0,10 0,05
Gross product value
per 1b of feed (dollars)
' 00,0302~ 061576f 0,1200 . .0,0150 s
Total gross product value “====0,3228 per lb.of feede—;-e

(at 0.9 time factor of
_operations)

257,544 1bs per averége‘month
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’Ecdnomic Summary. A summary of the cost estimate is given in Table XX,
On the basis of‘90%'tiﬁe in operation, the plant shows'a.rate of réturn
- on .the capital investment of'approximately“l3%, This figure is low,
" Further cbnsiderationsoféxG.L.C. unit for industrial operation requires
either pfocessing of a product with higher unit value or modification _
of the basic process to'give greater through put or lower operating cost.
Reduction of the compressor:: requirements'would markedly affect the cost
of plant and operations. Ah increase of thé production rate would in-
crease the rate of return on the investment, The,mosf promising means
of obtaining a.favqrablé rate of return‘wouid be from the processing of
materials whose values are markedly incredsed.by the ‘high purities ob-
tainable with G.L.C. equipment, | '

A further application of G.L.C. thaf might be considered is its
use for paraffin-aromatic separations where thevreiative volatility is
large., This operation could use many columns in .parallel and could use
more rapld methods of recovery of the solutes than adsorption, . Short
column lengths and rapid_cycling eould effectively separéte a much lafger

amount of material than is the case in the problem studied here,
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Table XX

' Cépital'iﬁvestment,réquiréments,of the G.L.C. plant -

and estimated payout period.

Total plant cost

(From Table XVII) ’ - $2,302,580
-Fiﬁisﬁed broduct inventory . - . o
(One month's production cost) - o $ 57,278
Accounts receivable ‘ , , ,
(One month's production at selling price) . $ 84,835 \
J>Opefatin5_expenses }
(One mdnth's production cost) R - $ 57,278
- Total capital requirement =~ $2,501,971
.GrOSS'profit'per pound of produétv - $0.1070
Annual gross profit . ' - T $330,686
Gross rate of return on capital » : a 13.3%

Payout period o ' N 7.5 years

el



g

-162-

NOMENCLATURE

Arabic letteérs

COlﬁmn or tube diameter

Solute conceﬁtration in mdbile phase
Solvent f£ilm thickness, Egq. ('21), p. 87
Arithmetic mean.particlersize. \
Parfition coefficientaequais n/c

Solute concentration in stationary phase

Pressure -

'Pressure différential across the .column

Time

Time of emergence of solute maximum
concentration

Time of emergénce of air maximum concentration

Timew-base width of solute or air peak

Time~base width of solute or air peak at

1/2-peak height

.Solufe,mole—fraction in.stationary phase

Solute mole~fraction in mobile phase

Distance into bed from cblumn inlet

Cross=sectional area .of bed

Solute mobilé-phase concentration at L

- .Effective solute longitudinal diffusivity

' Units

ft .

lb_moles/ft’3
ft
ft

1b moles/ft>
bed as packed

.pSi

psi

min .

min.

" min

min

- min

£t

ftz

1b,moles/ft3

ftz/min
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1

Definition

Solute diffusivity inistationary phase

Solute diffusivity in mobile phase

Taylor diffusivity, Eq. (23)

Solute eddy diffusivity in the mobile phase

Solute peak height

Excess partial heat of solution
Latent heat of vaporization .
Length of bed

Slope of thermal-conductivity-cell
calibration curve ‘

Solvent. molar volume in packing

Solute partial pressure

Mobile phase flow rate
Gas constant

Temperature

Interstitial velocity

Superficial velocity

Greek letters '

Void volume fraction

Solvent volume fraction

(1 + k/a) -

ImpﬁlsiVé feed funétibn

Units

£t° fmin
ftz/min

£t% /min

‘my-

Btu/1b mole

Btu/lb mole

ft

mole fraction/mv

1b moles/ft3.of
bed as packed

psi.
ft3/min

ft3 - psi
1o mole °K
OK'

ft/min

ft/min

1b moles/min



Sngol

8T

Pe

Re

calc

col

max
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Definition
Activity coefficient
Viscosity of mobile phase
Density of mobile phase

Modified time, equals t/y

‘Solute feed éhargé

Dimensionless groups

,Column-flow parsmeter

Modified -time parameter

‘Peclet number

Modified Reynolds number

Column ﬁime parameter

Subscripts and superscripts

Caleculated values

Quantity measured at column conditions of
temperature and pressure

Final conditions or point

‘Initial conditions or point

Midpoint condition
Maximum condition

Qutlet or exit condition

;_p-,Units

1bs /ft-min
lbs/ft3
minj

lb-moles



Symbol
A
B
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Definition | :_'.,~Units
“Acetone |
Benzene
Toluene

Prime symbols indicate values predicted by the
chromatographic theory, i.e, t?p, s', ete,
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