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ABSTRACT(
\ [ )

N 5

Gas chromatographic columns composed of bundles of
open, tubular columns (OTC) were| prepared and tested. For
example, -one bun%le consisted of 5 OTC, each 440 nglong, -

0.0165 cm in diameter, and coated with a film of squalane.

@wﬁm““%%

A coating process was developed to yield columns that g

gave coherent peaks. The mixing in the dead volumes of -

t

the chromatography instrument contributed to the coherénggm%w

of; the 'peaks. o T é;m&ﬁgﬁ
A derivation was giv?n of a geperal‘equatidn relatinﬁ

the second momeﬁt‘of ihe!;eak from a bundle to éﬁe second

moment of the peak from the "mean" OTC and the variances

of the length and diameter of thé“enseﬁble of tubes in Fhe
bundle. As an examéle, the coefficients of the équatioﬂW_r%
were esqiﬁated for a specific bundIe of oTC. iﬁ thié

- e#ample, it appears £hat fhe iné}éase ofE;he HETP due to

the variabilities of length and diameter is not exceséive.
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Des colonnes de chromatographie gazeuse composées de

groupes de colonneS’bapillaires ouvertes ont été fabriquées:
et &tudiées. qu exenple un groupe se compose de cing golonnes

capillaires de 440 -cm de long, 0. 0165 cm de diam2tre et
' —

revétues d'une couche mince de sgqualane.

»

Lehmode de revétement a té étudié afin que les colonnes

donnent 'des pics cohérents.

. . J
Les mélanges qui se produisent dans,les volumes morts de
] ‘ v . e T .
l'ihé%rument'de chromatographie contribuent &galement 3 1la

cdohérence des pics. i

Une équation mathématique a &té &tablie entre le second
Pl

N . / i 2
moment du pic d'un groupe de colonnes'et les variables

¢

suivants: second moment du pic moyen des colonnes, la variance

de la longeur et la variance du diam&tre de_ l'ensemble des

€

tubes. [. b
‘ Les coefficients de¢ l'équation ont &té& determinés pour' un

. &
des groupes de colqnnes.- Dans cette exemple il apparait que

=

l1'acroissement de la hauteur égquivalente a un plateau théo:lquen

due aux variations de longueur ét de’ dlamétre des tubes est

mo&é?ééi ;
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N
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" Partition coefficient
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3
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|
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This table lists only the most important and most

used symbols. Those which do not appear in the

" table are defined in the Text or Appendix, where

they are introduced.
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INTRODUCTION

a) . The use of Open Tubular Coiumns (OTC) in Gas Chroma-

tography (GC) has had an increasing accéptance since they

were introduced in 1956 by Golay(l). They heve a special

advantage over packed columns, in the analysis of complex
(2)

mixtures and separation of isomers , but have inherently

some importans liﬁCtations, one of Q&icﬁ is the very small
sample sizes fhgy ;; handle without\ an apreciable loss

in their efficiency. is, in turn, posés a limitation
upon the choice of detect , which ié usually a Flame
Ionlzatlon Detector (FID), Sg\conventlonal Thermal
C01duct1v1t$ Detectors (TCD) do not have the requlred
sensitivity to respond aéequately to such small samples.

’ Note that,- for some appllcatlons, a elatlvely la&ge

éomponent identification).
for these applications.

; One approach to overcome this problem is the use of

(3)

larger diameter OTC , as they still have highér
eff1c1enc1es in comparison to packed columns, even though
their eff1c1ency is smaller than that of OTC with smalle
dlameters. Besides, 1f FID,are used, the larger sample

‘:, capacity of these columns allows the detection of véry
(




-

small concentrasig:sl
(4)

, to air pollution stqdiesa\ as determinations of concen-

trations’ in the rangé\g<:1; \ppm are of interéSt, both‘

in a;mosﬁheric and laboratory hoﬁoqhemical investigations.
\

: . \ o
Again, OTC of small diameter have\not found much appiication

in air pollution‘stu&ies, as Epgy cannot accept the sample

izes needed for trace analysis, ‘without serious over-

s \

»

loading and loss of resolution. The use wf larger diametég;

OTC in trace analysis is not widesp;éaa, and\ this again \
’ s ) = \\ ! \ -
is due to their sample capacity, which is -naturally larger \\
\ - ‘

N
than that of OTC of smaller diameter, but sti;l no

N

\\ adequate for many cases. N

\\ A serious improvement over the use of OTC with large

diameter would be the us% of OTC of small diameter,' but
’ \
ith a large increase in the acceptable sample size. One

s - i i
. way\of incFéEEIRg\EtiEffyple size in smaller diameter . ‘
\ ' ) ' \ !
OTC is increasing the surface of retentive material .
within the column, and this is usually done by etching '

—

\
the inner column surface with a caustic solution, prior

to depositing the retentﬂwe material.(s) The original ) ’ 1

>

method was proposed by -Mohnke and Saffert, who used an

\

agueous anmonii/iplution to form a film of Sioz, and
some modifications of these methods were proposed.(é)
i |
While this may prove Tuccessful to im&rove the sample'
~

capacity of OTC, it is not the solution that we are

A

et

-~

/;/////




looking for, as we would like to increase the sample

!
capacity by some orders of magnitude, and chemical methods
N .
for treating the glass surface cannot produce such large

improvements. . ' !
The approach that was taken here was to use small
diameter (i.e., high efficiency) OTC, in parallel.

Provided this could in practice be successfully done,

any number of @TC could be used, and so the increase in
capac{:y would have the limits of reasonability,
an epéch of high technology are no longer .
yesferday's limits. With this in mind, there would be no
oss of efficieﬁcy as compared” to- single OTC of the same
diamter, the problem of saﬂp;e size Wogld be overcome, -
and this could be a powerfu} tool fo;léir pollution
studies, as well as fo; complex separations (where OTC
are usually,emplo§edf where it would be of interest to
collect the separated components. ,-

'But ‘there are more problems connected to the use of
single OTC. ﬁsually,\OTC of small diameter opeféke with
a splitting system, by means of which only a fraction of
the injected sample and of the carfier gas pass through
the columﬁ. Unless the splitter is carefullﬁ constructed,
hydrodynamic perturbations may produce fractionation of

the sample, i.e., the composition of the vépor going

through the co}umn is neithé; the same as th§t vented no

o P4 ‘ -
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the same as that entering the splitter(j). With the use
of bundles of OTC, a splitting‘system will no longer

be hecessary,'so tﬁis problem does not arise. Another
important point when using OTC of small diameter, is that
the dead volumes should be kept as low as possible, bggause

asymmetry and broadening of the peaks will develop.

| Again, the use of bundles of OTC will alloWw thedpossible

dead volumes to have a much less important role relat{ve

to one OTC (of the same diameter as.each one in the bundle). .

At this point, the reader may be interested to n?te
(1) ’

v

(the inventor of OTC) on

\

the remarks made by Golay

the use of OTC in parallel:

£31 } ..."I—wodld not feeommend -

E;@illaries (i.e., OTC) as a source of sample separation

~

for even microéhalysis. There I believe we need packed

/
/

columns oﬁll?rge diamgﬁer, because if we used capillaries,
it would be éuite a job to put capillaries together in
pafallel which would be like jeach other"...

The poteﬁtial advantages of a kind of chromatographic
column that is composed of a bundle of pgrallel OTC' led
to the formulation of the following iesearch problems:

1. To d@ke bundles of OTC. r

2. To determine the effect of the varia%ility of OTC

parameters on the performance of the bundle of OTC.

LN



-
~

£s

s

PN

3. To prepare and demonstrate a pféctically useful
bundle of OTC. ! .

This thesis is a report of research on these problems.

b) This report is agﬁanized in such a way that only the
fundamental steps are inbegrated in the main text, while
all the auxiliary research is reported in the Appendix.
The basic theory of OTC must be known to understand the
operation of OTC, and_this is the reason why it was
included in the text. The reader who is familiar with

L]
this theory may go directlito Chapter 2.

c) An ixtensive bibliographic search was done on the
subject of OTC in‘éarallel, and none was found. 1In a
personal letter written to L.S. Ettre*(a), his ' answer on
the subject was: . p
"...I don't know any literature which would}

deal with your subject..."

We think this is a pew field in GC research, worth-
while of further exploratiqn, as the potential advantages
of using OTC in parallel are certainly very large.

-]

*Dr. L.S. Ettre, presently at Perkin Elmer Corporation,

-~

Norwalk, U.S.Al., is well known by the important contri-
butions that he made to the field of OTC, and is often

cited in this report.
A 6
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d) All the eguatiorns, figures and tables referred to

as (iA), where i is a nhumber, are the Appendix equations,

figures and tables.

|

2ax’h
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CHAPTER 1

THEORY OF OPEN TUBULAR COLUMNSL

1.1 Introduction

Gas-Chromatography (GC) comprises. all chromatographic
methods in which the moviné phase is gaseous. 1In fhis
project, the stationary-phase is liquid, at the operating
temperatures, and the appropriate terﬁ is then Gas Liguid
Chromatography (GLC).

For the injection of one absorbed component and one
inert, the schematic diagram shown in Fig. 1 applies.

GLC is linear and non-ideal, as the isotherm is considered
to be linear and as longitudinal diffusion and departures
from équ;libriuy take place.

)
1.2 Bésic:Theory.

There are two excellent books that deal almost
exclusivel; with OTC, those by Ettre(Z) and Kai;er(g).
Only the parts that are directly related to this project
will be presented here. Theré/;;;/gﬁree main parts in
which this study may be;dévidéa: flow, mass transfer
and cdiumn parameters _as related to its efficiency.
Special attention is focused on each one of .these in turn,
as they are all extensively used-during this work. .A

reader familiar with the theory of OTC may follow directly

to Chapter 2.

*
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a) ’Flow in OTC

The appropriate system of coordinates to derive the

Equation of Motion and the Continuity Equation is cylindri-

cal coordinates. From the Navier-Stokes equations, the

folLFwing system results: \
! !
}i
2
P _ l._ I u ¢
3r  3"%zer ' , (li
2 ) 2 - A
3P -pudu 4 37u 3u 3 u
_— = — t p—= + u/r—' + u (2)
3z z 3 az2 s ari
Ay
The Continuity Equatian is:
pau-, udp _
2z 3z 0 = (3)

/

Due to the fact that the gas is compressible, a step

approach to a solution is taken(7). For the mean cross-

section velocity,- the solution is the well known Hagen-

Poiseuille equation: N\
) / g = FiPo ri (4)
N " 8uL

D

/

v

Assuming u to be a function of the length aléng the colgLn

(i.e.; oF z),"we get:

/

A AN A MM SIS ke n o -
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If F is the flow rate at the cross-section at the distance

z from the entrance, then:

2 2
P, P ) - (Fr_/F) '
2/L o= ("i"o 5 o) » » (6)
(Pi/PO) -

I

This solution gives a pressure gradient that increases
along the column length, conf%rmind that expansion is
taking place. Another way of correcting to Hagen-

Poiseuille flow is based on the conversion of kinetic

energy, which gives:

%

- -2 S
_ - 8uul m(pu’) ,
PiPe T2 Y 2 (7)
C
(10)

where m is an adjustable parameter, probably 2.2.

The first approach is used in most, GC literature,
and will be the one ‘followed here.

For the.cases wherJ the flow is measured at the out-

A
let of the column {(i.e., Fo), corrections must be applied

o T e .

to obtain the mean volumetric flow rate (F). Tgo correct-

ions are usually made, the first "accounting for the partial
- . { ) ’
pressure_of water when using a bubble flowmeter, and the \

PIEPRE A ORI P

second accounting for the expansion within the column,

4




Y

Pt \

No temperature corrections have to be madﬁ if the column

operates—4t ambient temperature, but in general, these

|

corrections yield:

@l-ﬁz)

, a Pa

. (8)

HIH
Q

1
where P is the partial pressure of water at ambient

temperature T,, and Py is the ambient pressure. For the

mean volumetric flow rate, we have:

E=\F (9)

cJ

.
i
H

i1
where j is the pressure gradienﬁ correction factor, given

by:

. =3 (Fi/%0) %
J 2

(10
3
(Pi/Po) -1

From (9), it follows that: u = uoj ‘

1
s

One way of tésﬁing the uniformitw in the diameter from
/
! . . - /.

tube to tube, in a bundle of OTC, is by applélng the same

pressure differeng}al to all the tubes and checking the

¥

flow FhroughWeach tube. TFor this case, the following
|
expression ‘was employed:(ll)

bp¢ = (u/By)Lu | (11)

- !
where B  is the permeability, of the column, defined by:

|

t

!
| /
: I

l

|
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|
N ,
\1} i . Bo =T ‘ (12)
"f 8
‘K
\\{ and ¢ is{given by:
2 .
o = (Fi/%o +2( [o)‘*‘l
- (13)
’ 2 4 +
. (P i/P ) (P, /P ) 1
Fdr the cases where the flow rate is not actual}y
measured, but calculated from the retention time of an
inert,| the following expressions hold:
u=L (14)
| tm
and .
-_ 2 .
F=7r_u (15)
, As polnted out by Ettre, (11) the error involved is
very small, using ihe second method as cdmpared to the
. actual measurement of Fo and afterwards correcting to
get F.
- b) Mass Transfer in OTC
The first order conservation equation for GC (DeVault
v .
- Equation) is: (N
- - '9C 4 Aac:+ Dag =
( ‘ .., oz av v 0 ~(16)

® there :
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!

c - concentration of solute (vapor) in gas-phase
(gmole/cm)

g - concentration of solute in liquid-phase (gmole/qg)

D - mass of ;;ationafy—phase bér unit length (g/cm)

A - volume of gas-phase per unit length (cm3/cm)

V - retention volume (cm3)
For a linear isotherm and a linear 1mpﬁlse\\nput the

!
solution is:

V = z (A+DB') / (17)
where B'=q/c is the partition coefficient, related to B by:

i

B =8'p (18)

Putting z=L, we have v=v° (corrected retention volume),

R

LA=V° (gas hold—up),,DL=Ws (weight of stationary phase).

M
Thus:

= vﬁ + B'W , ' (19)

The capacity ratio is defined as the mass of solute

in the stationary phase divided by the mass of solute in

+

the gas phase. As: . .

o
Yy =V |
. _g- \ (20)
. vV '
. 8, \
it follows that: ¢ ‘
; 6 |
vyK=g . . - (21)

which is an important relation when comparing geometrically

—

:
5
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different columns that operate with the same phases and
same solute. The corrected retention volume is related to

tpe retention time by:

Ve = t_F g \ (22)

From here, we have:

t. = tm(1+K) (23)

This relation between the retention times of the absorbed
component and the inert will be extensively employed.

Qhe shape of the GC peaks is affected by many factors,
but the simplified Gaussian shape may be derivé& from mass
transfer considerations. Fick's first law of diffusion
states that the quantity of matefial diffusing Aer unit
time and unit area in the difectioﬁ of diffusion, is

. (18)

proportional to the concentration gradient, i.e.:

\V°

(24) " °

QJIQJ
(a2 b1
[

1
QJTOJ
(ad {9}

where N is in (mole/area) and c¢ is in (mole/volume).
D is the diffusion coefficient.
Fick's second law, which is a conservation law, is:

©

2
] 3
3¢ - piTe . (25)

0z

A particular solution to this equation is:
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~at half height.
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2
c = M exp (22 / ‘ (26)>

t ADt

where M is a cobstant. _Considering m* to be the total

mass of material diffusipg, we have:
-

1

‘M = BC ’ (27),
2Y=D \ \
and so:‘ \
—22 \\
c = exp (ZBE) - (28)

2{rDt
which is the equation for a Gaussian curve, with:

w, = 2.35s \ (29)
where s is the standard deviation and wp is the peak width

\

J

c) Column Efficiency and Related Parameters. .

1

The number of theoretical plates (n)- is the

usual parameter that/expresseé the efficiency of one

~u

column, and is given by:

tr 2
n = 5.54 (=) (30)
H wh

\

. ;
This expression is only valid for K large, i.e., for
[S5]

vt For the early peaks, the modified expression %s:

i
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L - K r, 2
5.54 (R:I) (WH) |

o]
-

(31)

]

The Height Equivalent to One Theoretical P&ate is, by

definition:

%

.

HETP = (32)

L
n

\ ; \

Golay(l) developed an expression f6£ the HETP, considering

the indepéndent effects of longitudinal diffusion in the
gas—-phase, and #f non-instantaneous equilibrium in both

phases., It is as follows:

- 2 _ 2 _
HETP = 2Py  1+6k+11k® Yo T, _K° e 1
oLt 5 5 7
g U (14002 Dg 6(1+K)? 82D
(33).

!

where Dg and D, are the diffusivities in the gas-phase énd

stationary phase, respectively, and the other variables

have the previous meaning. Tbis expression neglects the
(12)

resistance at the interface between phases, which is

usually negligible. Briefly, Equation (33) is usually

S

writen as: ) ,

HETP = B + (C_+C,)u / (34)
3 g %

where Cg and C,' are the résistances to mass transfer in
: 5 ' ~
both phases, and B is the term that accounts for the

longitudinal diffusion in the gas phase.

W

\

—

\
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a

which will provide the maximum number of theoregtical

/
plates, for a fixed column length. This is given by:
e .

¢

- } ’
HETP 5, = 2 ‘:B(Cg+c zﬂ ‘(35,)
/

In practice, n___ is never achieved. For a-long OTC

the value of the optimum linear gas velocity, for which

HETP has the minimum value, is very small to be well

controlled and to give reasonable analysis times. For

a short column, this value‘is‘too giqh,‘and implies large
NN

pressure differentials along. the ééiumng, with the

assoc?afed problems of leak-proof ;ressuge connections.

Usually,; long columns are used, and so work is done

above the optimum value for u, at a velocity close to the

optimum practical gas velocity {OPGV), for which the

longitudinal diffusion tefm‘in the gas-phase, i.e., the

term B on Golay Hquation, becomes very small in comparison

|
with ¢ and C,. In this case:
g. 2 r

. . .- i s
> HETP = (cg+c;g‘)‘n’x/ " (36)

i

Tﬂere are three parameters of special importance when
| .
dealing with the efficiency of OTC. ﬂhese are the column

diameter, the Film thickness and the sample size.

~s :

is of interest to have the minimum value-for HETP,

ot kst
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|
|
~
.1 Influence of the Column™ Diameter on the Perfor-

Y

mance of OTC
|

AN
C

Wh%n working at OPGV, HETP is proportional tofri, and
A ]

so columns of the smaller diameter should be preferred.

For the/cases where the resistance in the liquid-phase

may be heglected, i.e., C,=0, then HEPTmi; is proportional -

to re and again colimns of the smaller diameter are

preferred. The practical limits of reducing the diameter

éf OTC .seems to be connected to two problems. The first is
the peymeability of the column (Equation. l1l2), which decreases

with the square of the diameter. Pressure differentials

would then have to be too high to overcome the resistance

”~ '
in a very small diameter column. The second reason, and

probably the limiting reason when using single OTC, .is ti;

dgérease in the surface area of reteptive material with

a decrease in the diameter, and thus a decrease in the

s;mple size. Both these problems may be overcome by using

a bundle of OTC, as the flow resistance may be compared

to an electrical resistance in parallel, &and as the

increase in the number of JTC may well surpass the effect -

of the decrease in the film thickness in the individuai

columns. ‘ j

\

-

C.2 Influence of the Film Thickness (d;) on the
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’ ° !

If 'we assume the retentive material to form a uniform

» 3 / - 1]
film, deposited over all the column length, with a.constant

tﬁickness df, it follows that:

laj

Yy = _C (37)
'[v de ' o
For a given system of solute, stationary and gas- ]
|
phases, and at a certain column éemperature, B is constant.
So, for a given column (i.e., T, fixed), a decrease in de
will decrease K, and this in turn will decrease the b
resistance to mass transfer in the ligquid phase, with a
consequent reduction .in the analysis time. Because of
the reduction of sample size with a' reduction in dg,
usually a range of dg-is used, between 0.v6—l.5 v, while d¢

(2)

greater than 2.5 yu are unstable. Again, we see that ”

using a bundle of OTC would be advantageous, as a-very
> "

thin filmicould be formed, with its inherent advantages,

and the number of OTC woyld be the variable to b'e;controlled

in order to solve the sample size prof)lem. ' - '

e

f

-

. The coating technigue has a definite influence on the
film thicl;ness. At present, there are two coating
tecﬁniéues available, the static methqd and the dynamic
methoé; In the first, the column is filled with the

solution ofjéhe {ﬁtationai‘y phase, usually in .an organic

solvent, and then it is slowly fed into an oven, at a

N

)
4
:

4
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|

constant rate, for controlled evaporation of the solvent.
This method was first introduced by Golay, and has the

remarkable advantage of perm%tting an easy determination of
A
knowing the concentration of coating

|

the mean value of df,

solution and the dimensions of the column, by using:

v lOO—cs
y= 2 =——= (38)

} s s

where Cg is the volumetric percent concentration of coating
With

solution. With the use of Equati (37), we get 4

£
this method, df increases (with increasing diameter (the

nt) , and in practical columns

(1)

other variables being cons
the concentrations used are less than 2 per cent.
In the dynamic coating method, the column is filled
with solution, normally one order of magnituc};e more concen-
trated Ehan in the static method, and then the bulk of
the solution is displaced by forcing an inert gas through
the column at a constant speed. In order to overcome
expa:;siﬁn effects the flow rate of the gas must bg varied.
In contrast with the static method, df increases with a
decrease in dc' keeping the concentration of coating

(2) The deter-

solution and the linear velocities constant.
mination of df is no longer simple. It requires weighing
the column prior to -coating and after ,coatir;g, dete}mining
the amount of coating in the column, or ;collecting ’

the leftowver liquid-phase ‘solution and comparing this




volume with the initial volume, the difference being the
volume of coating solution inside the column (assuming no
solvent evaporation). These methods are not very rigorous
(specially’ the first one), due to the difference in
magnitude of the compared terms. A better way would be ™\
to use two methods, for cross-checking.

A variation of the dynamic method is referred to as

(13) and some empirical equations

o

the coating plug method,

“exist for the necessary volume of coating solution. This

7

method was not used, due to the éxtremely small volumes

of solution that would have to be used.

[

C.3 Influence of the Sample Capacity on the Cé)lmn'n

Performance

¢

Overloading of OTC, i.e., injection of samples larger
than a certain threshold value, will decrease the efficiency

of the columns, and the peaks will become broader and

(2,9)

asymmetric. There are three ways of considering

this threshold value. One is the concept of maximum
(14)

permissible sample size, as the maximum amount that
can be injected into a column without more than 10% loss

of efficiency: | . (

1

e e VE (39)
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(j} ' method waS'fhe one used.
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1;*§_== . : v

where Vk is the volume of vaporized saJple exclusive of
carrier gas, Voff is the effective volume of one theoretical
plate, and ap is aﬂpafameter. Actually, as discussed by

L Ettre,(3) a, cannot be®assigned a fixed value, in agreement

(15)

, \With the conclusions of Klinkenberg. The limiting value

@ o
of a is calculated, when not available, for the maximum

number of theoretical plates, &and

. \Y \Y v
. v =9 4 555 = 53 (k+1). (40)

»

So, V. may be calculated by:

k
2 |

€ (k+l) (41)
' A

Vk ='ak nLx

\

Another 'way is to think that the amount of material that
can be injected is limited by the volume of one théorgtical

plate, i.e., to‘veff.

The third way is to calculate the ﬁass of sample by:(g)

|

(K+1)1o‘6

3

c (42)

B* = 0.05 Md

where d_, is in mm and M is the solﬁie molecular weight

and B* is in grams. From this, knowing the operating

conditions of temperature and'pressﬁre, the volume of
Aa;vapor may be calculated. Aé»ak cannot be assigned a

constant Value; even for each particular system, the last
\ s
t
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Overloading of the column:results in non-linearity

in;the peak height, while overloading of the detector
/ -
results in non-linearity of the peak area. It is most
P2 .
advisable to work in the linear regions of both column and

Y e o

detecto%, as asymmetry and broadening will develop as a
[

& A ‘ .

¥ ¢« consequernice of overlcading.

; ' |
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?‘ ~
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CHAPTER 2

DESCRIPTION OF EXPERIMENTAL APPARATUS (AND ITS MODIFICATION
2.1 Introduction

Fig. 2 shows the most basic parts of any GC system.

1

1
1

Sometimes, a collector is used after the detector,
but in the case of OTC (at least of small diameter),
this is not done, due to their small sample capacity.

ll

2.2 Modification of the GC System \
Originally, the unit was provided with a TCD,
coupled to a bridge circuit and amplifier. Because of

the small sample capacity of OTC, a more sensitive
detector was needed, and the TCD-  was substituted by a

FFID. This FID was a dual flame type, and required a source
of compressed air and'é source of compressed hydrogen.

V The recorder had a maximum chart speed of 4 inch ﬁer
’minute.‘ The lnje;€30ns were done by standard Hamilton
syringes, gas—tight, prov1ded w1tﬁ a Chaney Adapter (in

( order to dellver pre—determ1ned~quant1txes of the gaseous

+  sample, with little error). Various bubble-flowmeters
were, used, thelr cross section depending on the maqﬁltude
of the flows to be measured. In/add;tlon to the flow

control valves (FCV) of the base oven modulé, two other

o -
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o

FCV were used, in order to provide the right flows of
carrier gas reaching the detectér. This particular FID
works with a minimum flow rate of carrier gaé of about

40 ml/min, which is impossible to achieve with small
diameter OTC, at reasonable inlet pressures, and so, a
make-up line had Eo be added to the system. This detector
is of the dual flame type, which implies thagia comparative
column is necessary. Instead of using a second column and
working with the FCV provided on the base oven module, a
direct connectién of the carrier gas cylinder to the FID
was employed, with one of the other FCV. This arrangement
proved simpler |than a parallel column, as OTC are very
fragile, and it %s safer to use them as the lower column
(position in the oven), so they caA rest on the bottom of
the oven, avoiding unnecessary tensions. If a parallel
column had been used, it would have had to be removed
every time that the experimental column was removed. This
would have been troublesome and would have riskea the \

breakage of the experimental’ column.

E “ : Due to the‘presence of the make-up line, when it was *

connected to the ceolumn exit, measurements of flow rates
thFough the column had to be made using the retention

times for the inert component. As mentioned before, the

%

A .

St mes moia o
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error involved is very small. When the make-up line was

not connected, the bubble flowmeters could be used. Fig. 3

. 1s a schematic flow diagram, and Fig. 4 shows the general

setup used.
a) Prineipie of the Dual Flame Ionization Detector
The flames in a FID, produced by the combustion of
H, in air, contain an appreciable"concentration of,free
electrons, resulting from ionization, and this‘gives tHem
an electrical conductivity, which for the case of HZ
flames is very small. But when organic wvapors are present,
this coq&uctivity increases, and this increase is a signal
to the electrometer, which converts it into an appropriate

signal to the recordes. (16/17)  qpe mechanism of ion

a, (M

formation is not very well understoo as the temperature

of the flame is not sufficient to produce the observed '
number of ions by equilibrium processes. An explanation
based upon ionization from heated particles (e.g., of

(18) (19)  mhe most probable
(20,21,22)

carbon), isi not adequaté.

explanations are of two types.

(
reactions may take place, and pairs of %pecies react
A S

Chemi-ionization

together in the flame, one (at least) of\the reaction
products beﬁng an ion. These ions are unstable, and
degrade their excess erniergy by collisions. If this

dégradation is sufficiently slow, their concentration
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FIGURE -3

1

Flow Diagram (Schematic)
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FIGURE 4
Gas Chromatography System . -

L

1. Oven Base Module

2. /Flame Ionization Detector

3. Oven Temperature Programer~Controllér
4. Electrometer

5. Chart Recorder a

FIGURE 5
Flame Ionization Detector

1. Flow Control valves for H,

2. Flow Control Valves for Air
3. Connections to Electrometer
4. On-Off valves for Hé
5. QFlame StaéLs .

6. Hydrogen Line

.7. Air Line

8. Oven Cabinet
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in the flame will be high. » Another possibility is that
|

electfoné c;eated by some primary process, possessing

energy well above their equilibrium values, cause further
ionizatiop upon colliding with neutral mcolecules. In the
FID used in this project: the conductivity of the flames

. ' 1 .
is measured between one electrode and the metal jets.

These detectors are mass-flow sensitive, and the responses

‘-are measured in terms of the current given for a certain

< o
r ‘T‘

mass:fiqg\pf vapor, e.g., coulombs per gram. Thgy are™ %f

. . AN Lo
linear oveg\E\w;ge range of mass-flow rates, and a d&mmon

rang@ is from about 10-l4g/s to 10_7g/s (of organic materia;),

)
bththe linearity over such a large range must be suspect.

Fig. 5 shows the FID used in this project.

. j i
b) )Importance of the Dead Volumes ¢

©

When using® OTC, the connectidns of the column to both

/
injection port and detector- must be kept as small as

possible, in order to avoid spreading and asymmetry of

(2,9)

the peaks. This is well illustrated by comparing.

the peaks given in Figs. 6-8-10, all obtained with Eﬁe
same chart speed of 1"/min, and with the same amount of
gaseous solute, in this case propylene. The column was

not ?oated, and so these peaks are representative of the

air peaks. The length of the column was = 700 cm and the

Mk e Nl ;s 2P s aw
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inside diameter was 0.22 mm. The pressyre differential acros#
! :

the column was 40 psi and.the flow through the column was 9

ml/ain, measured at the outlet. The operating temperature

was 293°K and approximately lul propylene was injected in

each case. Figure 6 shows the original peak, i.e., the

r

peak obtained wi original connections. The width at
half height is = 30 s.

The connection from column to detector was modified,
and Fig. 7 shows a diagram of the new connection. Figure 8
shows the peak obtained, which is very similar to the
previous one, again‘with Wy = 30 s, but the tailing was
reduced. »

The next step was the modification of the injection
port. An .examination of the injection port showed that a
large dead vglume existed, creating the possibility of
slow mixgng between the gaseous solute and the carrier ’ .
gas, prior to entering the column. Figure 9 sh&ws the
adaptéd design for thg_injectiqn port, and Figure 10 fhows

a typical peak obtained with this new system.

- The basic difference between the two designs is tﬂe

- relative position of the carrier gas and the solute. 1In

1

the original design, the carrier gas enters upstream of
the solute (an extremely large needle should Le necessary
in order to avoid this), while in the new design it enters

downstream (with conventional needles). éesides, the dead

A

“ ?
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FIGURE 6

Detector Response for Propylene, Using

4

Single Uncoated OTC
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FIGURE 7
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FIGURE 8

Detector Response for Propylene, Using

Single Uncoated OTC
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volﬁme was also reduced substantially. The new injection
port produced a peak whicp is 85% narrower than the first
ones, but it still had considerable tailing. The total
dead volume present in a GC system is the sum of the various
volume contributions from the system. The modifications
explained above contributed to the reductien in the dead
volumes of the connectié;s of the column to the dgtéctor
and te the injection port and, to some extent, tog the
reduction of the injection port dead volume. But the
remainin$ dead volume of the injection port and the
detector dead volume, which is inﬁerent to its construction,
may well be a significant part of the total dead volume.
This hyjothesis is iﬁvestigated later in'this chapter.
Another factor which may contribute to the spreading is
the overload of the column, and this sample size effect
is discussed below.

Figure 13 .is a photobraﬁh of the connection of the
column to the detector, showing the line for the ﬁake-up !
gas and Figure l4iis a photograph of the modified injection

port.

| ﬂ
c)\'fmporpanCe of the Sample Size >
A 1 ul injection of propylene was the smallest
direct injection that could be made. In order to inject

a smaller amount through the column, a splitting syétem

]



\ C

\1

was designed, and its diagram is shown on Fig. 11.

ﬁue to the large difference in diameters between the
Nylon tubing and the needle connected to the column, and
due to the presence of the needle valve, any practical
splittiﬂg ratio is achieved. Although this splitter is
not a warranty against fractionation of the sample, it
was sufficient for the purposes of this project, and
produced a typical peak shown in Fig. 12, for an injection
of pro?ylene of 10 pul and splitting ratio of 1:190, and
the same chart speed as before, i.e., lf/min.

)
This peak represents an improvement of about 92% over -

the first two peaks (Fig. 6-8) and of about 56% over the

peak shown in Fig. 10. It can be seen that the tailing was

also dramatically reduced. Based on the ratio of'flows

through the cglumn and through the vent, the splitting

ratio was 1:190, which means that ~ 0.05}%1 of propylene

went through the column. Using Equa%don$;2, B* = 2.24 x 10—8g, .
Tc and mean pressure of the column (§= 2.36 atm). This

v

means that an injection ten times less would not overload
\ ‘ -
the column, and would probably prodﬁce~a narrowver peak

N 1
with less tailing, but that would have reguired working \
at the high sensitivity region of the FID, with all the

stability and background noise problemsiassociated with it.
. \ 1)

o

Through ﬁ@g. 6-8-10-12, we can see the importance of both

dead volumes and sample size on the obtaining of narrow . -




AN g T

37

peaks with single OTC, specially of small diameter (2).
Although the total dead volume is the sum of the

dead volume contributions from the different components of

. the GC system, the same is not true for the total

broadening. The broadening is usually expressed in

terms of standard deviations, and the\standard deviation
produced by several independent factors will be less than
the sum of the standard deviation produced b¥=each factor.
So, the factor that gives the largest individual broadening
is the most important one. Fo* the column tested, the mean

velocity (as correc%ed for pressure drop) is 158 cm/s. As

the column has no coating:

/

/

o
)

1Q
H

; where sL is the

ol

I

+
S (oI
Ol =1

=1

g
standard deviation in distance units. The diffusivity of

CH, in helium at room temperatures may be estimated

4
from pilliland Equation, to be ~0.6 cmz/s. So, si is
L

of order 107%@cﬁ. But -for the peak shown in Fig. 12,
assuming "it is Gaussian, s, is of order 10 cm, which

giveS‘si’ of order 1. From these results, we conclude

——en— N

L

‘that the end effeéfs have a great importance, adding the

main contribution to peak spreading. So, no reliable”

data may Bé.ta%en on peak spreading due to columns
(.

1
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FIGURE 11

Splitting System

‘ - . FIGURE 12

Detector Response for Propylgene, Using

‘ Single Uncoated OTC
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using this GC system, be it from coated or uncoated

éolumns (the end effects on peak broadening from coated

columns are dﬁscussed in Chapter 4), ghd no values of

g

HETP or n may then be calculated from the experimentally

otbserved values of Wy -
s
LS v

~
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Partial View of Column-Detector Connections
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FIGURE 13
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{ CHAPTER 3

EXPERIMENTAL TECHNIQUES

P

3.1 Preparation of the Column

a. Drawing - The method used was introduced by
(23)

N\

Desty and Kreyenbuhl(24), almost simultaneously. The

»
material used st Pyrex tubing, d =6,9 mm and di

nto=

3.0 mm and, in principle, any diameter smaller than this

ext.

N one could be obtained, just by adjusﬁing the relative

speeds of the two drawing mJtors. These motors, as well

as the controllers and the furnaces are shown in Fig. 15.~

A 3 B Sy VRt YRR,

W&! Two parameters are of interest when drawing OTC: the

length and specially the inside diameter of the capillary.

) The length may be easily ~controlled by drawing into a -

“»Zyarger length than what is needed, and then breaking the
Y )
‘capillary to the appropriaté length. But the diameter

COTRTRACMN Ty

must be obtained at the drawing system, and a close control

of the diameter is necessary, for it will affect the

~

thickness of the retentive film in the column and the

(9)

flow rate through the colen. As pointed out by Kaiser,
if a pinch occurs in an oTC, it will be as if the diameter
of tﬁe column were reduced to the diameter of the pinch;
1 A i.e., the flow rate will be controlled in large ampunt '

by the diameter of the pinc?. ‘In order to establish the

N ; g




FIGURE 15
System for OTC Prepération ”

1. Capillary

2. Pyrex Tubing mné" 0.D.
3. JDrawing Furnace |
4. Drawing Pre-Furnace
5. Coiling Furnace

6. éoiling Motor

7. Upper Drawing Moter
8. Lower Drawing Motor T
9. Controller for Lower Drawing Motor
10. Poten&iometer for Drawing—Furnace
11. Controller for Upper Drawing Motor

12. Potentiometer for Pre-Furnace

13. Potentiometer for Coiling Furnace
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S

confidence limits of the‘drawing procedure, an experiment
on the Etability of the motors was conducted, followed by
an experiment on the uniformity of the diameter,

Comparing Figure 16 with Figure 17, we see that the
speed of the upper drawing motor is more,uni%q;m than that
of the lower motor. This is probably due to the dif-
ference in the speeds of the motors. Some slip may have
occurred between the regvolution counter and the shaft at
the higher speed of the lower motor.

To test the uniformity of the diameter, a éoil of
capillary tuBing several meters long was drawn. The
initial part, for which the drawing conditions were not
at steady state, was discarded. The remainder of the coil
of tubing was cut into Sections 10 cm in length and the
diameters of the ends of each section were meagured by
means of a microscope. Figgré 18 shows that diameters of

the order of 120 u may be controlled to within #£2 per cent.

b) Cleaning of the Column Tubing -

N

Cleaning is necessary prior to coating. Usually, Y
various organic solvents are used, e.g., methylene chloride,

chloroforni, acetone; methanol, hexane, diethyl ether.

(25)

Hollis recommends the following order of solvents:

\

pentane, methylene chloride, acetone, diethyl ether, and the

'S

/

s
, .
\ - ///
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FIGURE 16

A T LD 1 nS ANETT IS 1 e m»h‘f'?‘?ﬂ"""f"";“’“”:g‘t%'ﬁ s

|

Uniformity of Operation (Upper Drawing Motor)
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FIGURE 17

Uniforimity of Operation (Lower Drawing Motor)
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FIGURE 18

Uniformity of OTC Diameter (Uncoated)

45

Ak st i ke 4 a4



e gl A

8LO1d

-ﬁonw mw.m "00N 1|+©w—. |—bhr — 08 —t or -
o oo o T T
00 o) o 0o o o o o .T. .

0 \ o) OO 0O O o R74

o o) 0o O T
~%
Yout)
_..Qﬁmum_tm_v

t 1 t 1 d t— 1\\




46

solvéPt of the stationary phase. This was the method
originally used in this project, but it is very time N
consuming, and so a simpler method was tried, using acetone,
diethyl ether and the solvent of the stati?nary—phase.

The cleaning is important for two reasons: first, because
it is necessary to remove partiéles that are inside the
capillary and may cause its clogging and secondly, because

this cleaning changes the wettability of the glass. As

(26),the interfacial

discussed by NeFasov4 and Tesa¥{k,
tensions of glass, stationary liquid and solvent affect
the mode in which the film of the stationary phase is
deposited on the columns. Téble 1 shows the critical
surface tensioné of Pyrex glass subjected to different
treatments.

If a homogeneous coating of the glass capillary surface
is to be obtained, then the surface tension of the coating
solution should bé lower than the critical surface tension

N

of the gtass. The surface tension of squalane is 29.5 l,
dyne/cm, 25) and as only'theléolution phases whose,surface
/;ensions are lower tham\the critical surface tension of
glass can form an unifqrm film on the capillary wall{
cleaning the tubes with organic solvents, e.g., acetone

may not be sufficient. As’ap approximation, the surface k

{
Y = ¥;X +y2'(l-x) =Y, +(yl-y2)x (43)

tension of a mixture may be calculated by:
W

s



TABLE 1

\ Critical Surface Tension of Pyrex Glass

47



TABLE 1*

>

Waéhed with acetone
Cleaned with chromic sto4
Etched with NaOH

Carbonized (according to Grob)

28.0+.5 (dyLe/cm)
44.01.0

32-34

41

*From Nefasova and Tesafik(ZS)
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where y is thé‘%urface tension of the mixture, yi and Y,

are the surface sensions of components’l and 2, i.e., of
the statidhary-phase Pndoits solvent, and x is the mass
proportion of componeng 1l in component 2.

For example, a common concentration of a s®lution

for the dynamic coating method is a 10 per cent by mass.

. , Sy \ B
For this solution, we have: !

A :
5{2’ = 23%.3 dyne/ﬁ’é, i
y, = 29.95 dyne/im g
" x = 0.10 “

So, y= 23.97 dyne/cm. <
Comearing this value with tqose givenr®in Table 1, .

we find that cleaning the glasg tubing with acetone is
. h . ‘
sufficient when the cogating solution i% 10 per ceént

squalane in' acetone. The limiting concentration is seen

to be around 70 per cent, using the additive %fpression i

’ Q
(Equation 43) . Actually, for concentrations as low as

r

| .
20 per cent of squalane .in acetone, uneven coatings were

" observed. Accumulations of squalane were distributed through

-

the columns. These aécumulations were 1arge‘pnough to be

_Seen without a microscope, but not”large enough to fill- the

column at any point. No accumulations were observed‘when

t concentration of squalane was decreased to 15 per -cent.

Hdwever, the absence of accumulations of squalane does not '

kil

A .
y ~ .
‘
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necessarily mean that a coation was uniform on a microscopic

7
e e

-

gcai‘[e.

-

The method of etching the glass with NaOH was also

tried, but it is lengthy and cumbersome, and the simpler

‘method of cleaning the tubes with organic solvents was’

+

' caplllary ¢olumns.

used in this project.

c) ’Elimination of Secondary Adsorption Effects
(Conditioning) o

The poor wettability of glass surfaces with organic

1}qu1ds has been recpgnlzed for many years as a key problem

»ln the preparatlon\of highly eﬁf1c1ent aAd stable glass

4

Some exceptions are liquid-parafins,

(27)
, i
e.g., squalane (2,6,10,15,19,23-hexamethyltetracosane),

\
which spread on the high-energy glass surface, but\Lven in

this case, the active-sites of the glass may produce'hon-

uniformities, and thlS is usually overcome by u51ng
chlorosilanes or other compounds that will block the Lctlve-
sites of the glass. A quaternary ammonium compound was

used (trﬂoctadeéylmethylamanimn bromide) as diséussed byf
(28)

Metcalfe and\Martln. This considerably improves the

performance o1 C, for many substances, Lcludlng

s

hydrocarbons. This compound is available under the name .
?

of Gas-Quat L, from Lachat Chemical Company Laboratbries.

In the gase of glass OTC, Metcalfe and” Martin suggest the
AR ‘\ Ay rl .

T
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precoating of the column with the quaternary solution, prior
to coating with the stationary-phase. As acetone does not
easily dissolve this quaternary compound, a solution of it
in methylene chloride was nses, prior to coating the column

with the solution of squalane in acetone.

d) Coating of OTF

As already mentioned, squalane was thq stationary

phase used. This is a conventional GC phase, widely
available and used for many purpggés. The solute was a

gaseous hydrocarﬁbn (n-heptane), so this stationary pimse

is appropriate. Both of the two coating techniques )
J ) <
discussed were used.(/For single OTC only the\static methodﬁ

1)
was used, because it provides an easy determination of the
fllm thlckness, assumlng that a uniform film 'is formed,

and because the necessary equipnent was aJallable. The

\ principal part of this equipment is the oven, which is

shown on Fig. 19. It is imporfant that air bubbles are .
not trapped inside éhe tubing,as flash vaporization will

N

occur, destroylng the fllm. These bnbbles were avoided

by sxmply plugging the tube end w1th epoxy resin, after the
coatlng solvtlon was_in tHe column, and while some drops

of the coatlng solution were still coming out from the tube.
The column was then fed into the &ven shown in Figure 19.

The 1mportant variables to be controlled were the\even
N
Loy

\ o -
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%

temperature, the~s§eed of feedinq'and the concent?ation of
the coatihg solution. For thé solvent acetone (normal
boiling point of 56.5°C) a temperature of 7’o°c and low
speeds were used. |

TAe static metﬁod was not satisfacto;y for bundles
of OTC-(See Chapter 3 oé the Appendix). The pinch roller
could not be used with]the'bundles of OTC, because it .

would break one or more of the tubes. For this reason,

s g

. bundles were fed into thé oven by hand. The resulting non-

uniform speed of feeding was probably one of the realsons

that the static coating ﬁechnique;produced poor results

with bundles. ’

coating method is simpler and quicke

|

than the static method, as it involves only one motor

The dyﬁamic
S

connected to a syringé,?%hich in turn ié cqnnected to
columnnki*somé appropriate tubing. The variabies to b
controllgﬁ are the lipear Qelocity'of coating solution
its c0nce2tration. D?e to the unsatisfactory results

vE
obtained with the static method this was the method use

‘ for hyndies‘of OTC. Figure 20 shows the schematic éeque'pe
\‘ ‘\\v

> \ . ] ] ) N — -
®f steps involved in the preparation of single OTC as\ye
ip the preparation oﬁ bundles of OLC, using in this las%\

case the dynamic method. "In‘both methods, the coating

|

'
|

\
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Coating Oven (Static Coating)

1. Oven | NIRRT

2. Feeding Motor ' Tt el
3. Thermometer

4. Pinch Roller
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. RIGURE 20 (

Step by Step Single OTC or Bundle

Preparation (Schematic)
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[ .

work, as they need to be furthef\conditioned to evaéorate
the remaining of the solvent and any- other low-boil#ng '
substances that may be present. Thts was done by lgaving
them overnight in the GC oven, with 'a slow flow of [carrier
gas, at 126°c. The maximum operating temperature ecomﬂended

(29)

for squalane is PSOOC, as the vapor pressure of

sqgélane will become appreciable and the stationary phase

- - |
will blow off rapidly at higher temperatures. The final
cgnditioning process was monitored by the baseline stability.

When the baseline was stable, the ¢olumn was ready foﬁ

operation.

3.2 Connectiohs

a; Connection of Single OTC to GC apparaéus

Single tubes were connected by means of Nylon tubing
between the extremities of the colﬁmn and the injection
line and detector line.-p Epoxy resin was used to hold the
connections together, and Fig: 21 is a schematic diagram
of the COnneAtioné. ' w

L) Combination of Single Tubestto Form a Bundle

In the preparation of bundles' of OTC, care must be
taken in order to £ill the spaces between the tube with an

appropriate material, e.g., epoxy resin. Otherwise leaks

will occur. After'this is done (Fig. 22), the\connections
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T: of the bundle to the GC Lystem were made by means of
connéctions similar to those in Fig. 21.

When more than v 5 columns are used in a bundle, it
becomes difficult to put them in parallel, and so éartial
bundles were made; and afterwards assembled into the
final bundle. With this approach of the partial bundles,

many long columns may be put in parallel, without the

danger of breaking them.

\

PO




FIGURE 21
L3
Connection of OTC to Injection Port
or to FID (Detailed)
1 |
\
B FIGURE 22
. ) |
\ Bundle Connegtion to Singleé Line
/ «
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CHAPTER 4 -\

\

EXPERIMENTAL RESULTS IN COATED COLUMNS

4.1 Introduction
kWith coated OTa, for an approximate determination of
- the inert retention tin}e, CH4 was used. Methane ~
actually is slightly absorbed, and at the temperatures
useq, i.e., ambient temperature, the partitiqp-coefficient
of_méthane may introduce a definite error. But the columns
uséd'were not long OTC, and so one assumption is thag CH4

'\ is representative of an ineﬂF component. Three different’

methods for calculating the actual t, are given in the

§

App;ndix of Ref. (2). Propylene was apaﬁdoned in favor of

n-heptane,'to represent an absorbe&'component, and thiﬁ‘

is because of Fhe ve?& small B vaiqe (partition coe?ficient)
\ of propylene. As discussed by Lit%lewooé,(7) the partition

coefficients (8) of the C; to C, hydrocarbons are very small,
I - i

so that a very long OTC would be\neededhto separate
s propylene fram methane. Usually, OTC coated with a solid
support are qud for light hydrocarbon analysis§. The syste

for sample preparation is shown in Fig. 23 together with a

.
i

TR S AT RO
#

section of the splitting system. No attempts were made
to use the OTC at the optimum flow-rate, as this project '

] is not concerned in achieving the best performance from

/N
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the OTC, but the operational variables for each column are

. . ) . ? . -
listed in every experlmékt. For comparative purposes, \
only the pressure differential was set constant, and this

will be seen later, in Chapter 6.

‘4.2 Cgated Single OTC

As discussed previously, whén,using single OTC, the
static coating method was used. Here, the variables to
be céntrolled are the concentration of coating solution,

- .
the temperature 0f the oven and the feeding speed of the (/f’

2 ——

OTC into the oven. After some trials the temperature of

the oven was set at 70°C for the. solvent acetone,-and low ‘ \:\

feeding speeds were used, such.that:the feeding operation

was carried overnight. The concentration of coating

|

solution was determined by the thickness; of film desired,

\ ’ :
which\was usuilly between 0.6-1.5 M. Thﬁ smaller the de (:;\\ﬁNf

(fllm‘thlckness), the smaller the contrlbutlon to the peak

e

broadenlng there will .be, but this decreases the sample size.

o

In thls method, the closure of one end of the OTC is . i

ary, while the other end enters the oven. This was
N

i . .
achiéTed by immersing one end ofﬂthe OTC into a: very small

-
- <
)

the motor that dfi&es the coating syringe was 3

|
neces
b

cug\fpll of epoxy resin, while some drops of the coating
solutfon were still coming out from €hat end of the orc, -
after

r

disconnected. Wijth this approach, no air bubbles were

=



/ 59

FIGURE 23
Sample Preparation System

1. Vent Line

2. Needle Va;ve -

3. CH,-Heptane S&stem

4. Syringes

5. CH4 Line

6. Heptane or Heptane-Acetone Syétem

7. Flowmeter Liné ,
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trappedrin the 0TC, and so, no flash vaporization occurred.
[ ~f

Assuming that the volume of stationary phase, Vg, is
depos;ted as a film of uniform thickness, the thickness, df,

may be calculated using Equation 37:

.
L4

= = 2, _
e = r Vg/2Vy = r V. /2 (fr L-V)

¥

_ Their chafacteristics are given in Table 2, together with ”
the results obtained for CH4 and n-heptane injections.
All calculations are based on formulas giveni\in Chapter 1.
i The HETP .. may‘be calculated by: '
1
1 METPmin = 0.57 rc (K small) A (44)
& HETPmin = 1.9 r, (K large) (45)
e L
g The values are taken directly from ﬁhuation (35). It
is easily seen, whether using -(44) or (45), that these

columns are very far from operating at the optimum
conditions. lWith a very smafl film thickhess as in case
- B or A, the resistance to mass-transfer in the liquid-phase

should be very small, and Equation (33) may be approximated

’\
(‘1 S

by:

Two columns of different length and diameter were used. S
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TABLE 2 :

¢

Experimental ResultJ in Two Coated Single OTC

»
LT oy mo €
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Table 2 ,

‘ N ’ A B
Pi(atmf« 2.63 3:72

P.o(;tm) v 1 '\a‘/I

F(ml/min) 2.4 0.12
3 (em/s) . 105 26
) | L(cﬁ) v 720 N 230

d, (n) 220 100

cs(%vol) 0.8 0.4
o df(u). ~ 0.4 ~v 0.1

t (s) 6.84 9.00

. ,

t (s) 30.45 28.00

k T 3.45 2.11
“'.;h(s)‘ v 3.7 v 5.5

"
/
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HETP » —32 4 0.27r§/_%—;= 2&%3 + rgu -
] u . g u -

with D ¢ 26 cm?/s. |
081ng this simplified equation to compute HETP, .the

value for colhmn A\is 0.01l8 cm and for column B is 0.021 cm,

RN

whlch are about two orders of magnitude smaller than those .
' . calculated from the data of Table 2, by Equation (32) The
-peak spreading observed for uncoated columns and dlscussed‘

in Chapter 2)suggests that mixing in the\dead volumes of

! the 1n1et port and detector is the major gause for this

4

difference..,Mlcroscopic non-uniformity in the coating

could be another cause.

-

Figures 24 and 25 show the actual chromatograms

obtained with both columns, with a chart speed of 4"/min.

" N ]

4.3 Coated OTC Bundles

Attempts were made to-use’EQQ static coating technlque
to produce bundles of OTJ that operated'satlsfactorlly,
i.e., that produeed single peaks for each comppnent. As
may be seen in chapter°élof the Appendix, the bundles
produced single peaks for'non%abSSEQed componeﬁts, i.e.,

" the dlfferénces in diameter (and length) from columh to

column were not sufficient/fs/produéé/individual peaks for




FIGURE 24

Detector Response for‘CH4‘and n-Hepténe,

on Single Coated 0OTC

o 4

FIGURE 25

-

Detector Response for»CH4 and n-Heptane,

- o

on Single Coated OTC
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individual columns. With‘éoated byndles, the same behaviour
should be expected for CH4,,as it éagaves as a qua§i~inert,
and this was indeed verified, even for the static coating |
tgchnique. But for the absorbed n-heptane, a different
picture develops, and various peaks appear from different
columns; and this subject is treated in Chapter 3 qf

Using the dynamlc coating method, care must]be taken
on the linear speed of the c$at1ng solutlon, and on the

a

concentration of this coating solution. Upon the first

(2)

problem, opinions seem divided, as some experimenters
use very small velocities (m l cm/s), while others use
larger velocities -(v 10 cm/s). ‘Due to the expansion of
the gas (inert) that is pushed through the column in order
to remove the solvent, as the interfaTe gas-liquid moves
along the;column, 1t is obvxous that the inlet pressure
should vary (if the outlet is constant), in order to
obtain an approximately constant velocizy th;ough the whole
process, i.e., unt2l the ;Fst drop of solution leaves the

column. The effect of expansioﬁiis very importnat, as

\

it may produce a non-uniform film thlckness _and thls is

‘especially true at theklast parts of the column, i. eL,

near the column outlet. In this proqect, very small

“velocities were used, varying between 2 and 2.5 cm/s_

through the whole process, for each bundle prepared.

'
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The choice of Sméif vglocities was made because small
diameter 6TC were used in th& bundles, and very\large |
inlet/prégéures\are nécg;sary for pushing the v;écoug
coating solution throuéh these columns. |Small variations
in the velocity of the gas-liquid interface may be appreciable
when working ‘at low velocities, although this becomes less
significant at higher velocities. Despite the drawback
of variqtighs af low velocities, pundlesﬂof/éag/that |

I

produced a unique relationship pfék—component could be made

N

this way, and this is described below.

/

a) -"In Parallel" Bundle Preparation

\
In this approach, a long OTC was prepared (uncoated),

and then broken into columns of ‘the apprgpriate length,

to make up the bundles. The coating technique (together
with all the auxﬁliary cleaning and ?onditiOning steﬂs),
was then abélied to thePtLbes in parallel. Two bundleés
of different length were made this way, from columns o
the same diameter. For the injecﬁion, only h-heptane

was used, and so, if the length-differepce was sufficient,
'only two peaks éhould develop. ‘Instead of 2 peaks, 4

appeared, and it will be seen that this was because of

. . . ) - ool
contamination 'of n-heptane with acetone, used to cleanwthe

; , \
flask from where n-heptane was taken. Each bundle had 4

kS i

columns, aLd they were broken one by one, until the last

|

i
3
3
i
1
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-, | 1 ) ‘ ~ |
column of' the longer bundle remained, giving two Eeaks. in
order té confirm that it was in fact contamination and not
malfunctioning.;f theibundles; the single OTC described in_ ~
Table 2 (column A) was used, and again two peaks were .
obtained. Table 3 descriﬁés the characteristics of“bof;hw
bundles and the results oEtainea"are discussed according.

 to the numLer of columnswinvolv;d.

-7 — With (8, 7, 6, 5) columns, ‘the chromatograms were 1ike

the qﬂe shown in Fig. 26, wﬁile with (4, 3, 2, 1) columns,

—

/ v
i;e., only the columns of bundle G , the chromatograms were

like the one shown in Fig. 27. . _ \
By th{“careful measurement of the retention times, and
looking at Fig. 26, we see that there are four peaks, two
) /

"of them superimposed. -
The retention times obtained are shown in T;ble 4,

r

obtained for an inlet pressure of 2.63 atm.

Now, we define Mi as:

ti |
Mi='{:\_l'_1 .

-~ - |

. -
' . 4

(46)

i.e., we arg:normalizing with respect to the first peak.

(Mg is not the é¢apacity ratio, Ki’ because the first péak

is' not an inert peak). ' With this approach, we get Fig. 28.
Note that, for the last four columns, as they were

from the longer bundle, peak No. 1 was not present, and .

] <« g
CH enege



\ - TABLE 3 N

N
iR

— ' E
—
-
.




*y
N
e 3
A~
- v
t
N
) 1
-
[
Wt te o
H #
1. _
|
) .
N >
# N
@
.2 N
]
s
!
¢ -
] 3 !
-
e
- -
= ?
-
‘
.
.
o <o
a
- ®a .
- i
)
. Nl 5 o
~e,
- \uvw\/
< 1
o

Aes o Sl e i

Table 3

°

Bundle G

9

Bundle H

(u)

de

4

cs (¢ mass)

EE P gD My E s n
R e I T I

%




o x

R Ta T e R

68

129

FIGYRE 26

Detector Response for Acetone and n-Heptane,

for Two Coated Bundles of Different Lengths

»s

'

FIGURE 27
Detector Response for Acetone and n-Heptane,

for One Coated Bundle

-
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TABLE 4

Experimental Results in Two Coated Bundles of OTC
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Table 4
N 8 7 6 5 4 3 2 1
t (s) 6.83 6.05 6.58 6.00 — — - —
ty(s) 15.30 12.77 14.41 13.68  — ~ — —
ty(s) 17.55 15.06 17.17 16.32 17.00 15.50 16.20  16.40
t,(s) 48.36 40.78 44.09 37.62 41.21  38.24 41.00 40.15
|
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FIGURE 28

Normalized Retention Times for Two Coated Bundles

xd
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tl was calculated as follows:
. tlmean
t, = t, X (F;‘ﬁ“éa—n) =0.15 t, (47)

(8,7,6,5, columns)
| ' , ' j
We always have, of course, Ml = 0. We can see from
\
here that each bundle contributes to 2 peaks (one is
acetone and the ether n-heptane) , and the chaotic results (

obtained with the static coating technique, shown in thJ

I d

Appendix, Chapter 3, do not appear when the dynamic
coatlng technique is used. Figure 29 shows the chromatogram

obtalned from ctlumn A, and no measurements were made here.

A

{In order to check the assumption that the dead volumes

A

are a cause of the increase in the width wh as the number o

of columns decreases, here those dead volumes were changed
\
2 times during the runs. The Jriginal connection was

kept until only 3 columns were connected, and then the /////444///

connections werefchanged for the smallest one that was‘é; v

of the connections between the bundle and the GC instrument

RO gy v i e e A e
1
=

e 1

possible Eo achieve. Then, two more runs were made (with

3 and 2 columns respectively), and when only one column -

r

'waﬁ 1n, the' connections were again changed, trying to keep

them the smallestlp0351ble. The results are shown in

Alg. 30, for peak No. 4, Wthh is an n-heptane peak.

The sample size was kept proportional to the number of

O :



FIGURE 29

Detector Response for Acetone and n-Heptane

for .Single Coated OTC
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FIGURE 30 .

Variat’ion of Peak Width at Half Height, with

the Number of Columns

3
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o

OTC employed. |

The arrows indicate where a change in the connections

o

occurred, and it is seen that W drops when this is made,

=

and it d§0ps approkimatply to the mean value of w, for 5

h
and more columns.

The conclusion that may ?e taken from this is that the
connectio%é of the columns to the detector and the

. "

injection port have a definite role in the spreading of the

\ -

b) ™In Series" Bundle Preparation

peaks.

¢

Another way to prepare a bundle of OTC is by preparing
; . L

a long 0OTC, coated, and then breaking it into the columns

that will fofrm the bundle. The resulgé of 'using bundles

prepared in this way givJs some information about the

uniformity of film thickness obtained by using the dynamic

coating techniqgu Table 5 shows the bundle characteristics -

)

and the results ob , with injections of aéetong‘
methane, as the same sampling as beforq was usgd. Again,
we are not interested in the actunal perfdrmaﬁce bf‘the
bundle, but in achieving a unique relation peak-cohpohept,-
and this was in fact obtained, as méy be seen from the‘

chromatogram shown in Fig. 31.

.
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\\ A TABLE 5

pl

2 Experimental Results in Coated Bundle

5
i

i
{"In Series" Preparation)



Table 5
*~ Bundle F
|
N . : 5
L (cm) “ ~v440
dc(u) 165
cs(% mass) 10
tl(s) 5.64
tz(s) ! 1474ﬁ0
M . 1.55
wh(s) . | \7.44
P\i (atm) ‘ 2,63

.=

P, (atm) ) nl
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FIGURE 31 1

o

1 )

¢
Detector Responsé‘!or Acetone .and n-Heptane for

Coated Bundle, Prepared by the "In-Series" Techniques
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FIGURE 32

Bundle of OTC, Installed in the GC System
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4.4 Conclusions

A method was developed for preparing bundles of OTC.
This method is a solution to the first of thé research
problems listed in the Introduction.

The first criterion of a useful combination of GC
column and instrument is the existance of a unique
relationship between peak and component, i.e., the coherence
of the peaks in a chromatogram. The second criterion is
the separating power of the combination, which may be
quantified as the reciprocal ofnthe apparent HETP of the
column. The mixing that occurs in the dead volume associated

" with the inlet, connections, and detector of the GC
instrumeﬁt affects both of these criteria. By smoothing
the irregularities in a peak due to the differences in

- the characteristics of the individual tubes in a bundle

‘of OTC, mixing can make GC peaks coherent. Héwever, this
is only achieved by a reduction of the separating power
of the combination of column and instrument. The optimum
amount of dead volume would gfve both coherent peaks and
maximum separating power.

Bundles of OTC that we&e prepared usiﬂg the dynamic
}|fcoating technique satisfied the criterion of peak cohere;;e
while those prepared by the static coating technique dzd
not (see Chapter 3 of the Appenéix). The §éparating power

of the combination of column and instrument for an optimum
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dead volume was not determined. The separating powerhthat
was demonstrated using columns giving coherent peaks would
not” have been adequate for most analytical purposes, but
it would be suitable fof some preparative and process
control applicétions. In this qualified sense, the third
research problem listed in the Introduction has been

A}
solved.

PRI, T A

R T N A
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CHA\;TER 5

MATHEMATICAL MODEL

5.1 Introduction
The second of the three research pgoblems listed in
. the Introduction is to determine the effécts of the
variabilities of OTC parameters on the performance of a
bundle of OTC. In this chapter, we will derive an equation

that relates the dispersidn of a coherent concentration
pulse gn the gas issuing from a bundle of OTC to éhe
variabilities of the parameters of the colﬁmns comprising
the bundle. The coefficients of the equatfon will be

discussed in Chapter 6.

5.2 Derivation of the Mathematical Model .

’ Assumptions: 1) The peaks from individual OTC ar?'

EY
I
X
t
¥

Gaussian in shape, and so Equation (54) applies for the
concentration profile, wheﬁe m and 52 are the first and
3, / second quents and both are functions of the parameters

i xiéﬁﬁlh and diameter. f \

!

c =

exp | - (t-m) 2/252] (54)

1‘
S dZﬂ
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2. The parameters length and diameter are independent,.

normally distributed on the bundle, i.e.:

1 2 2 :
. plw) = ——— exp E (t-m) “/2s ] (55)
0\/217

where w stands for L or 4 .

—

3. FOr a Guassian distribution of diameters, if the
peaks emerging from the individual OTC are Gaussian in
shape, the coﬁposite peak will also be Gaussian.(30)

A mass balance gives: |

ffp(L)p(d e(t,L, d YF (L, d )dibdd

=Y. - Y . .}
!

wa/.P(L)P(d )W(L d, )ded

(56)

CT(t,L,dc) =

where Cp is the concentration profile from:the bundle, and

F is the flow rate. | i<// - !

i For if/g};ﬁication of notation, let Wy = L and'w/2 = dc'
Expanding (wl,wz) as a Taylor's series, aboqg/thé/mean .
- ,
values Wy = My and Wy = Uy we’get:



[

"(w.-u.) i=1,2 and j=1,2
i3 , ~

at the mean values for W i=1, 2.

.

Now, we recall two properties of the moments of a

' distribution, namely:

’ [p(wi)dwi=l

(-]

and

| j:p (ws) (wy=u;)dw, =0

-]

» ¢

Applying these relations (57, 58, 59),

that equation (56) resolves into:
R /

I

CT(tllec) =

L 4

82

p=F+ ) X By (WM E ZZW‘W i)

(57)

wheré the variables that have a bar over them are evaluated

Gaussian

(58)

(59)

it is easily seen

[oo[g (wl)p (wz) c(t le rw2) F (Wl ,Wz) dwldw2

25
2: ow, %3
i i

2

(60)

\#

ante g lp St .
“ o

|
@
|
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Doing the Taylor's expémsiOn of c(t,w

1

wi=Hy and WoSH, we\ get:

) = m~{+YF : ?'_C_ F4o
c(t,wy,wy)F(w,w,) = c(t)F + Z(awiF"'c

i
—— .4
_ § 3% &, 3¢
(wy=uy)+ Z w.ow. T T 3w,
i3 i
i3 -
=3
- 3% _ )
S 5w, (wy=uy) (wymuy)
iy
i=1l,2;

,WZ)F(W

1
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,wz) around

3F
ow *
3F 3¢ IF
w. T 3w . T
J J 1

Again, using Equations (58, 59), we get:

. [_‘(’nj_‘_g(wl)p(wz)c(t,wl,wz)l?(wl,wz)ciiwld?:2 = S(OF

So, finally Equation (56) becomes:

(61)

‘ .
2 e wm - 2 :
’ c = ac oF - 3°F 2
3———2— F + 2 — + cC — g,
Z l:aw. 3wi Fi dw, ' 1
N i 1 . , 1
(62)

7
4
1
M
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* ez B B , - 2% |
- Bwl ow b W 2
c(t)F - i . 1 i
i
cT(t)

_ 2
Fe ) 25 o2 (63)

ow

The peak broadening is related to the second moment of the

peak, because of assumptions 1l and 3. Let.s2 be the
second moment for the individual OTC column peak eleuated

for certain values of the parameters wi, i.e., of length

and diameter. Let s; be the second moment for the peak

from the bundle of OTC columns. So,

2 :
s = —_— -2 B
T [wc,r(t) (t-m) /dt (64)

. |

and

/ ) ‘ ) N
' s2 = ([E(t) (t-m) %at (65)

0

\ | .
| .

We recall here that while m is function of (wl,wz), m is
not a function of them, because it is evaluated for fixed

values of w, and Wor namely w, = My i.e., the mean

1l 1
values of W, Now using Equation 63, we get:
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3 — = )
’ 93¢ = 3c JF - F 2 - 2
+Ef 2F+2Wi§;-i—+c———-2—ci(tm) at
- i .

oW,
i

_— 2
- -2 f 2 (3% = 5¢ 3F , = 3°F
F s8° + Por (55 F+ 22 +c ) (t-m)“at
—ef 1 Bwi awl WJ.~ ow
F+5zp 2 F2 o2
i oow,” %
i
(66)
Sl
Using the following relations:
: ‘
» ac dc as dc Im
_— B e e o . (67)
awi 9s awi am awi ‘
= / .
| -m) 2
Bc’ (t-m)
e = 3 c (68)
s
3¢ _ _ (t-m) ’
oM .2 c . _ (69)
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we get:
2__2 , ‘ ’
9C (t-m)“-s 9s (t=m) om -
— 3 c _3-; - 3 (70)
Wi ] i s
and: ( “ '
2
32c c (j—m)?’-s 9s , m—-t om
2 - oW, 2 ow
. 0w, 5 i s i .
\\ /
Wi !
+ (t—m)%-s st m—-t 32m
c + —
3 2 2 2
s w, s oW,
— i i
+ ‘F(-I 3‘*"‘“’2[ )(28)2 4L (&m,2 ) (g1
c 2 3 ow} Z ‘ow,
s s i

Substituting Equations 67 through 71 in Equation 66, and

letting Mi represent the ith moment about the mean we get:

o
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LS
S
2 . - ——
2 (g,v O°F 2 =2 2 3s , 2
sy, (F+] ==, o7 ) = Fs“ + Jo. | (=) -
T JZW aWiZ i i Bwi -

/.
3
3

|

)

M 2 M
- = My = ) T Ty
(\F—g--SFT+2F—22—9)+(——52-)(F—§—Fi-§—)
s S s ow s
( 1
— 2 M, M. = == M, M_
3m =M, =M s JF (4 _ 2
tlw) Fg+Fo )+ 255 (55
1 S S 1 1l S 8
|
2’ .
°F  —
7 Bwi 2

7

as the odd moments o'f a Gaussian distribution are zero.

Also, for a Gaussian distribution; we have:

&l N

// - ?42 = s (73)
N ,
M, = 34 (74)
6 . .
M_ = 15s (75)

T st e o na Ry
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So, the final expression becomes:
) s2 (F + ] °F 02) =F 52+ Jo? |2F (352
T . 2 %4/ T F 8 21 oW
1 9w, i i
i
o
s ~  Jm 2 - 3s .3F _2 p%F
.+ 2Fs (——E ) 4+ 4F (/)" 4 4s —=— + s E————
.2 oW, W, dwW, 2
oW, i i oW
% 1
(76)

To better understand Equation 76, we recall that the bar

over a symbol indicates that the variable is to be evaluated

for the (possibly hypothetical) mean OTC in a bugdle,
i.e.;an OTC having the mean diéﬁeter and length. éghe
variables m and s refer tq a chromatographic peak. For
Gaussian peaks, m = tr and s = 0.425 Wy where Wy is the
peak width at half height. The symbols Wy and w, are
aliases for L and dc that permit the equati?n o be

written more compactly by using gubscripts. The variances
of L.and d, for the OTq in ? bundle are oi and cgl m

The development of this expression depended on the

assumption of Gaussian distributions and the approximation -

of the functions F and cF by truncated Taylor series. This

approximation should be appropriate in view of the narrow

o~

o

X B kot & T L
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distributions that are desired for L and de. Equation

76 is a general expression of the effect of the variability

of OTC parameters on the performance of a bundle of OTC o
7/

and, as such, is a part of the solution to the second

research problem listed in the Introductioh.

q \

iy

_ Tt e ————
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CHAPTER 6
AN APPLICAT%PN OF THE MODEL

6.1 Introduction

As Golay (1) observed, the difficulty in making a
practical chromatographic column from a bundle of OTC lies
in putting"... capillaries together in parallel which are

like each other". There is e of making all of the

OTC in a bundle exactly ali
column parameters about th&ir means may be measured and
controlled to some degree. 1In the previous chapter there
was derived a quantita;ive relation.that gives the
spreading of the coherent peak from a bundle as a function
of the variances of the diameter and the length of the OTC
in the bundle. There is no question that the width of a
peak from a bundle of OTC is greater than the width of

the peak from a single OTC in the bundle. The guestidn

to be answered is, "HA@ much is the peak width increased
by realizable variances of OTC diameter and length?" The
purposes of the resegrch reported in this chapter and to
provide estimates of the coefficients in Equation 76 of
Chépter 5 and give a rough, tentative answer .to our
question concerning the increase in peak width.

The variability of column diameter or length influences

A \




' Vo

e

the dispersion from a bundle in se&eral ways. For example,
consider two OTC that have equal lengths but slightly ﬂ
different diameters. During the dynamic coating process,
the pressure differences across the two tubes are equal,
so the coating solution is displaced more rapidly from the
tube having the larger diameter. This results in a
difference in the thicknesses of the films deposited on the

s tube walls. The difference in film thickness means that ,
the capacity ratios for the two tubes may be different.

The tube having th? larger capacity ratio will give a
4

greater retention time, other things being equal. The

difference in column diameters also influences the
retention times directlyy The pressure drops acrois the
i I [/

columns are equal during the elution of a peak, so the

!E velocity of the carrier gas is greater througﬁ the column

having the larger diameter. Thus, the tube having the

larger diameter will give a~§paller retention time, other

)

things being equal. Both ofythese influences on the

retention times of the peaks from individual OTC's are
potential causes of an increaée in the width of the peak
from the bundle of OTC. A differencé in the diameters qf
two columns will also cause them to give peaks having
different widths. This may be seen by éonsidering]the
effects of two different capacity ratios and velocities in

the Golay equation, Equation 33. Although all of the

o)
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effects of the variability of column diameter are

f conceptually separable, they are difficult to separate in
i ‘ practice. We will only attempt to estimate the net effect
of parameter variability,on dispersion of the peak from

a bundle of OTC. .

e - R g

In Chapter 2 i¥ was shown that the peak spreading caused

by end effects is too large to permit accurate measuremept

—

of the peAk spreading in individual columns. Consequently,

the Golay equation has been used to estimate the effect of

T, ANPRE ARROAS T AT T

fate S

variation in diameter or length on the peak w%dths of

individual OTC's. The estimates of 52 that are obtained

)

AR

this way are too small, and the effect of this will be

e

discussed below.
The value of the partition coefficient B of n—heptane'

was obtained from the data of Table 2. For Columns A and

B, respectively, B equals 474 and .528. Kwantes and
Rijnders (38) report values of 8 for n-heptane-sgqualane
of.144, 73.5, and 36.5 at tempe}:at[ures of 80, 105, and

135%¢, resPectiveiy. An extrapolation of these data to

!
20°¢ gives B = 500 at that temperature, a value that a

- agrees with the mean of 501 for columns A and B. Values

of df were calculated using B = 501 and

Ko

df=§-8—_“ )

The coefficients for Equation 76 were estimated from

‘




N A

R N T

I—T-r———-'—'i —_— —_— TE—————g ——— —
- B

93

one experiment on’the influence of column length and two
experiments on the influence of coiumn diame;er; Bundles
of three columns werL used in each of the experiments. THE"
bundles were coated by the "iJ parallel" process using

the dynamic coating technigue. The sample sizes that weré
used were galculated from Equation 42. The pfessure
difﬁigfnceé across the columns were approxi@ately l.é atm

in all three experiments.

6.2 Influence of Length v

ﬁeptane and methane peaks were eluted at 20°C from a
column consisting of 3 parallel OTC that had different
lengths, but the same diameter. The characteristics of |
the three OTC and the measurements made during this
experiment are shown in Table 6 and Figure 33.

Because the tubes were coated in parallel, the canIﬁg

velﬁbities were different for each one. The different

hy

velocities should lead tp different film thicknesses, but
the differences in the values of df shown in Table 6 are
not as large as one might expect on the basis of Kaiser's
(9) results.

For estimates of the coefficients in Equation 76,
one needs relations between /L and m and between L and s,
the standard deviation of the concentration peak from a

[~y

single OTC. Although the rﬁgorded peaks are skewed, it

— LAﬁ

\
. @




TABLE 6

Experimental Results for the Experiment on tne Influence

of Length
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Table 6
Column designation Li L2 L3
L(cm) 450 ~870 V1620
d,(u) 249 249 249
cs(% mass) 10 10 10
tm(s) 3.23 10.66 38.31
tr(s) 6.75 31.69 103.75
K 1.09 1.97 1.71
df(u) N 0.14 0.25 0.21
~

(
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FIGURE 33
Variation Of Retention Times of n-Heptane
: and CH, with Column Length
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is assumed that the peaks issuing from the column are
approximately Gaussian and tﬁgt m=t the retention time
Sf the maximum concentration. The exper%mental data for m
were correlated using a second degree polynomial:

|
m(sec) = -7.691 + 1.798 x 10 °L(cm) + 3.137 x 10~ °L?(cm?)

(77)
2 / . ' .

Values of s” were calculated using the Golay Equation
(Equation 33), HETP = sZ/L, and (14K) s(cmb=u(cm/sec)s(sec)
(Equation‘SSA from Chapter 1 of the Appendix). For use ’ .
in the Golay Equation, the diffusivity of n-heptane in
sgualane at 20°C was éstimated to be 3 x lo_s}cwz/sec by
the method of Wilke and ghang (39). The values of s

were correlated by

s(sec) = ~0.0600 + 2.26 x 10 %L(cm) + 1.75 x 10312 (cm?) .

(78) K
6.3 Influence of Diameter /
Heptane and meth;né were eluted at 20°c from a column
consisting of 3 parallel OTC that had d&fferent dia?eters,
but the same length. Two columns were used in sepafafé
experiments. The first column was prepared using a

{

4

i

i

g

coating solution of 10 per cent squalané in acetone, the ,
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same concentrapion that was used in the experiment on the
influeQSe of length. The second column was preprared using
15 per cent squalane in acetone as a coating solution. This
second experiment was not necessary, strictly speaking,

because there is no way that the concentration of the

coating solution can vary from one tube to another in the

"in parallel" version of the dynamic coating process.
Nevertheless, it gives additional information on the
effect of diameter on. coating thickness and, together with
the other experiment, shows the interaction between diameter
and the concentration of the coating solﬁtion. }t is of
i;tere£t for these reasons.

The #esults of the twb experiments are shown in
Figure 34 and Table 7. The fact that the two sets of
values for the retention time,PE an enert, tm’ do not
agree, indicates that the flow rates were not the sam;
in the two experiments. This may have been caused by an
accidental change in the splitter.

' Kaiser (9) correlates film thickness with tube

|

diameter, éolute concentration, and velocity of coating

.solution for different solvents. He shows that there is a

- ’ a
critical velocity that gives the stllest value of df

—— Al

for fixed values of"cs and dd' For velocities greater than
’ [ 4

' the critical velocity, he presents a correlation that has

the‘fond : ,

\ . Lo
. ‘
N .



98

R T PR

TABLE 7

.




Table 7
/
7
Column .
designation Dl D2 D3
L(cm) 450 V450 450
\
dc(u) 281 180 108
cs(% mass) 10 15 1Q 15 10 15
) tm(s) 4.20 3.20 9.83 7.23 22.09 15.58
tr(s) 9.20 19.46 14.28 30.98 35.87 47.10
K 1.19 5.08 0.45 3.28 0.62 2.02
df(u) 0.17 0.17 0.040 0.30 0.033 0.1l
. \ K
* \\,‘f‘"a\
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FIGURE 34

Variation of Retention Times for np-Heptane and CH,
with Column Diameter, for Two Concentrations of

Toating Solution
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___S_ P -
df = dc (a u, + b7). (79) |

a

For each bundle of columns, the coating velocities, usf

are proE9f€§;;; to dg , 80 that the form of the relation

between df and dc for the columns in a bundle should be

df = a dc + b/dc (80)
where a and‘b are empirical constants. The values of df
reported in Table 7 for the 15 per cent solution agree
reasonably well with this relation, but the values fgr the
10 per cent solution do not. The critical velocity
undéubtedly depends on the\yiscosity of the coatiqg
solution, so one explanation for the non-linearity of the’

df values for the 10 per cent solution is that the coating

velocity in the smallest tube was below the critical

\

velocity.
The data for m and 52 were correlated in the same way

7

as in the experiment on the effect of length
) \
1

m(sec) = 96.3 - 0.715 d_(u) + 1.44 x 10 a2 (%)

— (81)

and !
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s(sec) = 0.855 - 7.01 x 10" d (u) + 1.49 x l%} d (u ).
i

(82)

6.4 An Example ‘
In order to determine the effect of the variabilities
of column parameters on peak spreading, we must evaluate
the coefficients in Equation 76. The coefficients
involve first énd second derivatives of the empirical
functions of L and dc that were(developed in the previous
two sections. It is assumed that the functions are
smooth enough to be approximated by second degree polynomials.

The operatiOn of differentiating discrete experimental

data magnifies experimental errors, so the results are

% only semiquantitative. In spite of this, some useful

; qualitative conclusions méy be drawn.

1 The derivatiod oftEquatioq 76 in the previous chapter
used Taylorkseries expansions of f(wl,wz) and
c(t,wl,w )F(wl,wz) about specific values of wi~and Wor i.e.

Y spTCLflc values of L and d . Extrapolation of the empirical
equations should be avoided, and the evaluation of the
functions at an experimental point is to be preferred. The
functions have been expanded around L = 450 cm and

d_, = 249y which corresponds to column L1 in the length

c
exper iment and falls‘between columns D and D2 in the

O | |

£

¢
:
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diameter experiment.

From Equation 4, we obtain

4
: p= TPy (83)
é 128uL
£
/ : ‘ 3 \
. Then, from Equations 77, 78, 81, 82, and 83 we get the
B
( 5 following values for L = 450 cm and d_| = 249u:
L Series D Series
w, = L w2 = ch
m, sec 6.75 7.60
s, sec 0.045 0.035
F cm>/sec 0.178 0.178
as/awi, sec/cm 2.4 x 10-4 4.3
Bs/awi, sec/cm2 3.5 x 10.8 3.0 x 103
{
Bm/Bwi, sec/cm 0.046 28
2 -4
aF/awi. cm /sec -4.0 x 10 29
.:2 2 -6
d F/awiJ cm/sec 1.8 x 10 > 3500

The values of m and s for the two experiments should
coincide. The differences aLe‘an indication of the
experimentdl error. One might expect the value of

am/aw2 to be negative, but the increase in f£ilm thickness

‘ appears to be more important than the increase in u for

T
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4

——

increasing dc. By substituting these tabvlated ,vhluesw

into Equation 76,$we obtain:
. s

2 2 2
, _ 0.178s% + 0.0150] + 6300}

Sm = - = (84)
T 0.178 + 1.8 x 10 36% + 35000§
2 2 . N 2 2 -3
wheﬂe cl and 02 haq& dimensions cm“ and sT and s“ have
dimensions secz. %

What are reasonlee values for ci and og? From

Figure 18, og = 6 X 10-8cm2. Actually, this estimate is:

more appl%gfble to the variabil%ty of the diameter along

the length of a tube. The varignce of the apparent ;
diameter within a bundde of tubes would depend on control

of the drawing conditi?ns over a longer period of time.

Nevertheless, we will take the value from Figure 18 as a

first estimfte of an attginable value of 03. For OTC

that are only a few meters long, the measurement and

control of length is relatively easy, so a value of

2

Ul =|0.0Q3 cm2 should be attainable. ‘ J

4

The estimates of oi and og lead to the conclusion

that the second and third terms in the denominator of
Equation 84 are probably negligible. The coefficient of w
would have to be more than two orders of magnitude

o2
2

larger before it would affect this conclusioT. Therefore,

‘the relation between 52 and 52 may be written as

T

o

5%
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2 2 2

2
Sp = 8 + 0.0840l + 350002 . (85)

The estimates of attai?able values of ci and og indicate
that for a bundle of OTC in which the mean values were
L = 450 em and dc = 249y, one could have

4

g% = ;7.+ 5 x10 . (86)

2
T
Then, if s = 0.040 sec, s

T
This ratio corresponds to an HETP for the bundle that is

= 0.046 sec and s./s = 1.15.
32 per cent larger than the HETP for the "mean" column
of the bundle.

ﬁ% ' Ninety per cent of the contribution to the
coefficient of og and over 99 per cent of the contribution
to the/gpefficient of oi come from terms containing only
F and 56756; . The other terms involve the estimates of

;i that were 6btained from the Golay Equation. There are

several réqsons w. these estimates of ;5 can be expected

to be too small. For examples, non-uniformity in f£ilm
thickness, interfacial transport resistance, and the
curvature of_the helical columns all coqﬁribute to'an
increase inmsz. While the errors caused by estimﬂting
;7 by the Golay Equation are significant, the terms

(3 involving 8 and derivatives of s in the coefficients

AN R b ey | T WAL At 1t 5 e
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of oi and cg are relatively small. The major source of

error in estimating sT/E is the error in-3575$;, which
comes from éxperimental errors in the measurement of m,
errors in fitting the data by a polynomial, and the mag- -
nification of these errors by differentiation.

In view of the uncertainty in the estimate of 5?733;,
the true value of sT/E could easily be larger or smaller
than 1.15. To the extent that s has been underestimated
by using the Golay Equation, the above estimgée of sT/§
is too large. For s = 0.040 sec, the sensitkvity of the
ratio sT/§ to errors in the sum of the terms involving

ci and cg in Equation 85 can be seen from the following
’ l

comparison
2 2| 2 -
\ Sp = S s Isec sT/s
~4 '
\ 5x 10 1.15
5 x 1073 2.0
5 x 102 e 5.7

Considering that possible underestimates of the terms
involvinq oi and cg would be partially compensated by a
very likely undefestimate of s, it seems likely that the
rétio sT/E is less than 2. 1In this case, the ra%io of the
HETP of the bundle to the HETP of the "mean" OTC in the
bundle would be less than 4. Columns coﬂéistiﬂg of such
bundles of OTC would be suitable for preparative and some

analytical applications. Whether columns for more demand-

ing applicat%ons can be prepared from bundles of OTC remains

5.
%

4

an open question.

i

EREANRRE b5, mp gy Monte
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6.5 Conclusions

The conclusionspresented here are conditional on

!
1

several assumptions and limitations:
1. The peaks are approximatély Gaussian.
2. The distributions of L and dc in' a bundle are
approximately Gaussian and narrow.
3. The experimental values of m and the calculated

values of om/3L ind 8m78dc are approximatel¥y

correct.

4. The estimates of realizable values of og and

~

oi are approximatLly correct.
5. The conclusions are limited to bundles for which
the mean values are neér L = 450 cm, dc = 249y,
| d, = 0.15u and F = 0.18 cm’/sec.
With these reservations and limitations, we conclude that
it is possible to prepare bundles of OTC foH which the
HETP will be less than four tiﬂes the HETP of the mean
column in the bundle. Furthermore, the control of end
effects in instruments %n which OTC bundles!are used will
be almast as important as the control of end effects for
sin¢le oTC. [ ’
Given the condition; and 1imitatio§§.stated above
Equatibn 84 provides a solution to the second research

problem listed in the Introduction.

‘\
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CHAPTER 7

- SUMMARY

7.1 Conclusions

The preparation of bundles of OTC is reported by the
static coating technique and by the dynamic coating
technique, but coherent peaks were only obtained with this
last method. Because of the presence of strong end
effects, these coherent peaks do not mean that the response
from each individual column of the bundle is similar enough
to be analytically useful, so that the analytical usefulness
of the bundles of OTC remains an open problem.

A mathematical model was developed, in which the
broadening of the bundle peak is related to the broadening
of the single OTC peak and the variances of the geometric
characterics of the columns. This model can be a useful
tool for the pr#diction of buﬁdle performance, or for the
prediction of construction requirements in order to meet
a specified performance.

An application of the model was done, for a short
range of'iengths Jnd diameters using the dynamic c?ating
technique coupled with the "in-parallel" bundle preparation.
This exemplifies how the model can be applied to any

particular case and suggests that the increase in HETP

-

l!
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due to the variability of colpmn length and diameter would

not be.excessive.

7.2 Original Contributions

W

OTC bundles were prepared that satisfied the first i
| - .
criterion of usefulness: they produced coherent peaks.
The coherence of the peaks may have been helped by the

end effects associated with the GC instrument.

A process for preparing bundles of OTC columns was

\

develdbed.
4 A mathematical model was developed to\relafe the

HETP (or peak width) of a bundle of OTC to the ﬁETP of

the "mean” OTC of the bundle and the variances of the

length and di;meter of the OTC in the bundle. ;An example

was given showing how this model would be applied. The

conditional conclusion was reached from ?P%§ eéample

that the HETP from a bundle would be less é%an four times’

the HETP of the "mean" OTC of the bundle. ' ,;

7.3 Suggestions for Further Research

The conditional conclusion that the HETP from a bundle

RISl 1 s,

would be less than four times larger than the HETP of the

!
. "mean" column of the bundle should, bL tes&ed experimentally.
The apparatus that is used for this must have much smaller

end effects than the apparatus used in this project.

O o
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It would be interesting to produce and demonstrate
and OTC bundle that would be useful as an analytical GC
colunn. H

Bundles of short, smaller diameter OTC could have
interesting applicaiions. It is suggested that the
limitations on the production and use of compact bundles

of OTC be explored.

s b oaa
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INTRODUCTION

b In the Appendix, the more important derivations, not
, . -
provided in the text, will be que. Special attention is

given to -the diffusion in OTC, and to the flow through OTC.

The results of two sub-investigations that d4id not
contribute to the main research objectives are also
reporﬁed here. The first of these investigations was a
study of flow in uncoated columns and the second was a
study of the characteristics of an OTC bundle‘prepared

=
.

by the static coating technique.

‘
4
4
3
o
J
¥
i
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APPENDIX

CHAPTER 1

Theory of Open Tubular Columns

“ 1.1 Flow in OTC

In cylindrical coordinates, the components of Navier-

Stokes Equation are:(31)
r-component:
3ur Bur ue Bur ue2 Buz
\ ————— R——— — - e——— =
p(at + ur or r a0 r + uz 9z
] 4 4 oL
_9p _ 1 9 1l ro _ °66 rz
— or (r or (rcrz) + r 98 r + 0z )
+ p (1
" | 3 ‘
!
z-componerit:
\ )
su Ju u Ju ou ;
Y4 2 e 4 Z - 9P
— J— — —— = - e -
°(at + ur r + r 2] uz 0z ) 9z
\ 9z 9C
129 1 Bz zZ
(r Br(rcrz) + r 90 - + 9z + pgzo (28)
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\
~ 1 3% % 2 13 1 3% 3%
Lgg = "M [2('5 55 T "3 (§ 3 (Tu )+ —5t—37)
| (4a)
1 .
u u u
2%z 13 1 3% Yz
L = - 8z _ 21|13 1 az
2z H [2 3z 3 [r 5T (FU) YT 5% azﬂ (53)
u u ‘
- = - 3 (8,13 r
%o Sor = TV [r ar( r)+f ) ] (6a) -
u u
. ., (88,13 z) (7A)
oz = %o " (az *T 30
u u
- .oy (2 9__:-:) -
Czr crz H (ar * 2z (8a)

The following assumptions are made: \
—-two dimensional axisymmetric¢ flow;
—steady state flow;

-no body forces.

These equations reduce to:

r-component: p
u u u
8P . (L3 "(p2 22 12 323 37z
oxr [r T (r ?EAaz ) T 3" 3z az(f“ar )| (9n)
\ | - |
z-component:
u u u
p 3z __3p _|{13 ,_ Z,,9 (2 02
Yz 3z 32 [r ar( "T ar)+az(§“az ] (1°A)\
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Developing, they become:
2u
dp 1 3z
or 3" Jzer (118)
u 21 u 24,
P mmpy 22,43 2 3.z,
32 Pl 3z +3u822 +u/r or “ari (12A)
i
|
For a small radius,“—g—g=0. The Continuity Equation is:
22 + aiven = 0 o (13a)
and for steady-state, div pﬁ=0
V.(p) = u.Vp+ pv.u = 0 (14A)
u u u
s - _1 3 136, 232z _ 23z
v.u T 3% (rur) + = 35 * 33z Y (153)
So,
u
5 o . 00 2 (16A)
pV.u P-——-az .
\
o= L5 4 20
Vo 3F 9r * 32 9, (178)

where §i is the unit vector in direction i.

2P.o, it follows that

}
Becauslb of the assumption that 5T

O g an

s-~0, and the Continuity Equation becomes:

R Sk BRI 00 s el 203 B s
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' First, we assume the velocity u

\ 118

9 2 9p ‘
A <& gy =
% + u, 5 0 ) (18a)

Substituting into the Equation of Motion (Equation 12A),

we have:

To solve this equation: a step approach is considered.

, to be just a function of

the radial position. So, the equation reduces to:

u 2 u
ip o Z o0 z
ay = Wr oot - (201)

which is the Hagen-Poiseuille Equation.

Integrating(32), the solution is:
2
1 r
“z=i 7 +Alnr +B (21a)

g

. e

For r=0, u

2 must be fin%te .. A=0

1

r
.. d .
For r=r_, u, must be zero ﬂ !B m == 3% 7

So, the solution beches:
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u = —+© (ri-r ) (22A)

Averaging over the cross-section, we get u:

27 rC
u rdrds “
2 2
o ‘ PP, Tg
+ - (—) (23a)

27 rc 2uL
rdrde

u =

Some correction must be applied for compressibility. The
most common way is by applying the compressibility correction

factor j, and another way is the correction based on kinetic-

* energy conversion.(IO)

By the definition of retention time:

o)
Vr
av
s £, = = (24A)
(o] ,4
} :
| P. 3 3
' So, (_i.) -1 L / !
‘P 3
| . 2 o = 3
trF‘O = L(A+DB') [‘3- -Ti——z-_—l—]as bF POFO (25A)
(=) ;
. Pg

But trFo V: (corrected retention volume).
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|
Then,
[
O = 4 !
VR v, * (262)
wheée P; 2
(§~) -1
L (278)
i3
(1—5—) -1
’ o
)
From here, it immediately follows that: N
u = ju (28A)

o

where u, is the outlet linear velocity.

To get the pressure gradient along the column length,

we introduce the permeability of the column, as:

r 2 |
B = =S | - ‘ (294)
o 8 .
So,
ap = py-p, = 4% " (30a)

o

From here,/considering u to be function of 2z, we have:

= P F
cap | U . _F ___ _Too ‘ (31a)
dz uBo nrzB uPB TY
c O o Cc

As the viscosit% (v) dees not depend on P, we have:

i
s a

[ LTSN LT TN AP

P
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k .
dp _ 1 '
55 - 5= (32a)
where
) -uP F
_ [oJNs]
k1 = —_— _ (33a)
Bonrc

Integrating we get:

2
z = B 4+ x (34A)
ok 2
l \.
The boundary conditions are: 2
z=0, P=P, and z =1L, P £ P
i o)
{
So
Ky = =2 ‘ (35a)
and
| -PizL ,
(o) i
The final relation becomes: \)
. FiE |
v - T (37A)

This gradient agrees for the case of expansi.on, as it
becomes steeper towards the end of the column, in order

to accom]odatq‘the higher velocities encountered there.
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!

The kinetic energy correction is based on the fact that:

-

8p = (8P) grictional loss ¥ P kinetic energy (382)

When a gas flows from a reservoir to“a tube, its potential
energy is partially consumed to overcoﬁe friction, and the
other part is transformed into kinetic energy associated
with the acceleration of the gas particles, as expansion

is occuring. Let Ap, be thé~additional bressure érop due
to the conversion of kinetic energy. The potential energy
corresponding to AP, is obtained by multiplying it by the_

,volume flow rate. The kinetic energy of the gas discharged

at the outlet of the tube is:

¢ 3

K.E. = 21p S-rdr = Aplﬁurg (392)

| .

From Equations 22A and 233, \

R o 2--r2 r 2 2 ,

* c - ,7c
’ uo= (——;—5*) = 2u ( =)

So,

r ' i
c 3 Lo .
/ 2’—“-29— prdr = mu3r2 = AP} uvrrz ‘ (40A)
(e}

AP, = et | - (412)
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Then,
Ap = p.-p_ = 8MUL , 5 _2) : (422)
P i’o r 2 2
c
while experimentally,(lo) a better correction was observed
to be: ,
ap = 8L L 5 o (—:E) (43a)
X
- Te l

This pressure distribution is sketched in Fig. lA.

Pd is the dynaric pressure, Ps is the sFatic pressure
and Pt is the total pressure (i.e., Pd+Ps).

From a to i, tpe gas is accelegated to a velocity
U jet- The Py is increased by (Q%—), while Ps—drops by
the same amount. In this section, the total pressure
remains coTstant, and the friction is neglected because of
the large cross-section of the tube from which the gas

flows- Qnto the caplllary. At the lnstant the gas enters

the column, the veloc1ty proflle is not yet pargbollc, but

the kinetic energy is 97— To obtain the parabollc profile,

P4 must increase by this amount, while Pg decreases by the
same amount. Now, the internal friqtion is §ppreciable,
and P drops by y. This means that the pressﬁre gradient
measured in the column is higher than tﬁe predicted by
Hagen-Poiseuille, by the amount (pl-12+y), i.e., by m*pﬁz,

*
where m is usually 1.2.

| | \

PRy T
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FIGURE lA

Pressure Gradient Along Column Length (Schematic)
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1.2 Transfer of Mass in Open Tubular Columns

The first order conservation equation (De Vahlt Equation)
is here derived for a single absorbed‘component.

Let c be the molar concentration (per volume) in the
gas phase, and g be the molar concentration (per mass) in

the liquid~phase. A mass balance across dz gives:

acC
3z dz Ac (44A)

@
Then, AcdV is the variation in moles of solute, in the

gas-phase, across dz. Accounting now for the liquid-~phase,

‘ aﬁother mass-balqgce (totdl) gives: i

3c - 3¢ - 3q '
— dz av = fkdzdv = DdzdVv , (45R)

\ -

I3

where A is the volume of-gas—ph&ke per unit length of column,

and D is the mass of liquid-phase, also per unit lenyth of

4

column. . -
\ 0
So, we have: , N
3c oq '
- —.E = .g.g _3 ¢
5z - 2w T Dav | . (46A)

which is &eVault Equatian.

For a linear isotherm:
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¥ . ,
qg = g'c (47A)

where B' is -the partition coefficient. So, Equation (46)

becomes:- S /
ac 3cC
35 + (A DB 5v = O (483)
[ Y
For an impulse input, i.e., for 6(y)=0 and . -
e L5 o | ‘
§(y)dy=1, the general solution for Devault equation is:
- \[ ' N "4 ~
C = ?/[V-z . (YHDB')) . a (49A)

’

Considering infinitesimally small concentration, i.e., c-+0,

we have: .

V = z (A+DB') o (50A)
x ,

and putting z=L, we arrive at:

V. = L(A+DB') . ’ ‘ ' (51A)
Y . , )

o

ﬂ.3 Factors Affécting the Broadening of Peaks in GLC,

using OTC o l
a) Effect of the Il)lput D;kstrlbutlon

If we cons:.der an 1npu1;>015tr1bwltion, at the beginnlng

/ )

B ‘
4 —— e

» T ‘ -

L

f
v
&
]
1]
i

By
]
#
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of the efﬁtio;, the zone of vapor (a zone is a region in
the column where the solute is present -in detectable
concentrations) takes the form of an ﬁnfinitely narrow band.
This ideality is not attained, as both the vapor and the

sample’injector cavity occupy a finite volume. The effect

(7) g

(o]
Two extreme

R

inputs may be considered.

may be small, but noticeable.
(33)

of this on V
In the first one, the vapor
goes into the column as a compact plug of finite volume,
within which the vapor concentration is uniform. The result
is the superimpositiqn of a Gaussian distribution and the
plug of vapor, and the final distribution has rhe maximum
point»gt the mid poiqt of the input. The shape of the

peak is botz a function of the column operation and of

the vapor introduction. 1In the case of linear isotherm and
ideal chromatography, whatever thé input distribution of
a‘camponént, the output distribution will have éxactly the .

(1)

same shape. In theipragt%cal case of non-%deal linear.

GC, every inpu;’distribution tends to be broadened out

inte a distribution that approaches the Gaussian distribution.

~

In the case of a plug type'inpﬁt{ if the retention
time is measured from the instant—that the front of the

plug enters the column,- the rﬁtenQion volume .measured to )

the maximum of the output distribution will be greater than

the retention volume corresponding to a § function, by

half of the width of the plug (measured in volume units).

\ — .
b
,

£

£
H
L
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(o] Q

+

R v R correct }
R

Vplug (52A)

In the second extreme case of an input distribution,
complete mixing occurs in the sample injector cavity, and

the input will be a Poissoéxtype distribufion.

o ‘
The real cases seem to lie between these two extremes,

and the best practical input is a plug of pure vapor that
/

e¢ters the column undiluted by #he cdarrier gas. In the

introduction of liquid samples, below their boﬁling point,

the vapor is neceséarily diluted with ﬁarrier'gas, and
j . .
there is a period in which thé¢ sample is evaporating, and

thus, the input distribution bccupies a larger volume,

\

particularly for the less volﬁtile components, thang in

v

the case of pure vapor injection. The width of this input

can be descride by v » , and reﬁéﬁticngolumes (measured)
plug -

T .

T

b

increase with the sample size. . .. N

\ b) Effect of Finite Vapor Concentration

LR

The DeVault Equation was dermved for c+0, which is n?t

{
4

the real case. A flnite vapor concentratlon will produce
an increasev in V° R with a decrease in the sample size.

At each point 1n the column, since there is a flﬁlLe vapor
p;essure of solute, the partlal‘pressure of carrler gas lsl
less thah for the case of c+0. This means that the carrier

—gas velocity is greater, where there is more vapor, in .

order to maintain the fixéd mass flow rate—along the column,
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and this produces asymmetry in the peak, as the center 6f
the zone (where c is larger) moves more rapidly-thag\the
edges. The increased flow rate inside a zone of vapof may
be calculated as follows:

Let c' be the mole fraction vapor in the gas-phase.

Then:

|

F = g(c’) (53A)

//> ‘

/ .

! g . & \

N F(c') _ 14K ' (54)

- F(cT=0] " T3(I1-cT
2 | ’ \

Let's assume now that CWmax is proportional to % (this

is proved lat?r), and let cém be the particular value of
‘ ax

/
c&ax as the peak emerges from the column, i.e., for ?-L.

L3
c' =Cr - (=) . (55A)
max Roax 2 .

By Equation (24A), we have:

I L
: sz
t. = (A+DB') - o | (56A)
4 o o \
O
| N ;o
But
&
\ , ———gFE('Z) = 1 . ° > (574)
O O

Ml e
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. .
. L .
* ' 1 _ g 5
. tR = (A+DRg') F(z). 92 (58A)
. - o -

Now
F(c') 1+K
—_ = (59A)
F(c'=0) ' L, 4
, 1+K [l-C R ("z') ) -’
max
F(c') (lET)F(C'X?L,ﬂ (60A)
1+K | 1-C! 2
Rmax" z s
So, we get: / 1, 2
1+K~[1—C' (%)l/ ]dz
e - A+D8' Rmax -
h Fle 'O)A 1+K
o
L l -
L(A+DB')" A
_F—(?‘-_OT (l‘ZCRmax m) (ﬁlA)
Finally, we reach: “
* ' K ’
tr = tr(l—ZCRr[;ax -]-.TK-) ) (-62A) ‘

i
i1

A consequence of the finite vapor concentration is the
viscosity of the peak. When the flow through the column

|
is controlled by maintaining a AP constant, the viscosity

i
st
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‘of the peak perturbs the flow rate in/proportion'to the

sample size, and usually these perturbations will appear
in plots of F/FO against z/L. The pertubations are
1

expressed as:

AF X+22.4M
= (______._VR )W {63A4)

where w is the weight of vapor retained in the chumn, and

1

X == (%%) is the concentration coefficient of viscosity

U
of Vabor in the carrier gas. Usually, this .error is less

than 1%, and decreases with decrease in the sample size.

c) Column Performance

In the text, the ¢&olumn performan?e comes expressed
as the number of theoretical plates. A derivation of thi;
concept will bF given here, and thus justification g£ n as
being regarded as the column performance indicator. The
diffusion in OTC will also be examined.

\
of the width of the peaks with their retention parameter

The concept of column performance lies in the comifrison

(volume, distance or time). The plate theory described

in (7 will heré be given, a |

it

|
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l \
\ n . .
c.l) Plate Theory 1
Here, the column is divided into equilibrium zones,
which are the theoretical plates. Although the HETP does
not have the same meaning as for distillation, it is
defined in the same way:

HETP = (64n)

S

The way in which the vapor is transferred by each incremental
GV( will determine the way by which it is distribute along‘

the column,

H = HETP

a = cross—sectional area occupied by gas-phase

b = cross-sectional area occ;pied by liquid-phase
g8 = dimensionless partition coefficient = B'ps

at column kemperature. |

sV incremental volume of carrier gas.

The weight of vapor, in the gas-phase, in one ﬁlatg,
is Hac, and its concentration in the statlgnary phase
is Bc. The weight of solute in one plate, in the stationary
phase, is thus HbBc. So, the total weight of soluﬁe,'per
plate, will be Hc(a+Bb). The passage of &V will remove
from the plate the mass c6V. So, the proportion of vapor

removed per plate (p) is:

. \

1
1
'
. Y i
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sV
P= 5rargby (652)

3

but this doesn't take into account the vapor moved in from
previous plates. Now, we make the assumptions that
initially, all vaﬂor was in the first plate, and that at
time t, n incremental 6V have eluted. By combinatorial

analysis, the amount in plate r after n passages will be:

, n! r n-r
o7 P (P
The mass distribution of vapor among plates, after

the passage of néVv is:

»

: n! r n-r
w(n,r) = TThooT P (1-p) SGﬁA)

-1

This is a binomial distribution, and as wec, it iq the
equation of the peak in the column, as a function of n and r:

qor this type of distribution, the mean is:

. o
r = np ' (67A)
énd the variance is: ’
|
L, |
s = np(l-p) ‘ . (68A)

Actually, w(n,r) is the probability of sﬁccess, in each .
trial. The width in a binomial distribution, increases as
\/i. So, taking into account Equations 65A and 67A, we get:

]

= SV

.
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which is the plate that bissects the area of the peak.
Considering perfect symmetry this plate will e where
c=C . As ndév=vV, we get:

max
PR : (70A)
H(a+Bb) ’
But rH is z, and so:
V = J(a+b8) .*. v°_ = L(a+bg) (71a)

R

) -

which is the same solution resultlng ﬁrom DeVault Egquation
(517), with a=A and bg=Dg'. As the variance 52 lncreasgs
the extent to which the distéibution spreads from the mean, ]

it is an indicator of the broadeniné} Usually, p is small

’ .. (1-p)al., >

H " d

5 | 52 a8y — (1-p) (72

? . H(a+Bb) P H(a+SsS |

§ R

\ O |

§ When v=v° ) ) - o

2 _L(atb8) _ L ",

S - foed
r H (a+bB) B

o] )
]
=)

s . J (733) -
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0, 2¢u2, 2
2 (vp) mHarbe) T 2 42 n (74A)
T/8 L/H  H

HmN'H

Usually, volumes or times are employed, and not distances.

Multiplying Eguation (74A) by

H2(a+bB)2
H” (a+bB)

we get: |

o 2
R.

7252 (a+bg) 2 = v e (T5A)- )

si“z(a+be)2 =5 ¥ (768)

2
v
So, again we get: ?

o
R - (77R)

£

which in fact conﬂirms that n is the appropriate in8licator

o

for column performance.

i From the plate theory we can predict the peak shape:

In the case where r is so large that % ~-0,
r

which seems particularly true for OTC, as n+*, the binomial,

(34)

distribution w(n,r) will approach a Gauséian distribution.

o

:
]
;
;
4
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So, as nt=, we get:

-2
wir) = —=— exp -(r-;) (78A)

1 . °r \Iz ’ 25y

But p must be small enough so that r=np is finite 88 nre.

is a normalized quantity, so as

\

to have the area of unity. Unnormalizing, for the concen-

Here, the quantity ————r
< S
r \[ 2

tration of vapor in the gas-phase, we get: P

- 2
w -{xr-r) . mass
c(r) = ———— exp ————, in | ) (79A)
‘r"" 2 plate
S, 27 Zsr
and
- 2 ~ ~
c(z) = —o— exp (222) , in (I{%i_;'t?ﬁ (80A).
S, \IZn | zgz |

Because of symmetry of the peak, we can tu#:n this immediately\

\

| —_

into volume units:

-/'2
clv) = W exp = (v-v) , in (Rass__, (81a)

’ iv\l—zT ‘285 volume

e saw t = occurred at r=r. -
\ W aw that ¢ cmax r t r=rx So, fmax ; S__T;: v
v

v

ass{uming w=l., But 5‘2, is proportional to V (Equation 72a), .

and thus:

O max
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and the assumption we made before is now justified.

7 o D

c.2) Broadening Factors and Column Variables
) |

(a), Here, the ideal column will be taken as ‘
standard. The ideal column resolves in infinitesimal time, g
two vapors of relative'reteptions (i.e., Ki/kj)infinitesimally
close to unity; yith a perfect resolution. _it ig obvious
that real columng differ from the ideal column, as the

zones of vapor will broaden during elution. The broadening

factors add independent variances to an instantaneously ' (/f’:
introduced zone of sample, and they may be combined by the -
rule that applies in the addition of effects~bf independent :
sources of random error,(7) upohoaodistribution, i.e., e \Eii

2

2 o . | :
Stotal -~ I 8 - This approacg.falls when factors are

i .

interdependent, but on OTC, with linear isotherms, there
’ |

iYd

1
\

are no such factors.' \ : ‘ '

\

'From Equation (71a), it follows thats,

.
\ ~

4 o ,
SV - (a+b\8) Sz (S?A)
Equation (25A) may be written as: \

| .
A, t s a 1
3 " } B

A o
tRFo? = L, (a+bg) (84A)

'
.
« o~ ' « O

~ e v

But we saw that F_j=F, where F is the volumqfric .
flow rate correctgdlforlfhe pressuré gradient, 'but not .

) \ \ .
accounting measurements from a bubble flowmeter. So,

L . N
\ . : \-
- x
’ 4 - R o
o . 1
. ¢ \ s
i - : A
B s
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3

t

/ v
Equation (84A) ‘is written as:
' ]

itRF = L(a+bg) ‘ (85A)
nand

»

Fs, = (a+bB)s,=s, : (86A)

t

Now, a+bB=a(1+§B)=a(l+B/y), from Equation 20 of the text.

But we also saw that B/y=K (Equation 21 of text), 'and so:

(87A4)

Fs, = a(l+k)sz=ua$t ‘ ,
£
From here, the following relation holds:
3
(1+k)s =us | (88A)
2
L Se . 2 . . .

But H = Sz " - - S,1s proportional to H, and this .

signifies that each broadening effect adds something to

HETP. Usually, the broadening of a peak is measured by the

2

standard @eviation s, rather than by s“. As Ei%: (z si)i,

i
the broadening produced by several factors together will be

///;less than the sum of the broadenings produced by each factor.
Then, the factor that gives the largest individual broadening
should be considered as the most importaﬁt, and this is
a very significant conclusion. ]

The different kinds of diffusion taken place in OTC, ——

[
each one,contributing to the total variance, are now going

A/ to be seen in detail.

/

/
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;7 . by Longitudinal Diffusion in the Gas-Phase

» .
From Fick's second law of diffusion, we get the

parti®ular solution given by:
‘ 2
f m _L '
C = exp (—)

2 \[H)_{ 4Dt

(894)

with a variance of:

| - - \,
| 5, 2Dt a (90A)

(91Aa)

w
f

; 2 20t
‘ o \ \ #

If we call i a length coordinate, with a zero valug at the

peak maxima, then the elution of the vapor will not affect

the diffusion, at these particular values of j.

From Fick's second law, we have:

{ .
. 2 , . . |
ac' 8°c .
= 2973 (923)
aR ‘ .

— N

With an initial input distribution as a & function, we have:

J . .

: : 2

( £=0,c=6 (0) .'. c(i,t) = —= exp (g5 (932)
: 2 'ﬂDg : g

C | | ,

e b B0
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~ 4
r

c(i,t) is then a Gaussian,functipn of &, with mean’at 2=0

and si=si=2 Dgt. The effect of longitudinal diffusion on

the stationary phase, accounted for in a similar expression,

-~ °

is dertainly negligible, as typical values of D2 are about
four orders of magnitude lowex than typical values of Dg.

But we saw that si/z is proportional to HETP, and

using now Equation 88a, we get:

1

2 D t 2DV
2 _ S g = 2z
s T3 FII+E) 2 Dg = (94A)
/
So,
;i/z = 2 23 (95R)
u .

and this is the first term in Golay Equation. Changing to
|
volume units, we have:

’ c2% 2‘Dga(§+b8)v -2
: v F

= a~ (1+KR) 2 Dg -~ (96A)

<

-

This type of broadening is symmetrical, so that the
) g /s
retention parameters are not affected, as long as measure-

ments are taken at %=0, i.e., at the peak maxima.

0
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. c) * Non-instantaneous Equilibration of Vapor ' /

c.1l) in idea;/chfg;atography, the partition c¢o-
efficient is a constant,’only dependent oé/temperature,
and -the distributions in each phase are similar in shape,
and are not functions of time. In non-ideal linear GC,

the partition doefficient is not constant.' In the front

profile, i.e., the one that first meets thh stationary Phﬁfﬁi/////

q/c<Bl, i.e., C>cequilibrium' This implies that undissolved

vapor in thé gas-phase moves further along than it would

in the ideal case. At Ege rear profile, g/c>B', and vapor

remains in the stationary phase more than ideally. .
_This deviation may be described by imputing-a pertur-

bation on the isotherm, so that the isotherm equation

{
becomes:

+
.

q = B'cf(t), where f(t)+1 as t+w (97A)
. A

3

The qLéntitative treatment will depend on f£(t). Assuming:

-

£(t) = 1+k'e" K"t | ' ) ' (98A)
we have: - ‘
o : :
g =g'c [1+k'exp(-k"t)]" (992)
and: /
; . | .
g% = k" (g'c-q) | ; (100A)

A

-

W

g e e —

. o
PIPIAVEN AP S

PrE IR




’

order of the imaginary argument iz

is large, i.e., for 2>10, we have:

[

I (z) o exp(z)
ool (2nz)

4 ~

(35)

f« 75 -~ -
; ¥ .
rﬁi
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- ’
éi r
i: 4 This is equivalent to a first-order reicfion bqrween phagés,
¢ ‘ T ¢ ! %* -
! with' a rate constant of k . n
;’ - h IS
\ The boundary conditions are:
'l\ » ‘ *
) ~
q (0,2) =0 / . (101n)
s ' and P ’ , N
] c(V,0)=8(V) (102A)
; S ,
. R
Recalling Equafion (463) (DgVault Equation), the ff
solution/becomes:(7) - ‘ .
k" DB'z, % | K" : 3
2 V B aw— T J - -
c(Vez) =5 (Gx5)° I |2 7 [DB z (V AZXL/,
_ * . i -~
‘ exp {ﬁ fr-(DB'i - Az + V) (1033)
N . - - ; }
neglecting entry effefts (i.e., avterh containiny sv).
’ ’ x-:> 2 [
o lk* k* &
q(V,z) = Lt o' l2 7 [DB'z(V—Az)]
. . . -
J , - S
t .
‘ exp[— }-Fs—- (DB'z - Az +V)] (104A)

.

'Il and I, are the[Béssel’functions of firsL and zero

When this argument

(105A)
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’ « |
So, Equation (103A) ﬁecomes:
* % TRE ¥
c(Vyz) vy . 22 exp[ -
(41F) (V-Az) .
0 (DpB'z - V-Az )%] . ) (106a)

w
e 'g'm*q""‘e:,,

To apply this expression to the actual chromatograrf we

) R
This gives:

v

*3 va°-v )2

) L{i;
K3 Ry '

*
K

- " exp . - —
(4r) ¥ (v-vy) 3/ [ F |

‘ 7(\7), v

3

\’ o 12 |
(\NVR-%y - v-vM)] ‘ .. (1o7a)

Aséuming the effective total width only a small

fraction of its reténtion, which may be not true for the

o)
R

relation holds: R ’ . ;
/ o

- . 2 :"
(Vx - ¢x+fx)2 T (ﬁi{ _ | . (108a)

‘Then, Equation (107A) will result in:

early peaks, we have V_>>V, and the following genéral

. . 2
e -k (Vp-V)

exp| =
[4 TF (VZ-Vy )]5 | [ 4F (V2-¥,)

cv) A ] | (1092)

-

ember that for z=L, we have v=v° (corrected retention
m-wga‘i’.‘f‘,‘ "u}
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But this.is the ;&pression‘for a Gaussi@n curve, with"
! ! \ ‘ ° i H

\
%

- - T 2RWR- ‘
&2 = R (110A)
|v .
and ,
> j 3 »
-— — s o
c=vp (1112)

" S0, the conclusion to be taken is that the result of a finite

but with the same mean as before.
. _ . -
Qonvertingwsé into -dist nce units, we have:

-

&

2  2Kuz . . :
2 (1+K)§k* v ’ ”

- v

!
)

where K is the capacity ratio %f tﬂ% ¢olumn.

’

The following step is to determine k*, as slow diffusion

nl
~may take place in both phases,;with different values for k*.

\

@

c.2) Slow Diffusion of Vapor in the Stationary fhase

Because of a certain resistance to mass transfer upon J
| -

/

diffusion of the vapor solqte/go and from the interface,.

only at the interface holds 5he”rebatipn g=B8'c. In the

stationary-phase, at the frodt profile, q<f'c, while at @
, ‘ - 7

1

the rear profile the reverFe occurs. From the analogy,

’

-1
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, } |
it is obvious that the effect df slow diffusion in the

stationary-phase is equivalent‘?o a irst-order reaction

(at the lnﬁerface), and thus Equa%lon l100a applles.’ The

rate constant k* is proportlona% to the ‘area’, the %1ffusxv1ty,

and inversely prOportlonal to the film thickness (df)v The

larger the volume of»stationary-bhase per unit length of,
: R i
column (i.e., the term b definedﬂin pg. 132, part c.l, which

is related to D by Débp ), the md%e vaéor must diffuse to
increase the average concentratlon by a given amount, and

so k* is also 1nversely proportlonal to b. /
B J
Area . D Area D,p
* ) L _ L7s
f AN £

The p#oportionality constant is obtained if k* is determined

by an even layer of d.. *
2 .
v, _ (r -d ) o
4 = = = (114A)
~ Ve et _df) : £ o
and ' Lo ) _—
- ‘ ‘7
Area . df = b |
( 2, (3
The constant of proportionality is 7 /4.( s)
. So, we have: , .
| . .2 D, : / - -
x k=1 T2 o © (116A)
, a : :
\ £ * // -
//// ’
/ : Ay
e

<

»

1

f
e T £ a
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Usi7g Equation (110A), we get: . ﬂ
2 _ 8 .2 o_ v o,
s, = :5 de F(Vp yu)/nz (117a)
A

apd , 7
‘ » 2 8 .2 a Kz

‘55.% =3 df 5 - > (118a) -

n L (1+K)

c.3) Slow Diffusion of Vapor in the Gas-Phase

Here, the é¥oblem is more complicatea, as/bx add}tibn
to the lateral diffusion, gas streansip different\parts of
the cross-section move at different speeds,'dde f the
velocity gradient. For OTC, this study may be characterized
in 3 ways: S - '

o e o u

+(a) Dispersion without Liquid-Phase

(37), in cylindrical

This was studied by Taylor
tubes. The distortion of the initially“planar flow profile

(at tiTe zero) into ‘a parabolic one, will produce a very

large/variance in an initially compacf distribution (aveiéggé

;thro<§h’thé tube cross-section). fLis dispersion is
countergcied by lateral diffusion, by which regions of
greater vapor concentrationqin the front profile, will
diffuse»to the 'edges, while theureverse occurs at the rear
pfpfile;'u;f/hhe rate of laégral diffusion (independently

as compared to the gas

4 !

of longitudinpdl diffusion) is fast,

hS
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|
! f%ow, then: l ,
, rlEz A . |
Sz ° 71D ) \ ‘ {1198) .

A

\

- |
(b) Dispersion with Liquid—PhﬁBe an# Instantaneous
Mass-Transfer ] \

(1)

Following Golay, we have: | |

r . 2=
2 _ 1+6k+11g> | IcU?

- z (1+K) 2 24-D

(120a)

and we see that an extra perm,iwhich is function of. the

capacity fatio K, appears in comparison with Egquation (119a).

N

2 is a minimuf, and thus, the presence pf the

For K=0, s
stationary phase 1nc&eases the. variance due‘to Vlscous Elow.
v : r

\

7

(c) q;spersion with Liéuid;Phase and Non-instantaneous
oS r
Mass~-transfer

A
3

(1) worked out this phenomena, and the

‘Again Golay
expggssion for\thefyariance is: ‘
% - :
2~ ’ ,
. 2 K 3 fohz \

S = : o - c
2 6(1+K) % 32;2 ' !

h . »
£ 4 \

> Now, we recall Equation (37), anﬁ we get: - -

2 . 2 uz a (
Sz .= -3-’ -—K—‘.—-T df ——2- - , (122A)

Dy, | .

-

¢

SR e bty e




o A A & T e finsed i L S L el L A AU ot et o

"

A\

This equaﬁiOn is the same as Equation (1l8A), except for

-

wiro

the constant =. . ‘ . '

S

- ‘ , /

(d) Comparison of Magnitudes of the Variances in OTC
Lo °

Dividiné/Equations (121A) and,(lgOA),'we get:

I L]

e

§2 2 p n ) |
. (z)gas = 3 c & . l46K411lK 123A
vl R K 1 (1232)
- 8 df g !
(z)1liq

With OTC, K usually is\sma;l,&frequently of order one. With
> X I/

° this, "we get:

s r D : CoT
i nng)QaS . (a_g_)Z B& o - (1249)
S(2) 1liq £ 79 ' .
. . D:Q, - . g
Working with usual solutes and pbases, 5 is of oxrder 10 7,
. \ .
. r - :
while (55-) 2 is of approximately the same order. So: -
£
/‘52 - / '
—{21938 ~ order 1 _ (125A)
5(z)1iq. g s
c 7 e l !

For the peaks with large values of the‘capacity ratio {K),
52 > g2 .
(z)gas (z)1liq.

'With Tery low values for K or with large values for u,

the peaks become asymmetrical, with sharp front profiles.
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o
This is usually what happens with OTC, and may be readily \
seen by Equation'(118A). o I
%

| ‘ |
If we assume tlj{)e principle for éumming variancés,“

I
which is applicable to 0TC, (7)

> (e) Golay Equation

then we may sum the

variance given by.Equations 94A, 120A, 121A, and we get:
L ) T

- 2 - £ =2
2 - Pg* 146k 411k% | 95E . k3 UL
(7) a 24 (14K) 2 Py T e? g,
| ‘
: ./ (1263) |
2 E .
‘which is the Golay Equation. (1) But HETP = T—ég—)——, and sgo:
2D 2 ar? .3 . @r g
, g . l+6K+l1K c X c .
. HETP = —I + L S S —
a 24 (1K) Pg 614K B“D, |
‘ (127A)

\ .
This equation neglects the resistance to mass-transfer at

T .
the interface, which was treated by Giddings. (12)
- $

¥
N

(f) Variance Contribution due to the Input Distribution

A

of Vapor
It was seen that the zone of vapor occupies a

finite volume, at least equal to the volume of the pure

! o

¢ e

e B, A,
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vapor, at the pressure Pi,,but usually greater, because of

dilution with the carrier gas.
N 2 "

Let sZ be, the va;iancé of the input-distribution, S

I

the peak, produced by the column,upon the input distribution

‘ - . A ¥ -
= 2 2/ 2 2 (Vg)z |
: S, = S; ts_ = St + n

from Equation (773).

-

*
In practice, a plate number (n ) resulting from
combination column-input distribution is measured.

Pl

and so:’
\
. n(Vo)z
a"
o
ns:f(VR)

A\

3

2

-be the variance due to the column. Then, the variance of

*

(128A)

the

(129A)

(130a)

Equation (130A) shows. the effect of the input distribution
A {

on the performance. From it, we get: !

/ St 2

=) 2ne1

)€ =

and so:

(131n)

f
s
s o st
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t { st2 1] 3 g (1322)

2
-
.

We see from Equation i(132A) that

-

LU LA |

- =g

[

o - o
VR VR
It is seen that'if i s, )
&
v"R ] . .
sl<'\a0.2 —=0.2 Sc
Vo' .

AN
the effect of the input distribution on the column performance

! . 3 .
is negligible. ‘For plug flow, Vplug 3 S1v 'and so:

v° '
< 0.6 == ¢ (133a)

Vg)lug , \/_;1—:

Rl E o KB e st o e
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APPENDIX -
CHAPTER 2
Experimental Results in Uncoated Columns

4.1 Introduction

With columns that are not coa%ed with the stationary-
phase, the peaks obtained are representative of inert peaks.
The gaseous solute was propylene-or CH4, due to theugreat
response of the FID to small amounts of these compo&nds
and due to their availability from previous experiments.

In this chapter, studies are presented concerning the
" -

reproducibility of the retention times of linearity of the
detector, and the uniformity of diameter from tube to tube.
»
4.2 Reproducibility of the Retention Times
Column characteristics: L = 1180 cm
d = 0.022 cm
c .
"/ For CH4 injection, a sémple size of 15 ul was chosen,
with splitting ratio of 1:190, which provides ~ 0.08 ul
(NTP) through the column. For the seven injections made,
the retention times are shown in Table 1lA.

This -gives a mean retention time of tm = 45.7 s,




TABLE 1A

M

"Air Peak" Times for CH, on Uncoated Column

153



Table 1A
Injection no. 1 2 3 ? - 5 6 7
) 9
t{s) 45.8  45.8 45.7 45.6 45.5 45.6 45.6
///-
R

N B OEE Sy SO

Lot
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with the standard deviatidn of the mean = 0.27 per cent.
The mean flow rate is v 0.6 ml/min. ” . -

For propylene injection, a sample size of 10 pl was

3

_chosen, with the same splitting ratio of 1:190, which
corresponds to ~ 0.05 ul through_ the column. For the 25
injections made, the retention times are shown in Table 2a.

This gives a mean retention time of Em= 45.4 s, with the

standard deviation of the mean = 0,18 per cent. The mean

flow rate is v 0.6 ml/min.

\

Conclusion: The retention times are reproducible .to

within one per cent.

12

4.3 Study of flow rate and pressure drop on uncoated bundle

Bundle characteristics - Number of columns = 5

-

AT d,

L

0.0224_ cm

R

190 em

?

' It was mentioned before, that oie way of testing the . .

uniformity of the mean diametﬁr from tube to tube in a

bundle, is by checking the flow rate through the various

.

columnsk for a certain pressure differential -along them.

Equations (11, 12, 13, 14, 15) are used here, and'the“' 5
+ results are plotted graphically. Measurements were
taken both with the make-~up line connected and disconnected,

byt in the first case, the pressure at the outside of the

S0 ' .
column is notﬁEpown, and is certainly greater than the"

-

i////]/// - . ] » - .




(.\}.

! 155
”
[ {
1 . “ i
w k)
i : !
TABLE 24

"Air Peak" Times for Propylene on Uncoated Column

| |

-




. X
- Table 2A
P
Injection no. 1 2 o3 K 5 %6
X . .
t, (s) 45.2 45.4 45.4 ,45.3 45.5 45.3,
).
-
Injection no. 7 g 9 10 - 11 12
t_(s) 25.4  45.4  45.5  45.4 45.4  45.4
Injection no. 13 14 15 16 17/ 18 \
t (s) 45.4 45.4 4%.5 45.5 45.5 45.5
| "
Injection no. 19 20 21 22 23 . 24
t (s) 45.5 45.5 45.5 45.5 45.5 45.5
Injecﬁion no. 25
t, (s) 45.5 .
! L ?
ll ‘ 1 el i
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i}

étmospheric pressure, although probably close to it.
- \

'
° —
¢
R >

a. Study of Flow Raté through the Columns

Here,'ihe outlet of the columns wag connected directly
to a bubble flowmegex, and the outlet p;eésure is assumed
to be v 1 atm. Experiments were conducted with 5, 4, 3,
2 and 1 columns, and the flow rates were measured. Two
corréctions must be applied in order to obtain the mean
flow rates, but we are interested in the relative effect,
and as the same corrections would be applied |in all cases
of this experiment, they were not done. In Fig. 2A are

shown the results obtained with the make-up disconnected.

The pressure at the second stage of the tank was set at

ko psig. . e

-

The relation between tﬂq total flow rate and the

number of columns is seen tg\ff nearly linear. The total

pressure drop, which is fixed, can be divided into the 4

pressure drop across the column and the pressure drop in
the other flow passages both upstre and downstream from

the column. As the total flow rate inc

must decrease.. The deviation“from linearity in Figure 2A
: |
is attributed to this effect. This type of test doe

appéar to be a good substitute for thﬁ more laborious

A
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testing of one tube at a time. :

b. Study of Pressure Loss in the Columns

A study of the pressure loss on the columns was also

©

made, with the make-up connected, i.e., under normal

operation circumstances, and it was assumed that the

\

" pressure at the .outlet of the columns is unknown, but the

same through all experiments, i.e., independent of the

number of columns tested. Further, due to the design of

the connections between the column gad detector and between:

the make4up line and the column, it may be assumed with
little error that this pressure is approximately 1 atm.
‘If the tubes all had the same diameters, the value
of Bo! from‘Equation 12, would-be a constant and the right
hand szde of Equation 1l would be a conﬁtént times*Lz/tm
If P, is constant, the left hand side of Eguation 11 is a
functipn of P,. .Equation 11 was s?lved for P; and the |
results are shown in Table 3A. Figure 3A is‘a graph of [
AP as a functiqP of!; and Figure'4A~is a graph of Ftotal
as a function of N. : 2.
Agaln, the graph lanlguﬂe 4A is seen to be
approximately linear. The departure from linearity 18\\

evidently due to the fact, shown in Figure 3A, that the

pressure drop was not constant. This-may also be due to°

an dincrease in pressure drop elsgewhere in the flow path.

@

~d o

Jp——
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A
FIGURE 2A
™
Total Flow Rate in Uncoated Columns iln parallel
§
(Make-Up Line Disconnected)
N
N
FIGURE 3A ~ - : /
Pressure Loss in Uncoated Columns in Pa;allel

(Make-Up Line Connected) J ]
. . : | %
1 ‘j‘
3
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TABLE 3A

P

Experimen@al\Results on Flow and Pressure Losskthrough

a Parallel Arrangement of Uncoated Columns

4
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» ' Table 3A
- b
N t®  Gavs) P, @ etplatm > p,fatm .
5 ¢ 1315 14.33 1.69 0.033 1.33 1.025
4 11.72 16.08 1.52 0.037 137 1.027 al
3 11.14 16.92 1.20 0.039 134 1.029 0 0w
2 10.61 1777 0.84° 0.041 1.32] 1.031
1 11.07 \°17.03 0.40 - 0.039 1.34 1.029 Al
!
\
R !
r 3
/
' I
L)
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In any case, this is not a satisfactory test procedure gnlesé‘

L4
! . ‘e R

the prﬂssure drop across the column can be he;d.éonstant.

4.4 Study of Peak Broadening in a Column
\

The small differences in diameter that exist\in the
. ‘ : I
different columns of a bundle, affect not only the retention o

‘tbnes for the inert peaks in the individual columns:, but

also the broadening of the peaks. 1In the case of uncoatgd' -
cblﬁmns, this is due to the longitudinal diffusioﬁ‘in the
’gas—pﬁase. ‘Figure 54 is a plat of wp vs. N, and it may be
seen that th? width increases as the number of columns
decreéses. Tyis is due to the increase in the ratio of

dead volume tg the volumetric flow raté. Changing thé
conﬁegtions for the single column, minimizing its volume,
produced point A in the graph. It must be kept in mind

that if the connections' dead-volumes are minimized for a

\ \
certain N, then |they are no longer minimized as N decreases.
{ -

i

So, referring to Chapters 2 and 4 of ﬁhe text, the main )

- ¥

contributions to!peak spreading are from end effects,. |

i.e., from the dead volumes of the "detector, injection port,
i ‘ \

and connections. _*_,,J///

(4
-

4
7

4.5 Linearity of the FID with tHe sample s%zes used
Using Equation 42, and propylene as the gaseous solute, \

1

'in Taﬁle 4A\ar¢ the values of thélmaximum sample size B¥*

\ -
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- ’

(ul at operating T and P), for the various number of columns,
and for XK=0 (nonabsorbed component). '

Experiments were conducted with 1, 2 and 3 columns, and
the injections Q@rough Ehem weke respectively of 0.007 ul,
0.015 pl and 0.022 ul, taking into account thé splitting
ratio calculated upon éke flow rates through columns and
through vent. The peak areas were measured, and Fig. 6A
is'a élot of these results.

We see that thg’FID responds linearly, at least if
we keep the sample size below the value given by B*. It
is also seen that the sample size may be chosen to increase

proportionally with the number of columns. This was the

procedure followed throughout this project.

( '
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FIGURE 4A

U, T e AT IR

R N

l Total Flow Rate in Uncoated Columns in Parallel

R

(Make-Up Line Connected)

FIGURE 5A

DPAIMIER TR, S ) S R R AR R TR | B IR 2
\

\ Variation of Peak Width at Half-Height in Uncoated

Columns in Parallel
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TABLE 4A

TheoretiLal Maximum Sample Size

According to Keulemans
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TABLE 4A

*
B (ul)
0.1

0.08

0.04

0.02
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FIGURE 6A

!

Variation of Peak Area with Sample Size,

for gépoated Columns
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APPENDIX
K

CHAPTER 3

|

Coated OTC Bundles Prepared Using the Static Coating Technique

Table 5A shows the bundle charaéteristics, as well as

- f

the results obtained for the case of 5 columns, wheTe only
one peak developed, i.e.,ﬁthe peaks coming out from
individual columns overlapped, forming a single peak;

? l .
The experiment was started with the 9 columns and the

sample size was kept proportiohal with the number of OTC in

the bundle. The columns were removed (by’breaking them)

e
meeate 83

t

one by one from thé/bundle until only one of them remained.

Table 6A shows the results obtained, and‘when more than one

peak emerged (from n-heptane injections), Wy is not shown.

' Some peaks could be easily identified by their retention

-

times relative to én inert (CH4),\and an énalysis was made‘
on the distribution of the retention times for n-heptane, |
on this particu;ar bﬁndle. ‘ / )
Again, we can see an ipcrease}in Wy as the number of
columns decreases. ﬁfhis is due to the important role of
longitudinal diffusion in the gaé—phase.in the dead volume
of the connections bundle-GC apparatug as the total flow

\
i

diminishes. Figure 7A shows the retention times
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TABLE 5A -

Experimental Results for Coated Bundle, by Static

_ Coating Technique (9 Columns)

.



Tdble 5A
\ LY
Number of columns*(N) 5., ‘
L(cm) - N340
: 6
dc (u) w19
2 -
Cs(% VOl) \
df(u) vl
3
Pi (atm)
- '\ll
Po(atm) .
j t_(s) » ' 4.56
L] 8
tr(s) 37.9
K - 7.3
wh(s) ) nv12.4 i
F(ml/min):N ., © 1.3

-

‘ * ILigially, the bundle had 9 columns, but the results

shown on Table 5A are for the case of 5 columns, because

here only one peak éppeared.

-




TABLE 6A

Experimental Results on Coated Bundle, by Static -

~Coa£ing Techhique (Normalized Data)

j

| b

ER
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Table 6A

N 9 8 7 6
(just n-heptane)

S R RRAANA AN

W b
[\S ]
[

k. 6.50 6.33 _8.52 8.25 8.33 7.38 7.32 7.27 6.94
. |

ky . 8.17 8.04 10.15 9.87 — , 8.11 9.3 —/ -

ky 9.82 9.75 — — - 9.37 — = - —

w = = = — 210 - - 3.50  6.40

h, (cm) 4.00 3.72 8.36 17.45 13.40 4.35 10.83 11.7  8.00

“hy (cm) 11.26 11.80 7.25 14.28 —  9.98 11.40 — —

h, (cm) 18.02 8.3 — - — 873 — - —_

: ' b, (cm) 0.94 0.76 3.85 -3.35 .4.23 1.75 3.80 6.87 12.90

. ) ; s \

] 'bz(cm)‘ 3.38  3.30 3.3¢ 2.74 - 4.18 4.00 . — -
b3 (cm) 2.41 2.33 — —_ — "ja:)“ — | — " —

Note: subscripts (1,2,3) refer to tP? first, secorjand third peaks, amd
. N

”bi is an approximate measurement of the base width.

|
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: _ FIGURE 7A&
Variation of Capacity Ratio with Number of
i \ ,
Coated Columns in Parallel (Static Coating Method)
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‘ /
l . y - _
| .
{ {
1§ | |




- VL OIS
100 10 NG, o : R N I S S
/;o, . < @’ @ - \ﬁ
- .. @®.__ 0 .. 0. .0 __@ @ @
—_— ._ e Au. .
74
. - -k
o ® G) ® ® o
® > 0 ®
] o 1.
- .
L 7086 T8 6 L
o (™)opes
© @ Ayoedeo
. ® ® ® ®
- © + — — HT_.

8
C



¢ 169

\
(normali\zlad) as related to the number of columns, and those
that seem close enough to be produced by a singlle column
are represented by the same symbol. The mean values for
K, are also shown. . 1

The strong line€s are the mean @values for K. while the
dashed lines are correspondent to the peaks that are
assumed to be present,. but hidden by the other peaks. The
numbersi in circles, i.e., @ ,'I represent the number of
columns tlamat are assumed to contribute to the peak that has
the respective value of K, merin. The distribution obtained,
normalized to the peak that is; assumed to be present over
all runs, i.e., the peak from column 1, which has Ki mean
= 13.7 is shown in Figure 8A. Here, N* is the number of

columns in the bundle that contributes to the pal:icglar

value of Ki/7 . 13s

AT ot
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FIGURE 8A

~

Number of Columns that Contribute to a Specific

-~ v

Normalized Capacity Ratio, for Coated Golumns in

Parallel (Static Coating Method)
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