iationaiLibrary | ° " Bibliothéqud nationale . -+ - ‘ v
7 . of Ganada; / Co T du Canagg"‘ ‘ T et | " L S
277, Canadiap. Thesds Service  Senvice des théses canadiennes R St T
P ) f AVC-.-r d / X ) - . ‘ v, , ‘“.
\\\“ | - v,
. ) . ‘\ . - ) . - . . "‘
i { ~. ~ _'.\‘
L] \ ~ -
o . L) 4 v .
- - ‘NOTICE | | L -AVIS,
S . . ‘ : R . . . ‘ .\ ) \ o "r‘\‘ .
 The quality of this microformi is heavily dependerit ipon the La qualité de cette microforme dépend grandement de la -
‘quality of the original thesis submitted for microfilming. qualité de la these soumise au microfilmage. Nous avons y
Every effort has been made to ensure the highest quality of - tout fait pour assurer uneéq'uamé supérieure de reproduc- ;/
reproduction possible: = - - LR \\ - tion. : : Y
\ I pages are migsing, contact the university which granted =~ - Sl manque de$ pages, veuillez- communiquer -ave?’ :
~the degree. . ‘ R - luniversité qui a conféré le grade. : . -
- Some pages may.have indistinct print espéciallg if the La qualité dimpression de ceraines pages peut laisser a
- original page$ were typed with a poor typewriter ribbon or - désirer, surtout si les pages originales ont été d'actqug.g.
‘if the university sent us an inferior photocopy. - phiees al'aide d'un ruban usé ou si l'université nous/afait
N SR S , : - parvenir une photocopie de qualité inférieure. Jo By
~ o . . : ‘ i ’ : _ IR / .
- Prewiously copyrighted materials (journal articles; pub- - Les documents qui-font déja l'objet d'un droit dauteur -
. lished tests, etc) are not filmegd. R (articles de revue, tests. publiés, “etc.) ne sont pas:
, . g ] . microfilmés. . , VA
- Reproduction in full or in part of this microformis governed La reproduction, méme partielle, de cette migroforme est
by. the Canadian Copyright Act, R.S.C. 1970, ¢. C-30. ~~ 'soumisea la Loi canadienne sur le droit d'auteur, SRC
‘- o : L m - 1970, ¢. C-30: , L
= , ' - 2 \ ot S /
f . . . ./ , . 7 N
/ (
/
. SR ./i
' ( . LY ;
: A
e ~
- £ ~
1// ]
N s
- ,, . >
/ -
L S ' /' -
A . S a /
s , /
. ' /

B L . a C - . . » ) . . . : . / ) . . . i .*.
‘ . . e : R * / ‘ 3y -
* NL-339 (r.88/04) .- T S v AR ) ana, a S



 THEUNIVERSITY OFALBERTA| '~ . .

. \,j .

. STUDY OF 'I'HE ORIGIN OF EXCESSIVE'BANDBRQADENNG ON
. ; : - . ’ . ot . : . ;
o PRP-1- - . : .

. L . |
AN . . , .
" ! . . &
- s
N\

SR
.7+ . TERRY ANN DUBETZ

Ry«

¢

CATHESIS - - " =
“'\3$UBMI’ITED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
iN PARTIAL FULFILMENT OF THE REQUIREMEN‘I‘S FOR THE DEGREE
| ' DOCTOR OF PHILOSOPHY

o ~ DEPARTMENT OF CHEMISTRY

Bl

N /:"".

EDMONTON > BERTA

\\\\\\\

/
’



b
L

Permission has been ,tanted

to the National .Libfary of

~Canada to microfilm ‘this

. thesis and to. lend or‘sell“

copigs of the film.

A ‘ - }
The, author (copyright owner)
hals reserved other

lication rights, and

‘neither’ the

extensive  extracts from it

may be printed or [otherwise

reproduced without his/he
. written permission. ‘

hY

a’ auteur)  se

thesis nor

.'"(‘

L'autorisation a &té accordée
3 la Bibliothéque nationale
du Canada de microfilmer

cette thése et de préter ou

de vendre des exemplaires du
film. ‘

: £

L'auteur (titulaire du droit
réserve les
autres. droits de publication;
ni la’ thése ni de 1longs
extraits de celle-ci ne
doivent @&tre imprimés ou

autrement reproduits sans son

autorisation écrite.

‘TSBN 0—315-45740-6'



/ . . . , »

. . i ‘ N o Y d
THE UNIVERSITY OF ALBERTA - .
 NAMEOF AUTHOR TERRYANNDUBETZ
'I‘ITLEOF mxasxs .© STUDY. om;msomcm OFEXCESSIVE = .
| | BANDBROADENING QN PRP.1 )

DEGREE FOR WHICH THESIS WAS PRESENTED Ph.b. : \
~ YEAR THIS DEGREE WAS GRANTED 1988 -
S . 4

| Permission is hereby granted to the UNIVERSITY OF ALBERTA
, LIBRARY to réprodﬁc'c singlei ébpics of this thesis and to lénd or sell such
. copies for pnvate scholarly or sciéntific research purposes only

The author reserves other publication rights, and nelther the thesis nor

extensive extracts from it may be printed or otherwise without the author's -

written permission. . . R

1

(Signed) j(/\uf‘a.n\m ,Ll.ﬁ-(;s
| S . 'PERMANENT ADDRESS:
s 2268 Notton
4' " Rochester Hills; Michigan o
USA. 48063 B 4

- DATED. Sépfcm'be,- IS 19 %%

- .



-

. THE UNIVBRSITY OF ALBERTA

- | FACULTY OF cwmm swmes AND RESEARCH e

- J’l‘hc undcmgned certify that thcy have mad "and reconmend to theFaculty of

. Graduatc Smdks and Rescarch, for acceptance, & thesis entitled STUDY OF THE ,
ORIGIN OF Excsssma BANDBROADENING ON PRP-1 e T |

* submittefl by TERRY A. DUBETZ | |
in partial fulfilment of thc mqum:mcms fbr"thc dcgrcc of DOCTOR OF PHILOSOPHY .

S 2 Gz

F.F. Cantwcll. Supcmsor ’

1B, ) #JMJ

B. Kratochvxl

JA. Plambcc'k

2 - L. Hepler | -
N ﬁm)&%\u /
- - - AE. Mthcr ’ |

D.B. Marshall External Exammcr

o




_ ABSTRACT
4
A polystyrenc-d:vmylbenzenc stanonary phase ( PRP- l )used for
rcvcrsed-phasc hqmd chromatography (RPLC ) is charactcnzcd to determine the origin

| /-
- of excessive bandbroadening. - S . )

Compared to Othcr,stétionéxy phases used in RPLC, such as bonded phases,
PRP-] prodttces broad,jasymmcm'cal peaks. This decreases the efficiency of PRPI |
for separations and limits its utility as a stationary phase. PRP-1 is chemically more'
stable' than bonded phases, so it does have potent1a1 usefulness in RPLC 'Qt_:refore it
is of i mtcrest to determine the source of the ‘qandbroademng on PRP-1 in order to ~
minimize it. C\/‘) '
. ‘ Chr(‘)'matogr:ctms‘ were run on both PRP-1 and a bonded phase in order to
A detennittéﬂth/e rcla’tjvé magnitude of the bandbroadening on PRP-1 and to find relanons
bctween platc height and sample capacny factor, mobile phase linear velocity and rype
of sample All samples chromatographed on PRP-1 produccd bandbroademng 3x to
25x | grcater than the bonded phase. The bandbroadening on PRP- 1 was not dependent
on capacxty factor but was much la:gcr for more hi gh]y conju gated aromatics. The
bandbroadcmng dccncased wnh dccrcasmg mobtlc phase linear vcloc1ty but was sdll
large at low llnear vclocmes r : '
Adsorpuon isotherms, adsorpnon—dcsorpnon kmcttcs and sample vclocxty
‘ proﬁles were measured on PRP-1 in ordcr to estimate their cont‘buttons to
bandbroadcmng | o o
The adsorption isothérfn of a ﬁamplc which produécd large plate heightsvwas
. Mmeasured and found to be only slightly curved, indicating ismhcnﬁ’tton lineatit?i?not
R the cause, of the bandbroadcnmg A program was written to prcdlct thc peak shape

' rcsulung from both a non-linear tsothcrm and column non-ideality. —

A

iv
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Equipmem was developed to meuure adsorpnon-desorpnon luneucs. the kme%\
process was found not to conmbutc s:gmﬁcamly to the bandbroademng & -

Velocity profiles on a packed bed of PRP-1 were dctermmed by i mjecnng a dye '
onto a short column of PRP-1, extrudxng the bed ;fter panhl mxgnuon of the dye aﬂﬂ -
observing the dye profile. The profiles were non- -uniform Mthanged s;?:&?“m the
manner in_ which mobile phase entered and left the column. It was conclu at the .

* packing strudure of PRP-1 is not stable or uniform and produces a non-uniform

* velocity profile which contributes signifxlcamly,to bandbroadening.
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. CHAPTER ly
Introduction

FEEN
I
P
s

Liquid chromatography isa techmque commonly used to separate tmxtures mto |
their individual components The separation process occurs as the sample components
drstnbute themselves between the two phases present in a liquid chromatographrc system
‘ The two phases are a hquld mobile phase which ﬂows over a bed of stationary phaSe

' pamcles. The statronary phase is tightly packed inside a column. The-statlonary phas_e -
. may be a liquid coated onto solid "inert" support particles, sub’stituent groups chernically
bonded onto the solid support or a solid material Probably the most Widely used type of
11qu1d chromatography is reversed-phase chromatogmphy, where the moblle phase isa
polar solvent rn1xture and the statxonary phase is non- polar [1.1-1.2]. The llciu'fd-dbated
types of stationary phases were found to be useful for separating. mixtures of organic
compounds but unfonunately, they were not always stable because of dlssoluuon of the
ligaid coating into the mobile phase [1.3). Ty

" The next logical improvement was to chemically bond the nonpolar “liquid”

molecule to the "inert" support to increase the stability. Presently, these are the most
commonly used stationary phases in reversed-phase liqbid chromatogmphy. Most consist
of alkyl chains which are eight or eighteen carbons long, bonded to a silica gel matrix.
These type of stationary phases are known as reversed-phase "bonded phases" . They
. have been used in many applications such as the analysis of oligopeptides [1.4] ,
purification of recombinant profkins [1.5], determination of antibiotics [1.6] and others
[1.7 - 1.12]. Bonded phases are very efﬁclent at separating mixtures as they usually
produce a narrow, Gaussian-shaped peak for each component in the mixture. When peaks
_are narrow and symmetncal overlap between adjacent peaks is rmmmmed and a greater

o
number of components can be resolved



4' Bonded phases do have some problems assocxated with them. First of all, the s111ca
| gel suppa-t matgix is not actually ma't Even with the layer of alkyl groups bonded to the
silica surface there are acidic silanol groups whxch are accessible to tho sample and the
mobxle phase These silanol gmups can react with basxc- samples and when they do, broad
asymmcmcal peaks are often produced [1.13]. This type of peak shape decreasgs the
separating efficiency of the column Also, the siloxane ( Si-O-Si ) groups are hydrolyzed
by high pH ( 2 8 ) mobile phases, resulting in loss of the bound mo}ecule or even
dissolution‘of the stationary phase particles [1.14, 1. 15]. Some rcscarchcrs have found
impurity peaks duc to hydmlysis products'ﬁ'om the bonded alkyl groupls il 16). |
In order to circumvent these problcms the use of organic polymeric stanonary

phases hds been i increasing [1.17, 1.18]. These are highly cross- linked, ngld copolymer
particles. They consist of many microspheres joined togethcr ina c]ustcr for;rmng a larger

macroporous"”parncle which has a large surface area [1.19, 1 .20]. The microspheres,
ideally, are non-porous and thercfore not involved in the chromatographxc scparanon
proccss [1 11] The macropores are due to the spaces between aggregates of rmcrosphcres
and it is this porous surface upon which sample retention occurs [1.21]. These polymeric
adsorbents have been used for several types of apphcanons [1.22-1.24]). Researchers have
separated mixtures of drugs [1.18,1.25 - 1.27], thxarmne derivatives [1.28], wine acids
[1.29], nucleosides [1.30] and other samplcs [1.31-1. 36] using polymers asa reversed-
phase adsorbent “
| Of particular interest in reversed-phase chromatogfaphy are polymers made of
polystyrene-divin&lbcnzenc. The adsorption of both ionic and neutral organic compounds
has been studied by several researchers [1 21, 1.37-1.46). Adsorptlon on these resins is
the mechanism of retennon for neutral orgamc compounds from. rmxturcs of water and
organic solvents [1.17, 1.37]. The amount of adsorption i mcrcases with surface area of
the polymer, with the size and number of non-polar substnuents on the sample and with

mcreasmg percent water in the mobile phase [1.21- l .24].
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In contrast to silica-based bonded phases these pblymcrs are chemically very stable | | |

[ 18 1.30] and can be used over a pH rangc of1to 13 They do not dissolve in the

organic mobile phases which are commonly used in revarsed-phasc liquid chromatography.
‘ Bccause of the high degme of cross-lmkmg, they are mechanically stable and can be used at
high prcssurcs (1.17]. However, they do exhibit a problem which limits their utility.
Polymeric adsorbents produce broad, asymmetrical peaks for most samples compared with
the peak.shapes obtained with sxlxca—based bonded phases. As stated previously, this type
' H ‘ of peak shape decreases the sepa@tmg efficiency of a column This problem i is much
npworse for some non-polar aromatic samples [ 1.18,1.4’\/ -1.49]. N

The purpose of the research described in this thesis is to discover the origin of this
anomalously low colur.nn' efﬁcicngx observed on the polymeric adsorbents. In this work
Hamilton PRP-1, one of the most popular macroporous polyétyrene-divinylbenzene
stationary phases, was chosen for study. I'\Iaphthalenc and 90% methanol(aq) were chosen
as the model sample and mobile phase for this study, as thls system produced poorly
'shapcd peaks on PRP-1.

PRP-l is available commercially as sphen'cal 5 and 10 micrometer particles. The
average pore diameter of the PRP-1 used in this thesis was 75 angstroms, altlio'ugh
particles with larger.pore dﬁmetcrs can be obtained. The polymer has a large surface area

}f 415 m2 per gram. Pressures up to 4000 psig can i)e used with negligible compression
of the particles. There is little swelling or shrinking of PRP-1 in typical reversed-phase
mobile phases [1.30].

-

Chapter 2 gives experimental details, such as procedures and equipment, for all
) experiments done. Chapter 3 discusses the chromatographic experiments donc to
characterize the p;oblcm on PRP-1. Effects of flow rate, capac1ty factor and type of' sample
were studied in order to determine their relation tonéak shape. This also helped determine
which steps in the chromatographjc process couid be respgnsiblé‘:fér the problem ané

therefore, it directed the course of successive experiments. -
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er to demnnine the cause of the broad. asymtnetﬂcal umple peak: observed
the chromatographxc process was systemancally studied. Each stcp in the

ition pmceu was evaluated for its effect on peak shape Chapter 4 gives results for
ment of ihe adsorpdon isotherm of naphthalenc on PRP-1. Details are given
for a program which was developed to pred:ct a chromatographic peak shape based on
1sothcrm curvature and other peak broadening phenomena. Chapter 5 presents the results
of a kinetic experiment in which the naphtha]cne-adsorpnon-dcsorption rate was mcasured.
It also describes cquibment which was-especially developed for this expcﬁment and whicﬁ '
can be used to n?asum fast sorption rates on other particulate solids. Chapter 6 gives the
results of sample velocity profile studies on the packed bed of PRP-1. A technique was
developed for this experiment also . It was used to study a bonded phase adsorbent as well
as PRP-1, in order to compare the two types of stationary phase materials. Finally,

conclusions from all of these experiments are summarized in Chapter 7.



This chapter includes experimental detils for all of the thesis work. The studies
~ done on PRP-1 include chromatogsaphic characterization of the packing material and .
measurements of adsorption isotherms, ndsorptign-desorption kinetics and velocity pfbfile

ORISR

on the packed bed of resin. .

ZIMmmmmmn:mm_m_cnmmmmx
2.1.1 Procedure

A schematic diagram of the chromatographic system is shown in Figure 2.1.
Mobile phase is delivered by pump P to Eolumn C and detector via injection valve V.
Initally the injection valve is in the "LOAD" position ( indicated by the solid lines in Figure
2.1 ) and loop L is filled with sample solun’oﬁ. To inject sample onto the column, V is
 swiiched 10 the "INJECT" position ( dashed lines in F\gurc 2.1 ) which changcs the path of -
mobile phuc so it flushes out the loop. The sample peak is directly monitored as it elutes
from the column into the detector.

The experiments which measured extracolumn bandbroadening were done using the

same equipment except that the column was removed from the system.

’
2.1.2 Apparatus

Thrcc different types of pumps were used depending upon the mobile phase flow
rate desired. A Chromatromx mode] CMP-2VK ( Laboratory Data Control, Riviera Beach,

o

FL ) was used for flow rates of 0.5 mL per minute orless. The high pressure pump from a

/
e
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Figure 2.1 .Schematc diagram of the apparatus used for elution chromatography. P =

high pressure pump, V = injection valve, L = sample loop and C = analytical
~ column.

-



Spectra Physics SP8000 liqﬁd chromatograph ( Spectra Physics, Santa Clara, CA ) ora
Wnter'sMG‘OOO pump ( Waters A;sociaws. Milford, MA ) were used for hi;hn‘ﬂow rates,

A stainless steel injection valve ( pargno. 7010, Rheodyne Inc., Cotati, CA ) was
uséd 10 inject sample sdiuu‘on onto the chromatographic column fmm a 20 microliter loop
( part no. 7022, Rheodyne Inc., Cotati, CA ). |

Several types of reversed-phase columns were used. The polystyrene:
divinylbenzene copolymer column was PRP-1 ( part no. 8K 1120, Hamilton Co., Reno,
NV'). This column was 150 mm long with an id of 4.1 mm. The spherical macroporous
copolymer beads had an average diameter of 10 micrometers and an average pore diameter
of 75 angstroms. The col'limn endfittings were a CP] compression type ( Parker
Hannifin ). Two types of bmo‘ndcd phase columns were used, C8 and C18, and these
consisted of an alkyl chain ( eight carbons and eighteen carbons respectively ) chemically
bonded to a silica matrix. The C8 columns were supplied by two manufacturers. One was
a LiChrosorb column ( Spectra Physics, Santa Clara, CA ) with 10 micrometer “
irr€gular-shaped parnticles ha\'(ing a column length of 250 mm and an internal diameter of
4.6 mm. The endfitings were a compression type. The other C8 column was a Partisil-10
C8 column (‘part no. 4229-001, Whatman Chcmicél Separations Inc., Clifton, NJ ). This

*'Static')nary phase consisted of irregular-shaped ld ngg:romctcr particles. The column
dimensions were 250 mm x 4.6 mm and the endfittings were Whatman compression screw
endfittings. -

The final column used was a Waters Novapak C18 ( part no. 086344, Waters
Associates, Milford, MA )}~ The column was 150 mm x 3.9 mm with Waters compression
type endfittings. The spherical C18 particles had an average diamctsr of 4 micrometers. -

The detector used was a Spectroflow 757 UV-visible detector ( Kratos Analytical
Instruments, Ramséy. NJ ). The chromatographic peak areas were measured using either a

Hewlett-Packard Model 3390A ( chlcn-Péckard. Avondale, PA ) ora Vista 401 ( Vanan



: Instruments. Palo Alto. CA ) dxgital mtcgrator Elutcd peaks werc recordcd usmg a Scnes
: “'5000 Recordall ( Fxsher Sc:ennﬁc Co.) potcnuomemc chart rccorder

B 3

213 Chemicals ™" ¢

Naphthalc“';":;-was supplxcd by Matheson Colcman and Bell (Norwood OH ) and :

was rccrystalhzed from mcthanol |
‘ ' Mclhyl p- hydroxybcnzoatc (mcthyl parabcn ) was used as rccexvcd from e
Mathcson C leman and Bell { Norwood, OH ) ' |

T Phloroglucmo] (1,3,5- tnhydroxybenzcnc ) Was obtalned from Fisher Scncnnﬁc
Co. ( Falr]awn NJ ) and was, rccrysralhzed from water.

>

Calcxum nitrate was suppﬁled by Anachemxa Ltd (reagem grade Monm:al
- Quebec ) and was uscd as received. - | : '

—~

All other chermcals were rcagent gradc and wcre used wnhout funher punﬁcauon

; > e b ’ )
2:1.4 Solvents and Mobile Phases . -4 x
U

Doublc dlSt]]]Cd water was used to makc all aqucous solutions. It was prepared by

danIlmg the laboratory: dlSt]“Cd water from alkahne permanganate in an all- glass still. The

« first 20‘72%01' this dlsullatc ‘was dxscarded and the middle po.lp.lon was collcctcd \\,\  ' ‘
Methanol was oblamcd from two supplxcrs ( Terochcm Laboratones Lid. ahd

Anachemia Ltd ) and was distilled before | use. | v
Acetom.m]c was supplied‘by Caledon Laboratdﬁes Lid. ( Georgetown,

Ontano ) and was, dlsulled before use. ’ -

Tctrahydrof uran with stablhzer was laboratory gradc and was uscd as received from .

Caledon Laboratoncs L. (Georgelown Ontano)




. water.

9 3 Mobtle phase cm::entraoons are gwen as volume % orgamc solvent per volume of

 final soluuon They were made by addmg a known volume of orgame solvent and diluting

to the des"tred ﬁnal volume with water. For example, 90% methanol(aq) was prepared by

measurmg 900 mL of methanol intoa volumetnc flask and then diluting to l(X)O ml wrt.h

All solvents and mobile phases were ﬁltered through a 0.45 micrometér porosrty

: Nylon 66 membrane before use.

2.2 N.anh.thalgu.e._A.ds.o.Lnu.Qﬂ_lso.theLm
2.2.1 Procedur

The procedure used to measure the adsorpnon isotherm of naphthalene from 90% -

methanol(aq) onto PRP-1 was the precolumn equfbrauon technique developed by Ma\

Hux and Cantwell [2.1]. A schematic dxa f the equipment is shown in Fxgure

\:vr

‘ Whtle 1njecuon valve Vlisinthe ' 'LOAD" position ( solid lines in Frgure 2.2) sample

=)

solunon is pumped through pret‘olumn C 1 by pumnp P1 and out to waste until the adsorbent |

s equtllbrated wnh the sample solution. Slmultaneously, P2is dellvermg a strong -eluent-

through Vi, V2 and the analvncal column C2 and out 1o the detector. V2 is always in the
"LOAD" posmon dunng the 1sotherm measurement.

After Cl is equxltbrated Vl is switched to "INJECT" (dashed hnes in thure 22)

~ so the strong eluent from P2 ba,ekﬂushes the precolumn, eluting adsorbed sample from Cl1.

The sample continues through V1 and V2 onto column C2, where it is separated from

1nterfer1 ng peaks before 1t reaches the detector. ’
The quanmy of sample eluted from C1 is determined by companson of the peak

area with a cahbrauon curve of peak area vs moles of sample Thts quanury includes not

4

' only adsorb=d sample but naphthalcne present in tubing, valve V1 and the column void

spaces of C1. The amount of naphthalene present in this hold-up volume is subtracted to



P,
 Eluent =2
WASTE
RS
Jj‘,
> \\\\\
L § V2' \\\ .
STANDARD
‘C2 -
TO DETECTOR

Figure 22  Schematic diégwam of the equipment wsed for the adsorption isotherm
. ‘experiment. Pl and P2 = pumps, C1 & PRP-1 precolumn, C2 = analytical
column, V} and V2 = injection valves and L = loop for standard solutions.
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- '2.2.2 Apparatus

LN

obmn the moles of mnple adsorbed on the PRP~-!J Secuon 2 2, 6 gives detnils q,f the
m¢asurement of this hold-up volume. The calibration curve is detenmned ina separate
expenmem by injecting standard solunons fmrn loop L with V2 onto the tnalyneal column

~ The dlstnbuuon coefﬂclem can be calcuhted using equanons 4.6and4.7 described
in Section 4.1.2. This procedure is repeated for several naphtha]ene solution .-

concentrations to determine the adsorpuon {sotherm.

.

' . ©
Precolumn C1, which contained the PRP-1 adsorbens; was made from a piece of

stainless steel tubing which was 4.2 mm long and had a 2 mmi.d. The adsorbent was held

in place by a two micrometer pore diameter frit at each end and compression type
cndﬁttings. It was d.ry-packcd with 6.25 x 10-5 kg of PRP-1. |
The purpose of the analytical column, C2, was to separate the sample peak from

'any interfering peaks. A LlChI'OSOTb C8 column ( Spectra Physics, Santa Clara,

CA ) was used.
* Pump P} was a M11[on Roy minipump Modc] 2396 ( Laboratory Data Control,
Rivieta Bcach FL ) while P2 was-the pump fmm a Specn'a Physxcs SP8000

: chromatograph ( Spectra Physics, Santa Clara CA)

Thc mJecnon valve and sample loop were descnbcd in Section 2, l 2. The exact
volume of the sample loop, which had to be known for thc cahbrauon curve measurement,
was previously measured by R.Hux [2.1] to have a volumc of 23.88 + 0. 02 microliters.

Sample pcaks were detected witha Kratos Spectroflow 757 UV-visible detector set
at 254 nm. The eluted peaks were recorded using a Fisher Rccordall chart recorder and
were integrated with an HP Model 3390A integrator. All of these instruments were
descnbed in Section 2.1.2. Columns C1, C2 and valves V1, V2 wcre thermostated at 25 0

+050 C for all measurements using a forced air oven with copper cooling coils.

I T



/ e

Naphthalene and calcium nitrate have been previously described in Section 2.1.3,
224 mﬂmummmmm

The preparanon of dOuble dxsnllcd wat:r, mcthanol and 90% mcthanol(aq) has been
dcscnbcd in Sccuon 2.1. 4
‘ Aeotomtn]c was BDH Omnisolve ( BDH Chemicals ) suitable for
specmphotomcUy, chromatography and residue analysis. It was used without further
purification. | . |

15% acctommlc in mcthanol was made by measuring 150 mL of acetonitrile into a

" volumetric flask and diluting to 1000 mL with methanol, ’ .

2.2.5 Sample solutions

Thc concentration range of naphtha]cnc solutions used in thc adsorption isotherm

measurements was from 5 x lO “TMw01x104M. Thcy were prcpared by serial dxlunon -

0f 29.87 x 10 -4 M stock solution. The naphthalcnc standards used for the calibration
| curve were prepared by dilution of cither the stock solution dcscnbcd above ora 9. 85 X
10- 3Mstocksoluuon and ranged from 2.57 x 10 SMt0621x10-3M.

Solunons of calcium nitrate rangmg in concentranon from 7.06 x 10 “4 M 10 1.008
x 10-2 M were used to mcasurc the system void volumc _The standard conccmratwns
varied from 4.84 x-10-6 M 10 1.61 x 10 -4 M and'were prepared by dﬂUdng§ '
5.00 x 10-4 M stock solution.



2.2,6

. ‘
iy,

Calcmm nitrate dissolved in 90% mcthanolzzq) was used to measure the hold-up
volume Vm , of thc PRP-1 precolumn systcm Thc same chromatographxc systcm used ,
for thc adsorption 1sothcrm ( Fxgurc 2.2) was used except the tubmg which conncctcd
valve V1 t0 V2 was disconnected from V2. A volumetric flask was put here to collect the

precolumn effluent upon elution of th,c‘ca]cium nitrate. In the lod@ step approximately
15 mL of a solution of 2.14 x-10-3 M cal_'cium nitrate was pumped tlir'ough the precolumn
: ‘sy\stem to waste using pump P1 while V1 is in the "LOAD" position.

~ Next, VI was sw1tched from "LOAD" to "INJECT" so that approxlmatcly 25mL
of 90% mcthano}(aq) from P2 was pumped throu gh C1, the connecting tubing and the
~ valve and collected in the volumetric flask. Any calcium nitrate present in the precolumn
system was flushed into the volumetric flask during this step. This experiment was |
repeated two more times. - | |

The nitrate absorbances of all three rephcate soluuons were read onaCary 118 UV-

visible spectrophotometer at a wavc]ength of 20 nm. The absorbances of these solutions -

were compared with a calibration curve made from standard solutions of calc.lum nitrate in

order to determine the moles of calcium nitrate present in the hold-up volume.

2.3.1 Apparatus and Procedure

. The purpose of this experiment is to measure the rate of naphthalene desorpnon
from PRP-1 into 90% methanol(aq). A schematic dlagram of the equipment is shown n
Figure 2.3. Helium is used to propcl solutons through the tubing and the bed of PRP-1.
Componcm C contains the PRP-1 adsorbent and will be referred 1o as thc "shallow bed

cartridgc" or "s.b. cartridge”. Itis attached to an injcction valve V ( pan no. 7010,




Syringe —

Soluion _.________A

s.b.canridge

\Z 3

Figure 2.3  Schematic diagram of the equipment used in the adsorption-desorption rate
measurements. V1, V2 and V4 = 2-way valves, V3 = injection valve, R1 and
R2 = solution reservoirs, L = solution loop and C = shallow bed cartridge.

14



s
" Rheodyne Inc Cotati, CA ). Two stainless stecl cyhnders Rl and R2 are pressunzzd w1th
hehum‘and act as nscvt: to hold solutxons Reservoir R2 contams glass wool and a
small volume of 90% methanol(aq). -Thc purpose of R2 is to saturatc_ the helium w_ith

solvent before the helium passes through the §,b.carlridgc in order tb prevent drying of the

PRP-1 by the g;is. Valves V1 and V2 are teflon 3-way valves ( part no. CAV3031, .
Laboratory‘ Data Control, Riviera Beach, FL ). These valves determine whiéh fescrvoir the
helium Wi‘ll flow through. Valve V4 is the éame type of valve but is 6pe‘rating ina2-way

“mode. $cvcra1 pieces of stainless steel tubing of various volumes were used as loop L/

| bThe tubing dimensions are listed in Table 5.1.

| The conditions and procedure for the desorption rate experiment is as follows.

iRss‘er'voir R1 contains naphthalene dissolved in ?0% methanol(aq) and injection valve V3
is in the "LOAD" position ( solid lines in Figure 2.3 ). Vialves V1 and V2 afe switched so
that the naphthalenelsolution is flushing the shallnw bed cartridge, C, which contains the
PRP-1. This is to ensure the PRP-1 adsorbent is thoroughly equilibratcd by the sample. | .
Valve V4 is open so the effluent from C f}ows to waste. V1 and V2 are then sw1tched SO
that C i is purged with solvent saturated hchnm This step is intended to remove excess
sample solution from the tubing, the frits and the interparticle spaces of C. After purging,

V4 is ciosed so the pressure along the length of Cis equalized. Loop L is filled with 90%
methanol(aq) mobile phase solution and then V3 is switched to ‘the "INJECT" position
(dashed lines in Figure 2.3). V4 is opened and hchumsweeps ‘t};ough L, propelhng thc
slug of mobile phase solution through the bed of PRP-1 and then purging the excess llquld
from the+ ‘+-up volume. The time in which the slu g‘of mobile phase ‘solution is in contact
with tf1 ¢ ..’ermined by the heliumwpre'ssum and the volume offolution inL. The

till adsorbed on the PRP-1 will be quantified bui- there is some '

the hold-up volume, Vy'. This quantity must be measured and

otal to give moles of sample actually adsorbed on the resin. The helium




purge minimizes the Afgiount present in Vo, but it does not remove all. Deails ofthe *
hold-up volume determination are given in Secuon 2.3.8. |

* "After the slug of mobile phase solution has passed through the adsorbent, C is
disconnected from V3 and V4. It is attached tonnHPLCpump(Modele Waters
Assocmes. Milford, MA ), whxc\thlwers a strong eluent ( methanol ) to elute all the
- mphthalene from C in a small volumc The elutcd\ sample is collected in a 10 mL
volumetric flask and diluted to volume with methanol. Revcmed—phasc liquid |
chromatography was chosen to quanufy the naphthalene in this solution. Details of thc ‘
chromatographic procedure and cqmpmcnt were given in Sccuons 2.1.1and2.1. 2. Thc
pump used for the chromatography was from the Spcctra Physxcs chromatograph and the
- integrator used was the VISTA 401.

The above procedure gives only one data point on a plot of moles of sample still

adsorbed vs time and several more points must be measured to determine the dcsorpuon
rate. To obtam these, the time was varied by kccpmg thc flow rate constant and varymg the

volume of solution injected.

232 Shallow Bed Cartridge Design

In order to measure the amount of sample desorbed from the PRP-1 for fast contact
times and under'irreversible, fust ordcr conditions, it was necessary to have a very thin bed
of the adsorbent tnaterial. Thc sfug of mobile phasc solution was pushed through this bed
at fast flow rates which required moderately high pressures. Thcrcforc a suitable column
for the PRP-1 had to be designed to meet these conditions and also, it was desirable to keep |
| ~ the hold-up volume minimized. A stainless steel in-line filter ( part no. 7302, Rhcodync |

Inc., Cotati, CA ) was modified for this purpose. This component is 1dcnuﬁed as "C"in”~
| Figure 2.3 and will be referred to as the "shallow bed cartridge” or "s.b. cmndge" for the |

remainder of the thcsxs.» The shallow .bed cartridge design is shown schcmatica]ly in Figuxjc :
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24 AthinbedofPRP ) (lppmximnelyos-mhigh)wudry p‘ckadinneflonmbe

between two stainless steel frits. The weight of the resip used was 2.4'x 106 kg and the
bed diameter was 3 mm. The frit at the s.b.cartridge inlet had a diameter of 0.125 inches
and was 0.063 inches thick (part no. H2731, The Anspec Co. Inc., Ann Arbor, M), The
inlet frit pore diameter was 20 micrometers, while the frit at the s. beartridge outlet hada® ¥
smaller pore diameter of 2 micrometers in order to retain the 10 micrometer PRP-1

parncles. The larger pore diameter frit was used at the inlet iri ordér to decrease the

.~

resistance to flow and decrcasc the pressure mquined The oudet frit héd a diameter of
0.125 inches and a thickness of 0.031 inches ( pan no. 4334-220, Whatman Chemical
Separatians Inc Clifton, NJ ). The frits were pressed partially closed in the center to help
displace flow laterally. Also, at the s.b.cartridge inlet, two pieces of large mesh stainless
steel screen were placed to help disperse the flow evenly across the bed of packing
material. The teflon tube holding the packing and frits is placed insidc. the two filter end

picces and this entire assembly is put inside the Rheodyne filter cartridge cap and body. h*y

2.3.3 Chemicals

Naphthalene and phloroglucinol were the two corﬁpou;mds used in this experiment

and they were described previously in Section 2.1.3.

2.3.4 Solvents and Mobile Phases

Methanol, water and 90% methanol(aq) were described in Section 2.1.4. 65%
mcthanol(aq) was the mobile phase used in the liquid chromatographic quantification of
adsorbed naphthalene and was prepared by diluting 650 mL of methanol to 1000 mL with .

water.



Figure 2.4

-~

Shallow bed cartridge used to contain the PRP-1 station

adsorption-desorption rate experiments.

1. Cap of in-line filter assembly (inlet)

2, Filier enq,piccc

3. s.s. screens

4. Teflon tubing which contains the PRP-1
5. Body of the in-line filter assembly (outlet)
6. PRP-1 stationary phase

7. Frit (inlet frit = 20 Hm  outlet frit = 2 um)

&

ary phase in the

18



2.3.5 mnmm L' S
‘ ‘ ]
Liquid chromatography was used to mcasu&‘the amount of naphthalene adsorbed
on the PRP-1 resih. The two bonded phase columns which were used were a LiChrosorb
RP-8 and a Partisil-10 C8 column, both of which have been described in Scctioﬁ 2. 12

-

2.3.6 njection Loop Calibration S

L)

!

The solution contact time ( during which time sz'xmplc was desorbed from the
PRP-1) was varied by changing the volume of mobile phase solution injected through the -
shallow bed. Larger volumes gave longer contact times ( see cqt;ation 53). The solution
volumes were injected from calibrated pieces of stainless steel tubing ( loop L in Figure
2.3). Stainless steel was found to work better than teflon tubing because the helium did
not sweep solution from teflon very efficiently. |

The volumes of the loops were measured in the following manner. Thesb. -
cartridge and vaIVc V4 were removed from the shallow bed kinetic apparatus. The
remaining kinetic apparatus was pressurized so helium from R1 could flow through the
system. Next, V2 was closed to stop the flow of helium through the Rheodyne injection
valve, V3. A volumetric flask was placed under the tubipg which normally connected the
s.b.carridge to V3. Valve V3 was in the "LOAD" position and loopL v;'as filled with a
sample solution of known concentration. - V3 was next switched to "INJECT" and V2
opened so the helium flow was sent to V3, through loqp L and out to the volumetric flask.
After 45 seconds V2 'x:as shut and the flask removed. | The contents of the flask were
diluted to volume with methanol and the entire procedure repeated two more times.

‘The absorbances of all the solutions collected were read on a UV-visible

spectrophotometer. Two types of spectrophotometers were used, a Caryl18and a
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. Hewlett Packand 8451A diode array. The moles of sample in each flask were determined

by comparin.gyth'e absorbance of the unknown solution with that of a standard.
This procedure was also performed using methanol instead of helium to expel the
sample from L. This was done in order to see how effective the helium was at displacing

the solution from the loop.

2.3.7 mmmuﬁﬂmmﬂﬂmmmm

The experimental procedure was pcrformec} as follows. A sbluu’on of naphthalene
in 90% mcthanol(aq) was pumbcd through the s.b.cartridge of PRP-1. The solution
concentration was 9.‘7 x 105 M. This solution concentration is past the linear region of the
isotherm but this was necessary in order to have a sufficient amount of naphthalene to be
accurately detected. Linearity was not a requirement for this experiment anyway, as long
as the distribution coefficient for .this concentration was known.

 After 5'0 mL of naphthalene solution had flowed thrb_ugh the PRP-1, the s.b.
cartridge was purged with hélium for 45 seconds to remove most of the unsorbed sample .

)

from the void volume. The remaining sample in the bed (adsorbed and a smal] amount in

Vm') was eluted into a 10 mL volumetric flask using methanol. The contents of the flask

were diluted to volume and the absorbance of this solution was read at 222 nm using a

Cary 118 UV-visible spectrophotometer. The total moles of naphthalene eluted were

~ calculated by comparing the absorbance of the unknown solution with a calibration curve

made of standards.

2:3.8 Hold-up Volume Measurements

A T ’
The procedure for measuring the hold-up volume, Vm', will be described here.

The shallow bed of PRP-1 was equilibrated with 20 mL of a solution of an unretained




L‘"\,’
sample compound. The unretaintd sample used was phloroglucinol dissolved in 90%

A\

‘methgndl(aq) . Valves V1 and VX were in positions open to reservoir R2 ( Figure 2.3 )

which contained the sample solution. Reservoir R1 contained a small amount of 90%

mct.handl(aq) to saturate the helium with mobile phase before the gas encountered the

PRP-1. Valve V4 was open.

V1 and V2 were now switched so that the PRP-1 was purged with helium for 45
seconds to remove excess phloroglucinol solution prcscn: in V' With V3in the "LOAD"
position, injectioﬁ loop L was filled with a mobile phase solution of 90% methanol(ad).

V4 was closed after filling L

. V3 was switched to INJECT " and valve V4 re-opened so the mobile phase
solution in L was propelled through the PRP-1 and out to waste and the system was then
purged with helium. The contact time of the mobile phase solution was calculated using
equationi 5.3 . After 45 seconds V4 was shut, V1 and V2 were switched so that neither
helium nor sample solution from R2 and R1 would flow through the PRP-1, and the
s.b.cartridge was removed from the kinetic apparatus. Any phloroglucinol remaining iﬁdhc
s.b.cartridge was eluted from into a 2 mL volumetric flask with methanol and the number
of moles was measured. This procedure was repeated for all the injection loops in order to

obtain a plot of hold-up volume versus contact time.

2.4 Yelocity Profile Studies
2.4.1 Bed Extrusion Procedure . Py

r

The purpose of the velocity profile expen'rhent was to observe the radial
distribution of sample axial velocities across the packed bed of \stationary phase in a short

chromatographic colump. A dye was injected onto the column and allowed to elute

approximately 3 / 4 down the column. At this point, the flow of 90% methanol(aq) mobile

phase was stopped and replaced with 10% glycerin(aq). About 5 mL of glycerin solution

14

J
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'."ﬁ"'onal cohcslxeness_\
‘ of«he stauonary phase After thls thc outlct fnt and endﬁmng were removcd and the bed
of packmg matenal was extmded fmm the column tubmg by puslung on the teflon plug -
withan alummum rod After. extrusion, the packed bed was shced longnudmally with a
~' razor b?ade s0 that the pattern of the dyc across the bed could be observed Thrs pattem
correspondcd with the sample velocxty proﬁle across the column :"
- This was repeatcd usmg dlfferent types of outlet endﬁmngs The varxous ﬁmngs‘
| were used both dunng the column packmg step and duflng the chromatographlc
: .charactenzauon of the columns ’Ihe procedures for packmg and charactenzmg the .
. columns are de%crlbed below in Secuon 2.4.2.'The endfittings provided enher constricted

'_or uniform outlct flow These expenments were done on both PRP land C18 stanonazrv

“ phases.

2.4.2 Apparatus, Column Packing and Chromatographic Characterization Procedures .

The cqurpment used 1 to pack the columns is showmn Flgure 25. A Waters M6000 -

- pump ( Watcrs Assocxatcs Mxlford MA ). was used to dehver sluny solvem into a stalnless

steel stirred. slun'y packmg chamber The cylmder holds about 150 mL of solution. A
short ( 5c cm long ) piece of s.s. tublng is attached to the top of the packmg cylmdcr and the
column to be packed 1s attached to the tubmg wnh a connccnng umon The plece of tume |

a and the column have’ the same i. d (4.1 mm ) Both lhe tubmg and the column were made

m\‘

K2 ofO 25 1nch od. precxslon bore stamless steel tubmg ( part no. A- 3014 Mandcl Scxcnnﬁc "

"

Co Ltd RockWOod Ontano ). Columns vaned in length from 4.5cm to5cm. Stalnless

steel frits of2 rrucrometer pore diameter and 0. 25 mch dlameter( part no. A- 7l6§2€



Tubing

]f{-‘.:f“m ]

Surred Slurry Packing
Chamber - g

Slurry Solvent

Fxgurc 2. 5 Schemiatic dxagram of the apparatus used t0 pack the shon columns (C) usqd
in the vclocxty proﬁlc cxpcnmcnts P pump used for the slurry solvcnt 4
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‘ Mandel Scxenuﬁc Co Ltd Rockwood Ontano ). were placed at the ends of the column '

a.fter packing. The column was sealed usmg compressxon type endfittings ( part no.
40061 1, Mandel Scientific Ca. Ltd Rockwood Ontano ) Dunng the packing of the "
| column the packing:- slun'y was constantly agltated usmg a magneuc stirring 9!1‘411 Wr to |
~ keep the stationary phase parucles suspendcd : : S & : ‘
~ When packmg a column the stirred slurry packing: chamber was cofinected atits
, base t0 apump. A slurry of stauonary phase and solvent was deaerated by bubblmg wuh

- hehum and then was poured into the chambcr The methods of Linder and Keller (2.3,

2.4] were used to pack all columns and a modification of the slurry solvent suggestcd by .

Lee [2.2] was used for the PRP-1 columns After the stanonar@hase slurry was added,

the chamber was sealeq.and the column and the short piece of s.s. tubing wcre attached. A
fritand an endﬁtung were put on the column outlet and then the slun'y solvent was

delivered by the pump at a flow rate of 6 mL per minute which requxred a maximum

| pressure of 4500 psig. Toensure that both the tubing and column were filled, 70 mL of .
slurry solvent was used. After packxng was completed the pump was shut off and the

system was allowed to depressurize for 15 minutes. The s.s. tubing ( with the column still -
anached to n ) was. removed from the cylinder. The tubtng was dlsconnected from the
column and a frit and endﬁtung were placed at the open end of the column. Before the

| column was used it was flushed w1th 20 mL of water followed by 60 mL of mcthagol to
\ ;

i
i
{

remove any slurry solvent. 4
(\. - After packing, the plate height and void volume of each column was measured
usm-g the chromatographlc system shown in Figure 2.1. A pump from a Spcctra Physncs
} SP8000 chromatograph was used to deliver mobile phase and pcaks were mtegrated using
a VISTA 401 integrator. 'l'hese two pleces of equxpmer\tt and the other i 1nstrumcnts in the
system have been dcscnbed in Section 2 1.2 |
Al‘ter these column parameters were measured a dye was tnjectcd s0 the flow proﬁle

could be observed after extrusxo;l of the bed of stauonary phase from the column The



packing matcnal was extmded fmm !he tubmg using a teﬂon plug (4.1 mm dmmeter3
mm lcngth ) and an aluminum rod (3 mm chameter. 5 cm length ). both of whxch were
made by the chemistry departmcm machine shop. - B
Two other types of outlet endﬁmngs were used on the colnmm in lddiﬁon othe |
'lstandard oompresslon ﬁmng Allof these endﬁmngs are shown in Figure 2.6. One of
these used the commercial endﬁmng described above, b thm stainless steel washer was
placed between the frit and the cndﬁmng The washﬁ%;:)cnmons were 0.25 inch o. d; \ '
41 mmid. anda thickness of 0.5 mm. The thu'd type of endﬁmng was a modd'xcanon of
the compression fitting. The 0. 0625 inch end of the ﬁtung was drilled out to a dlamctcr of
4.1 mm a.nd then a pcrfora‘tcd plate was silver soldcrcd across the opening. Thc perforated
plate had nineteen 0.5 mm diameter holes cvcn,ly%stnbutcd across a 4. 1 mm diamctcr
w}uch aligned with Lhe drilled-out hole. The purpose of both the washer and the pcrforated ’

glatc endﬁmn gs was to ptov:dc a uniformly dxstnbutcd outlet ﬂow from the column.

2.4.3 Chemicals

Mcthyl p-hydroxybenzoate and calcium nitrate were used to charactcnzc the home-
packed columns thalls on these compounds were gwcn in Section 2.1. 3 A

The dyes 4-phenylazo-1- naphthylammc 1- armnoanthraqmnonc and

4-phenylazoaniline were supphcﬂ by Eastman Orgamc Chemic (Rochcstcr, NY). The -

1. ammoanthraqumonc was pracuca.l gradc Amaramh (FDC Red %2 ) was supphcd by

Endo Laboratoncs ( Garden Clty, N. Y ). All four dycs were used

\ punﬁcanon |

| Sodium ch]ondc was magcm grade from A & C Americ
Laureat, Quebec ) and was uscd as received.

Slycerin ( glycerol ) was ana]yncal reagent gradc from BDH Chctmcals and was

used as rcrexvcd



o

Figure 2.6 Column outlet endfittings used in the velocity profile experiments.
(A) conventional Swagelok compression endfitting for constricted flow.
(B) Perforated plate endfitting for uniform flow. The face of the plate is

shown below. (C) Washer endfitting for uniform flow.

26
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2.4.4Solvents and Mobile Phases

" The preparation of double dxsnllcd water, methanol and 90% mcthanol(aq) has becn

described in Section 2.1.4. v |

- Two types of slurry solvents were used to pack: thc columns. A’ soluuon of 2. 5% |
sodium chloride in 10% ( v/v ) glyccnn(aq) was uscd for the PRP-1 columns. To prepare |
the slurry solvent, 12.5 grams of sodium chloride were dlssplvcd in 50 mL of glyccnn and
" diluted to 500 mL with water. The slurry solvent for C18 colur;lns was a 1:1:1 mixture of
ethanol, n- propanol and toluene. To prepare this, 170 mL of each solvént was used.

A 10% glycenn(aq solution was made by diluting 50 mL of glycenn to 500 mL
thh water. ; o

Toluene was reagent gradc and-was used without further puriﬁcation It was
obtained from Aldnch Chemical Co. Inc. (Mﬁwaukec WI). 1- -Propanol (cernﬁed
Fisher Smenuﬁc Co., Fairlawn, NJ ) was used as received. The 98% ethanol contained

2% vbe‘nzene.

2.4.5 Stationary Phasés
~ Short columns were home-packed using two types of bulk stationary phase. PRP-]
- was donated by Hamilton Cb (‘cho NV ) The chafacteristics of this polystyrene-
dlvmylbenzenc copolymcr are gwen in Table 2.1. The second packmg material was
* Partisil-10 ODS-3<( part no. 4128-010, Whatman Inc., Chfton NJ) which consxstcd of
10 mxcrometer diameter, U'regular-shapc,d particles. An eighteen carbon chain is chemically
| bonded t0 a silica matrix ( 10% carbon loadmg ) and is cndcapped to prov1de%% covera ge
'ofthe surface sdanol groups [2 5]

¥



Table 2.1 Characteristics of PRP.1 2.2

(Colu’mn bed density
\packing matcna] '
particle size

4 partiglc shape

spcciﬁc surface area
pore volume of packing
ay?:. bom diamctcr

solvent restrictions

[

0.42.g per cm 3
polystyrene-divinylbenzene -
95 % within the range 8- 12 i

- spherical

415m2perg
0.79cm 3 perg- .
75 angstroms

PH1-13,05 N salt
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Characterization obBandbroadening by Chromatography

k| T_hgm

311 mmm@smm

L3 : . ] .
Chromatography is a technique used to separate mixtures so that the individual

components in the mixture can be identified and quantified. The basic concc;.)_tS of
.chromatography have been discussed by many autHor_s [3; 1-3.5].' In high performance
liQUid chromatography ( HPLC ) there are two phases, a solid matrix referred to as the
stationary phase and a moving liquid called the mobile phase. vThe stationfzry phase i;
ti "gh‘tl'yk packed into a column and the mobile phase flows continuously thro\‘\ugh the
' statilbnar'y phase. A sample mixture is applied to the top of the column and the components
separate into bands based on differing imerac‘tions with both phéses. Consider one
F- compoun.d in the sample mixture. The sample component (i) distributes itself between the

mobile phase ( m ) and the stationlary phase (s ). ' } o

im g

~ Several terms which are commonly used in chromatography will be defined and
explained. The distribution gogfﬁgi'gng is the concentration ratio of shrhp]c in the stationary

phase to sample in the mobileqhase and any units can be used for the concentration terms.

' o]
K CS . L
" Cn | _ 3.1
A unitless parameter which is rclatcd-to.Ki)is the capacity factor k;'. This is the

ratio of moles of sample in the stationary phase ( ng ) to moles in thcvfnobvilc phase (np ).
. ' e

© o -n
S
k=

m

3.2

29
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In this thesis Cy is expressed in moles per kg of stationary phase while Cy, is given in

- moles per liter of mobile phase. The capacity factor is related to the distribution coefficient

“Aby thcphnsg_mjg (¢ ) which is :

= Kj ¢ o ,_ 3.3
where : '
¢ = Vs

A 3.4

W;s is the weight of stationarywphaée in the bed. V, is the volume of mobile phase
contained between the stationary phase particles and within the particle pores and is referred
to as the void volume. This is the volume of mobile phase required to elute a sample which
is not sorbed on the stationary phase ( an un retai gg §§mplg ) but which enters the inter-
and intraparticle spaces. ' g

At the column outlct the separated sample compounds elute as peaks. Normally,
~ the peaks are Gaussian shaped with each peak eluting at a charactensuc time, the m()_
time (t r)- The time at whxch an unretamed sample elutes ( tm ) can be used to calculate
the average linear velocity of the mobile phase (up).

L
t

U, =

3.5

=]

L is the length of the column. The average velocxty at whlch a sample moves ( uj)is

Ui—-t— P
S | \ | o 3.6

The sample velocity is related to the capacity factor becausc the sample is moving only

calculated using cquauon 3.6.

when it is in the mobile-phase. Therefore; the sample veloc1ty is dependent on the fraction

of sample in the mobile phase ( ﬁ m).
nm
fim = : ;
' N +ng ‘ | _ 3.7
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Since ki' is equal to ng divided by 'y the sample fraction in the mobile phase is also
represented by cquafion 38. y
i

1k .

=

fi.m

3.8
.The samiple velocity is equal fo the fraction of sample in the mobile phase multiplied by the

mobile phase linear velocity.

- - 1+k; ' 3.9

Retenuqn can also be expressed in volume units (Vr, the mﬂ_QLQl_u_m_Q )} which
is related to ty by,,thc mobile phasc flow rate, F.

Vi =t F ‘ 3.10

Vi - 3.11
i The resolution, Rg, between adjacent peaks is a measure of thc ability of the -

chrdmatographlc process to separate rmxtures The resolution is dcﬁncd as the distance

between the peak centers divided by the average peak width [3.6].
R, = o2l :
0.5{wy +w,) 3.12

Ry is unitless so the peak widths are measured in the same time units as the retentioﬁ times.
Figure 3.1 shows how the widths are measured on two peaks. The sqparation between the
peaks increases as Rs increases. If the difference between the peak centers is increased, the . -
separation between 'thc two peaks will increase but it is not desirable to have retention times
longer than necessary. From equatidon 3.12 it can bc seen that the resolution can alSo be

increased by decreasing the peak width. A smaller peak width also results in an increase in 4
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the peak height which means peaks of lower concentrations can be detected. Therefore, it
is of interest to know what processes contribute to peak broadening ( bandbroadening ) and

how these processcs can be mmumzcd to decrease the peak width.

3.1.2 Bandbroadening

Ideally, if a multi-component sample were loaded onto the top of a chromatography -

column as an infinitely narrow band, the sample components having diffcmﬁt values of k;'
“would separaté into infinitely thin bands on the column and elute as spikes. However,
because several stochastic processes occur which broaden the band, Gaussian-shaped

peaks result if the sample bands travel for a sufficiently long time. An ideal and a real
chromatdgram are shown in Figure 3.2. This bandbroadening or band dispersion degrades
the separating ability of the column and therefore it is desirable to minimize this effect. The
amount of band dispersion which occurs is dc’scribed by the column plate height (H)

which is related to the width of a sample peak and is defined in Equation 3.13.
2

H= 2
X R 3.13

ox2 is the variance in distance units and is larger for wider f)eaks. X is the distance the
sample has traveled down the column. For a peak which has eluted from the column X is

equal to the column length L.
2

H=2x
L 4 3.14
The plate height can be calculated in terms of Vrandt also:
2
H=otsp . |
v \f: 3.15
2
Gt
H= —*L

ty o 3.16
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- Figure 3.2

12

(A) An ideal chrorhagogram with no bandbroadening and (B) a real
chromatogram (non-ideal) with a Gaussian shape due to bandbroadcning
processes. ,
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squared, respecnvcly Vyand t are the peak ccntcr of gravxty “i\n Volume or tihphnits; 3 : , :J :
The center of gravity and variance can be found by usmg a,‘dfgua{ g&mm of thc tq g f gt

o + l‘l
(this method will be discussed later in Section 3.1.11 ), p;l-‘!qtmtum'nsﬁ 14 through 3 16 ar"e

',oq

f
k
LSRR RS
a | H

Thcrc are several processes in the column whxch cause bandbroadcmng Thcae arg’

true for any pcak shape.

axial diffusion, slow mass transfer within and between different phases and structifral ; : : ' °
ﬂv
inhomogeneities in the packed bed of stationary phase which cause a non- uniform vcloc:ty
profile. The mass transfer contribution includes the rate of adsorpuqn dcsorpnon onto the

[
stanonaxy phase, diffusion throug% the intraparticle pores and mass transfer through Lhe

~individual platc height equations. Because platc height is dxroctly pgporuon “ ;4
".and the variances of independent pgﬁsses are additive, pmmgh:ts arodl ; ]
The plate height from each process can? measured or calculatcd  and compaxtd,wnh the
total observed column plate height to determine the sxgmﬁ,ca\pce of each. Bandbroadening

*

processes have been discussed in detail by several aUt'hbrs,'[3.5,3.7 -3.13]. . o

Lo
5

3.1.3 Longitudinal Diffusion .
-3
Longitudinal ( or axial ) diffusion is caused by the random movemerit of molecules
frorh a high concentration region to areas of lower concentration. Solute will diffuse both
forward and backward from the center of the band. This phenomena has been well
characterized and can be described by a modified version of Einstein's diffusion equation

[3.14].

O =2¥Dnty 3.17



'YlS an obstructlon factor wluch is less than 1 and is added to Emstem ] ongmal equauon :

because the dlffusxon pathways are shorter in a packed bed smce the partxcles obstruct the

{ molecules Dm is the solute dlffusxon coefﬁcnent in the moblle phase solvent and has umts

"of ¢ cm 2 per second. The td in equauon 3.171s the time which the sample has avaﬂable to

d1ffuse For axlal dtffusxon m‘the mobtle phase the time in Wthh drffusmn occurs is equal’

to the t1me spent in the mob1le phase ( trn )- Tlus is equal to the d1stance traveled ( the

length of the column ) d1v1ded by the speed ( the average lmear velocxty of the moblle

phase )
tg=1, == -
d~ 'm = T
P E 3.8
Substituting equation 3.18 into 3.17 gives . |
2 _2yD,L PRI T
U EERE R 3.19

');

Dm is approx1mately 10 -5 em 2 per second for many orgamc cornpounds (3. 15] and vis

;,sﬁ‘_”i_&7"f -.f f,'i;" l L 340

l .
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B Longltudmal dxffus1on can also occur in the statlonary phase However because

| the d1ffus1onal pathways are generally more obstructed than those of the mobrle phase the

o conmbuuon to bandbroademng is usuallygnsxgmﬁcant [3. 17]

314 Adsop tion - Desorp tion Kinetics
o -' . P
When a molecule is adsorbed onto the stationary phase it is temporanly
| unmoblhzed Meanwhrle the molecules which are still in the moblle phase will continue to
_ move down the column, causing the sample zone to spread. The. am'ountthat the zone
spreads or broadens is proportional to the time the molecule' spends on the stationary phase
before desorption occurs. . | l |
Another way to thmk of thlS phenomenon isto reahze that equlhbnum is not’
achreved between the stationary and moblle phases because of the finite tJme requmed forl "
adsorpuon (and desorptlon ) as the sample zone continuously moves dOan the column
The solute band is dxstnbuted ina Gaus31an manneﬁh the mobile phase As the leadmg
edge of the band encounters freﬁ statlonary phase it will start adsorbmg, tryufg to reach
'equﬂlbnum However, this requlres acertain amount of time and dunng thxs time the
sample band has moved farther down the columtl A hlgher concentratlon regron of the
zone is now contacting this reglon of sta\uonary phase and more sample must adsorb to
,reach equxhbnum This process continues unul the concentrahon maxxmum of the band
passes at Wthh pomt the process reverses w1th sample desorbmg into the mobxle phase _
- Thcrefore corhpared to the conccntranon requmed to be at equ1hbnum as specified b)f Ki,
there isa concentratlon deficxency in the statxonary phase for the leading half of the sample

zone and a concentrauon excess for the last half, while the opposite is true for hed

B phase T‘qe effect that this. process has on peak shape [3.7] q\shown in Fxgure‘z? The. -
faster the retes of adsorptlon and desor;itxon arc, the smallpr this effectJ)s and le§s '

: bandbroadenmg occurs The ammmt of zone dlspers10n also depends on how fast the :




¢

(A) Saniple zone brbadening i'esulting from nonQéqu_ilibrium bétwccn the

‘mobile and stationary phases. The solid line gives the zone profile if ‘

equilibrium is achieved and the dashed line is the profile due to

' non-eqdilibn’um. (B) Elution peak profiles corresponding,to attainment of
- equilibrium (=— ) and non-equilibrium (- - - ). This figure is taken from -
- reference 3.7. - ’ : o S

H
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sample is moving down the column ( u@nd the amount of sample in both phases ( k1 ).

The plate height eontnbuuon from the rate of adsoxptron-desorptton [3.18] is glven in

equauon 3.21.

ki fu, o .

1+k; Kq

Hg = 2

Y

9 3.21

“The term kq is the apparent 1st order desorption rate constant.

. : : Y
3.1.5 Mass Transfer throuzh. the Stagnant Mobile Phase

k The mobile phase velocity within tlre pores of the stationary phase is assumed to be

zero because of the large resrstance to ﬂow in the narrow,, tortuous channels Sample T
components ¢can move through the pores only by diffusion and the rate of dxffusxon is

dependemme diffusion coefﬁcxent of the component 1n the mobile phase and on the

geometry of the mtrapamcle channels. Tortuous winding channels shorten the mean free

. path length of the molecule ( the distance it can dlffuse before encountenng an obstruction

-~
such as a wall ), while lengthemng the overall distance the molecule must d1ffuse through .

the partlcle Constricted channels decrease the area avallable for dlffusmn and will slow the

rate of transport. The bandbroademng due to the finite rate of mass tranfer through the

pores is due to non-equilibrium between the moving and stagnant mobile phase and has the

same effect on peak shape as the non-equilibrium descnbed in Section 3.1.4.
Bandbroadenmg in the porous stagnant moblle phase is dependent on the rate of-
diffusion within the pores and the average moblle phase lmear velocrty The slower the
: veloc1ty of the mobide phase the more tlme a molecule has fo dlffuse through the pores
withcut the band center movmg an apprecrable distance down the column The equatron

for this plate contribution was denved by Hawkes [3. 19] and is gwen below

<
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2
fct(ik) (1 f+k)‘ : S ‘
Pl
f’=fﬂ5 A |
& - A | 3.24

5' is another obstrucuon factor which accounts for the constrlcted wmdmg channels inside
the pamcles and has a value less than 1. The particle diameter ( dp ) appears because it is
related to the distance the sample must diffuse through tﬂe pores. Dy, ug and ki’ have all
previously been defined. The capacxty factor is unportant because much of the surface area
of the adsorbent is within the pores, 50 solutes with larger k;' values spend more time

~ inside the particles. The parameter f is the ratio of mu'apamcle porosxpy (Elntra the pore
volume d1v1ded by the total column geometnc volume ) to total porosity ( &, mq/-a
mterpart;ele volume dmded by the total column geometric volume ). The amount of -

sample within the stagnant mobile phase will be dependent on the ratio of pore volume to

totﬂ volumc of moblle phase.

3:1.6 Mass Transfer through the Mobile Phase /

//

In the packed bed of a column there are regions of differe /Zt mobile phase velocities.
/

Solute molecules which are in a faster veloc1ty region move ah ad of molecules in slower

40
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leads to slower velocmes in the narrow channels and faster velocities in the wrder ones ‘. '
There are also velocity mequalmes across a smgle channel and across the entire column
whlch produce bandbroadenmg However, molecules do not stay in one path for the -
length of the column but exchange between faster and slower regions whlch narrows the
'range of average velocities experienced by different molecules in their passgge along the
“columnn. This limits the extent of bandbroademng by "relaxin g" the non-uniformities of the
sample molecule velocities at different points in the column. The two exchange processes
that relax the non-uniform velocny profile are lateral convection and lateral diffusion.

D1ffus1on will be dJscussed in this section and convectlon w111 be dlscussed in Section ™’

i

experience identical average velocities when in the mobile phase and there would be no

If the relaxation process occurred infinitely fast, then all molecules would

bandbroadcning from this phenomenon. However, relaxation occurs at a finite rate-and the

mobile phase plate »height term is due to the finite rate of laléral diffusion Because .

d1ffus1on does not occur 1nstantaneously, sample molecules w111 travel a distance down the
" column before they can diffuse into a nelghbormg stream.

- The distances across which a molecule must diffuse to*reach various velocity
regions has been .classiﬁed into the follow'vin"g five categories b)‘l Giddings [3.20]. The
shgg‘. range in;_emhanngl effect involves velocity variations in channels separated bya few

" particles while the long range interchannel effect involves velocity variations ,a'cr.oss a
greater number of particles. On a grand scalc these kinds of packing non-uniformities
create a transcolumn effect. One spec1al transcolumn effect, the wall effect is assocxated
w1th the fact that the particles at the column tubing walls pack differently than do the

a 'partlcles in the center of the column. Usually, the packing is looser at the walls leading to °
faster velocmes in tlus region. The difference betweec;\ the mobile phase velocity in
channels on oppos;te sides of a particle is the fransparticle contribution. In channels

.between ‘individual stationary phase particles, flow is laminar with the veloclty slowest' at



the particle’ surfaces and fastest i in the center of the channel. Thls dlffcrence is the
‘ msghmnﬂ effect. The moblle phase plate height conmbunon from thcsc phenomena is

givén in equation 3. 25.

G

Dm o 3.25
- is avpacking factor which takes into account the long and short range non-unifonn
velocnty effects. ®is small for umformly packed beds and it usually has a value of about 5.
It increases for irregularly shaped particles and decreasing particle sxze, both of which lead
to lcss umforx;n packing. '

Therc 1s another contnbunon to bandbroademng from the moblle phasc but 1t is
negligible qompared to the velocity mequahty effect. This is associated w1th the 1}1ab1hty to-

[ .
attain ethbnum with the stationary phase, Wthh 1S a non-equilibrium effect analogous to "~

the effects described in Sections 3.1.4 and 3.1.5. |

' 'The' second method of nelaxing the nonuniform velocity proﬁle is lateral convection.
- The lateral flow of mobﬂe phasc as it moves around particles and clusters of particles
physwally sweeps samplc into the different channels. Tlus method 1s generally more =
efficient than d1ffusxon except at low flow rates. Since eddy d1ffus1on results from ghe

| packing geometry only, it is independent of mobile phase velocity The contribution to -
plate height is caused by the finite tlme to transfer between channels [3.21] and 1S given in |

equatxon 3.26. . ‘ | o

H, = 214, | ST T 306

2

N 4 1‘_-0

. .
A °
(,Ov"”

-
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Aisa packmg factor w1th typlcal values of less than. 10 It decreases for pamcles with
larger dxametcrs because they ane easicr to pack umformly and for columns with smaller
radii because there a smaller radial dxstance across whrch exchange must (;ccm' In Section
-3.1.2itwas sa1d that plate helghts of dxfferent processes were addmve. However, the
bandbroadening in the eddy drffusrcé;; and mol:lzﬁase terms have the same origin ( a

non-uniform velocity profile )" and 50 the two sses are not independent and the plate

helghts cannot be simply added. Giddings [3.22] has combmed the Hpy, and He -

contnbuhqns as shown in equation 3.27 and refers to this as the coupled plate height term.

-1
: 1 17
Hcouple = [ﬁ: + ﬁm—"

This simple equation gives results which correlate fairly well with experimental data but it

3.27

is not a rigorous solution accounting for the i interaction between the two proccsses Of
{

course, if one term, He or Hm, in the coupled equanon is largc compared to the other, the
value of Hcouple will approach the value predicted by the mdmdual plate height cquatlon ,
of the smaller term. | '

3.1.8 Summary of Column Bandbroadening

The overall bandbroademng term is the sum of the plate helght contnbuuons of the

processes which were Just described and it is given in equation 3.28.

Heolumn = Hig +Hg + Hym + Heouple | 3.28

. | | » ,
Since each term is dependent on parameters such as k' and ugina different: manner, the
major contributor to bandl;roadening in PRP-1 can be determined by varying one of the

parameters ariq measuring the, plate height. This was the approach taken to study
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baadbroademng on PRP-l using chromatogxaphlc characterization. Chromatograms were

mn in which the capacity factor and mobile phase linear velocity wcre vancd and thc effect .
on plate height was measured.
In addmon o sample dxspersaon m the column there are also bandbroademng
/ ‘effects from the cxtracolumn components such as the connectmg tubmg, the i chctor or the
detector. This extracolumn contribution to plate height must be measured and subtractcd
from the overall plate height if one wishes to characterize only column bandbroadq,mng |

cffects ¥

3.1.9 Extracolumn Bgndbma_gg. ning
_ < |

Each component of the chromatcf‘gmiﬁgq_ system is responsible for additional -
spreading of the sample peak. This includes the injection valve, tubing, tubing
connections, the detector ﬂoW cell and the ﬁﬁite electronic response times.of the detector
and recorder. These plate height contributions have been reviewed by Sternberg [3.23]5;;;

- Ideally, sample would be injcctgd onto the column as a spike or an impulse of zerg
width. Of course, this is ixnposéible so the goal is to inject the sample Solution as a very
narrow square wave. With some injcctoi's solute is ﬂhshcd out of the injection valve
.exponenfially, with the volume of sample solution within the injector decreasing rapidly at
first and then more gradually . This not only broadens the injected zone of sample but
gives it an asymmetric tailing proﬁle. Sudden increases in tubing diameter can also.
exponential]y'distort the peak while straight.fengths of tube disperse theyz'ode because of the
,parabblic flow profile that occurs in the tube. Any dead spaces or voids in the
chromatograpfxi’c system can cause an exponential distortion of the signal.

: Genérally, it is desirable to keep extracolumn bandbroadening minimized ( less than

10% of the total pléte height ). In this thesis the extracolumn plae height was measured
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and subtracted from the total, to ensure extracolumn dispersion v;las not contributing
si gnificéntly to the broad, distorted peaks eluted from PRP-1.

L7

3.1.10 Total Plate Height

The overall plate heights experimentally measured on various columns mprcsentcd a
combmauon of column and extracolumn bandbroademng effects.
- Hiotal = Heolumn + Hextracolumn 3.29
Hiq + Hg + Hgm + Heouple + Hextracolumn - 330

Hiotal

The plate height from longitudinal diffusion was calculated and subtracted from the total as
was the extracolumn contribution. Hj4 was insignificant except at the lowest flow rates
used. After subtraéting these two terms the dispersion contributions responsible for
ban(:i‘broadening on PRP-1 are given in equation 3.31.

H = Hg+Hgm +Heoyple 1 ‘ ' 3.31

3.1.11 Measurement of Chromatographic Parameters /

Various parameters can be obtained from chromatographic peaks which are related
to the efficiency of the column. The inost important is plate height which has been defined
Cin §¢cﬁon 3.1.10 and is calculated by measuring the peak center of gravity and variance |
and substituting these values into equation 3.15. Both the center of gravity ( which is the
retention volume or retention time ) and the variance were obtained by measuring the |
zeroetk, first and second statistical moments of the sample peak [3.24 - 3.27] using

equations-3.32 through 3.34. The peak area ( A ) is the zeroeth moment, the retcnuon

volume ( V;)is the first moment and the variance ( 02 )is the second moment.
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%

A= 3(C AV) . 3.32

Vi =%[Z(Vl G AV)] - 3.33

of ={;1\-[>:(v3 C; Av)]} v?

A typical péak ig.shown in Figure 3.4a with each of the variables indicared. The peak is

3.34

divided into equal increments of A V. The term Vi is a volume on the x axis while C;is the

[

concentration whiﬁ corresponds to V.
Another parameter used to desfhbe pcak shapc is the asymmctry factor, Aq, [3.28]
which 1ndxcates whether a peak is symmetrical, tailing or fronting. To obtain this

parameter, a vertical line is drawn from the peak maximum to the baselinc as shown in

Figure 3.4b. A horizontal line is then drawn at 0.10 the height of the vcrucal line. The

lengths of thc two horizontal segments, aand b, are measured and subsntuted into equation

3.35.

A =

s

b .
a 3.35

Here, b corresponds to the back portlon of the peak and a to the front If Ag is greater than
1 the back portion of the peak is longer and the peak is said to be tailing. If Ag s less than

1 thc front portion is longer and the peak is fronting. An Ag equal‘to 1 indicates a

symmetrical peak. Asymmetrical peaks nan hav>e several causes [3.29,3.30]. Some
phenomena which produce tailing peaks are listed below.
1) slow a;dsorption - desorption kinetics
2) excessive eancoiumn bandbroadening
3). a column with an insufficient plate number (less than 50 ) so that the
stochastic processes have not yet operated sufficiently often to generate a

symmetrical Gaussian shape
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Volume

Volume

Figure 3.4 Measurement of variables on an elution peak for (A) calculation of statistical
moments using equations 3.32 through 3.34. The increments along the x
(volume) axis are AV and each point on this axis corresponds to a point V.
Ci is the concentration from the y axis which corresponds to Vj.
(B) Variables on an elution peak for the calculation of asymmetry factor (Ag)."

The variables a and b are measured by drawing a line (h) from the peak
* maximum to the baseline. At 0.1 h, a horizontal line is drawn. The variabje

S

a is the initial portion of the horizontal line and b is the final portion. -
j s

A /
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4) an adsorption isotherm whtch 1s curved convex with respect to the y. axrs,

- for Which Kl decreaseh with i tncreastng solution concentration
55 non-umfonn packing of the stationary phase
6) secondary chemical equthbna or reactions of the sample

Fronting peaks are less common in liquid chromatography but can be caused by a concave

adsorption isotherm ( where K1 increases with i mcreasmg solution concentratlon )

secondary chemical reactions or packmg non- untfonmtles

3.2 Results and Discussion o
3.2.1 Plate Height vs Stationary Phase “y

Tt. has been observed that many compounds give broad asymmetrical peaks when

: chromatographed on PRP-I [3.31,3. 32] Naphthalene waknown to exhibit this behavior

PR it was qhosen as the test compound as it was readily obtained and easily detected. The

1 i{esults of thls expedntem are shown in Table 3.1. From these results,

. had‘to be used wrth the C18 polumn s0 that naphthalene had the same k;'

g oﬁ Q%ﬂnethanol(aq) because it gave a moderately large k;' for
a' , y

gerﬁ}n a;p%is Oﬁﬁi?surtng the adsorptlon isotherm and kinetics
¥ ‘? ; ?WCIQ;IQU onngk 1 and on Waters Novapak C18

" ffi:om are commonly used in chromatography and

{ peaks Snmlar mobile phase velocities and k;' values

) does not rEtam samples as strong}y as PRP 1 a weaker mobile phase of 56% methanol(aq)

on both columns.

it can be seen that

the PRP-I plate herghtas approxrmately 20x Iarger than the C18 plate height and the PRP-

rather than taﬂmg

1 peak 1s very tatled. 'I'ﬁe C18 naphtha]ene peak is also asymmetrical but it is fronting

r; :
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Table 3.1 Naphthalene plate height and asymmetry factor on PRP-1 and CIB The
naphthalene concentration was 1 x 10-4 M.

Statonary ~ Mobile Linear Capacity ~ Plate | , A§yuimcuy
Phase Phase Velocity Factor Height = Factor
: (cm / sec) (mm)
PRP-1 90% 027 17:5 3.0 3.0
mcthanol(aq) ol £ g
Cl18 56(70/ ; ~O.24 16 0.13 0.4
: \ methanol(aq) ‘



Th° peak asymmetry on C18 was notlced for naphthalene lg mobrle phases whxch

were 50% to 60% methanol(aq) When the mobtle phase was: 90% methanol(aq) the C18

| | | inaphthalene ak was no longer frontrng These pea,ks had dn average asymmetry factor of

322 Plate Height vs Capacity Factor - P

. bandbroademng

L 3, mdlcatlng the peak was shghtly talled in thrs moblle phase The capacrty factor for -
naphthalene on C18 m 90% methanol(aq) was 0 8. The origin of the peak frontmg on C18
- 1s unknqwn The lmportant pomt is that the C18 naphtha.lene plate herght is s1gn1ficantly
. smaller than that on PRP-l The naphthalene chromatograms on' PRP-I and the C18 |
- column are shown in Flgure 3 5 for a vrsual companson of pcak shapes on the polymer

vresm and a bonded phase column

Two terms in the column plate hexght equanon are related to capacrty factor. The

i stauonary phase plate helgnt ( Hs ) has a maxrmum value at kl equal to 1 and the stagnant o

-moblle phase term ( Hsm ) mcreases with i mcreasmg k' If elther of these trends were =

observed on PRP 1,it could 1nd1cate that one of these processes is causmg the

Chromatograrns of several: sample compounds of varytng kij' usmg a 90% ,

vmethanol(aq) moblle phase were run on PRP-l to deterrmne 1f the bandbroademng was

o dependent on capacrty factor Four of the samples were alkyl parabens If there was a

BT plate height dependence on capacrty factor then it should be apparent for related samples of

o mcreasmg k1 All sample concentratrons were’ 10-4 M and the mobrle phase linear .

velocmes are glven in' Table 3.2. The paraben compounds used were methxl paraben (kl

b

=0. 9 ), n hexyl paraben (k1 =42 ) n- heptyl paraben ( k1 = 10 2 ) and octyl paraben

'Y(K1-133)
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Table 3.2 Plate hcightvvs‘capéqity factor on PRP-1. Two sets of samples were used, -
- alkyl parabens and more highly conjugated aromatics. Sample -
- concentrations were 10-4 M-and the mobile phase was 90% methaniol(ag).

: Sam‘pléi' E Mobile Phase -Capac@ Plaie Height  Standard
. ' ‘ Linear Vc]dcity Factor”  (mm). 'Dg:_viation of
(em/sec) = . "¢ , Plate Height
Methyl Paraben 0.2 .08 028 004
n-Hexyl Paraben 021 . - 42 o6 011
n-Heptyl Paraben 021 100 ° 049 004

n-Octyl Paraben  0.30 B3 ey 0a3

4-Phenylazo- 021 9:7 150 005

- aniline. -~ - o v vl

Napfithalene 0,22 175 242 - 7 o3
o 1 v



‘ . The results of this expenment are shown in Frgure 3.6 and are hsted in Table 3.2.
The paraben plate height is not dependent on capactty factor w1tlun one standard dev1auon
‘ %

of the measured H values.

I

Aromatle samples which contamed fpore conjuggt{on than the parabens were also

tested Chromatograms were run for 10¢ M solutlons o?’ phthalene ( kl =17.5) and

p-phenylazoamhne ( ki =9.8 ) using 90% h thanol(aq') for the mobile phase and the linear
‘;15 : ,

velocmes are listed in Table 3. 2. The plate heights for these’ two samples Were

'approxlmately 3x to 5x larger | than the parabeh plate hetghts as shown i in Flgure 3.6.

- Although the plate height appears to mcreas with i mcreasmg khfor these two samples, the

amount of bandbroademng is obvrously depen nt on the type of sample compound rather

than the capac1ty factor. - e N @

5
.4 L

- This sample dependence could be due to slow mass transfe’r or s%)non processes
whrch are spec1ﬁc to more hlghly conjugated aﬂromancs For' example if there were

adsorpnon sites on the PRP-1 statlonary phase‘,\xvhrch adsorbed these aromatlcs stron gly, !

. desorpuon could be slow. Tlus wo d produce a large plate height due to kd being small in '
. &

A

the Hs term.

- ’ ’

This expenment also mdrcates that the plate hexght is farrly large evenforthe

o

parabens This can be seen by companng the paraben plate herghts ( average H = _
4_0 52! mm ) w;th the plate helghts obtamed for srmrlar sarnples on C18 Values from the -
11teraturewvere taken for three samples on C18 (3. 33] ’I'he mob‘rle phase is 1:1 ( v/v )

UL AN

: methanol water and the mobrle phase lmear velocity was 0.28 cm per second. The C18
o pamcles hadan average dlameter of 10 rmcrometers The average C18. ,plate helght was .

0. 08 mm, which is 7x smaller than the values obtamed on PRP lat tﬁe same linear -
“velogity, A

~

" Two conclusrons can be drawn from lhese results First, there is a process whrch

produces a relauvely large plate herght (as compared to C18 ) for the parabens and’ 'which

P

¥ is mdependent of capacrty factor. Thrs mdlcates that the coupled plate helght term could be

v

b4
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thylarmnc and naphthalcnc Chrom tographic conditions
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: .resp'onsible for t}us plate height contribution, as this term is not dependent on capacity

factor The longrtudmal thffuswn tet*n 1s also mdependent of kl but Hyd can be shown to .

#M

- be qurte small by calculatmg it: Um;g a wlue of 0.6 for 'y, 10-5 cm2 per seco KroWDm

\‘> - ® u

“*% k"

and 0. 27 cm per second for o, H] alcttlated to :21 3x 10‘3 mm. The expenmental

- values of H on PRP-1 are much larger ‘than this, go d is not the problem Also H]d

should increase w1th decreasing ug and the ¢ oppos1te trend is obServed.

Second, the plate heights for more conjugated aromatics are much larger than plate .

‘heights of paraben samples. This contribution to plate height could be from a completely

different process, such as slow adsorpuon desorpuon kinetics. For this reason the -

adsorption- desorptlon kinetics of naphthalene in 90%: methanol(aq) on PRP:1 were

measured and are dlscusscd in Chapter 5. Another poss1b111ty considered in thls the51s was

. that the naphthalene and the 4~phenylazoam11ne concentrations were in a non- hne%r regron :
" of their sorption isotherms. isotherms and their effect on peak shape are discussed i in

Chapter 4. The sorpuon 1sotherm of naphthalene in 90% methanol(aq) on PRP- 1 was

measured to test thlS posstbxhty

.t

323 Plate Height vs Mobile Phase Linear Velocity

It was stated previously that several of the terms in the plate height equat10n have a

dependence on mobrle phase velocny (up). The longltudmal d1ffus10n term is mversely

- proportional and the stannary phase and stagnant mobile phase mass transfer terms are

- directly proportional. The coupled plate height term increases wrth mcreasmg uo at low '

values of uo and then it reaches a plateau where it is mdependent of ug. The 1mn91

mcree.ﬁpomon of the curve occurs when the moblle phase lmear velocrty is low en%)ugh

that lateral dlffuswn can contribute sxgmficantly to relaxmg the n0n-umform velocxty

' proﬁle The plateau region occurs when Ug is sufﬁcxently hlgh that there "is not enought o

: ttme fOl lateral diffusion to transport sample to drffenent radral reglons and therefore lateral '

..

v H e
e o
:‘;'




" system at each mobxle phase lmear velocxty The vanance of each peak was calculated

. G I 56
convectlon is the dommant pl'ocess wluch relaxe& ehe non-umform velocxty proﬁle |

\
Chromatogmms were run at several hnear velocmes and the plate helghts were measured.

Once the dependence of Hon Uo was known, some of the individual plate helght terms ~
could be spec1ﬁe\d as potential causes of the bandbroademng

AnH Vs ug profile was rurl on PRP-1 using two samples, 1. 0[3(" 104 M ‘ |
naphthalene ( ki' = 17 5 ) and 1.14 x 10-4 M methy! paraben (ki'= 0. 8& The mobile , ;s.f"
phase used was 90% methanol(aq’ Ther range of mobile phase linear velocmes used was 1 ' ’f ‘

9. 6 X 10 3 Ccm per second to 0.36 cm per second These values correspond to flow rates of

0. 055 mL per minute to 2.1 mL per mmute on thé PRP-1 column Flow rate is related to
4 mobxle Pphase linear velocity by the column length ( L) and void volume ( Vm)

. - ‘ - FRREEL
¥ ‘. o ' o)

o VA : ’ : '
(o - 236

The results for both samples are ngen in Table 3.3 and are plotted in Figure 3.7,
The plate helghts listed have the longitudinal diffusion term ( Hjq ) and the extracolumn
A conmbutlop alxeady subtracted It was thought that at some of the lowest flow rates used
" the. H)q term may have been a s1gmﬁcant fractxon of the measured plate height. Hjg4 was
 calculated for each linear veloc1ty us1pg a Dm of 2 x 1073 cm2 per sec for naphthalene in
methanol [3. 34] and 1.0x 10 -5 cm?2 per sec for methyl paraben. y was assumed to be 0.6
for both samples. The calculated values for Hyq for various moblle phase linear velocmes
~are glven in Table 3.4.
The extracolumn contribution was measured by removing the column from the ‘

chromatographlc system and m_]ecung 20 rmcrolx%rs of 1.1x 10'5 M naphthalene mto the

: usmg moments analysxs and was subtracted from the vanance of the sample peaks eluted ‘_ ’




- Table 3.3 Naphthalene and methy! pmben plate helghts H) vs mobﬂe phase lmear
: velocity (uo) on PRP-1. Sample concentrations were 104 M and the
mobile phase was 90% methanol(aq) Particle diameter was 10

micfometers. The plate heights listed in this table have hnd the exlncolumn ‘

and longitudinal diffusion conmbun@ subtracwdf The error is listed as
one sandard deviation (5%.) and the results are the average of duplicate '

chromatograms

u Naphthalene  Overall s.d.  Methyl Paraben  Qverall s.d.
(cm / sec) H - for . H " Xr '

' (mm) _ Naphthalene (mm) Methyl Paraben

»

0.36 2.5 0.25 0.38 0w

0.27 27 065 0.33 014
0.17 21 10.28 027 002 ¢
0.090 1.6 0.14 0.21. 1 0.02
0.075 15 0.32 0.18 002 .
9.6'x 10-3 0.10

~

o2 {0

- 0.05
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. Figure 3.7  Plate height vs mobile phase linear veiocity (up) on PRP-1 and C18.
: ’ Conditions are : (A) 10-4 M naphthalene on PRP-1 (@) 104 M methyl
"paraben on PRP-1 and (@) average plate height on C18. The C18 values
- were calculated using Figure 6 in reference 3.33. ‘
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Table 3.4 Calculated values for naphthalene and methy! paraben H]4 vs mobile phasc
linear velocity (uo) on PRP-1. The values used for Dy, and y are listed in the
text. The standard deviation (s.dyfor Hld was calculated assutmng 10% error
in Dm and that y had a range of 0.5t0 0.7.

Methyl Paraben  s.d. for

ﬁo Naphthalene  s.d for
(cm/ sec) Hig Naphthalene Hig Methyl
* (mm) Hygg (mm) Paraben Hig

0.36 6.7 x 10-4 1.8x104 38x 104 1.0 x 10-4
0.27 8.9 x 10-4 24x10-4 52x10-4 1.4 x 10-4
0.17 - 14x103  04x10-3  8.1x10-4 22x10-4
0.090 ° 27x103  -07x10:3  1.6x10-3 0.4 x 10-3
0.075 C32%103 09x103  19x 103 0.5x10-3
9.6 x 10-3 0 25x102 - 07x10-2  15x10-2 0.4 x 10-2
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was used in equation 3. 15 to calculatc Hcolumn Tables 3.5and 3 6 list the total sample
R peak variance for naphthalcne and methyl parabenand the extracolumn variance measured

for each mobile pt‘ukc lmear velocity. - .

. As a comparison; the results for a C18 columri are shown also [3.33]. The mobile
phase for the C18 column was 1:1 ( v/v ) methanol:water. The C18 plate heights in Fxgure ‘
3.7 are the average values of plate heights measured for three samples and were calculated
using values from Figure 6 in reference 3.34. The samples were n-pentanol ( ki'= 1.8 ),
phenol (ki'=1. 3 ), and ethanol (ki' = Q.15 ) but the conccntmuons were not given in the

' mfercncc The C18 pamclcs had an average diameter of 10 mxcrometcrs The extracolumn
and Hyq contributions have not been subtracted for the C18 results. However at these
linear velocities, Hyq is negligible. |

First, comparing the results of methyl paraben on PRP-1 with the C18 results, one
can see that the methyl pqa)raben plate height is 3x to 4x larger on PRP-1 in the ug, range
‘which was studied on both C18 and PRP-1. Also, the plate heights obtained on PRP-1 are
relatively large even at low ﬂov; rates. This can be seen clearly for naphthalene where H is
0.75 mm at é mobile phase linear velocity of 9.6 x 10-3 cm per second ( flow rate = 0.055
mL per minute ). The coupled plate hei ght term could be c_éusing the bandbroadening at

~low mobile phase linear velocities if velocity non-uniformities are occurring on a large
enough scale that neither _l';lteral diffusion nor lateral convection can mlax'thepr(')ﬁle, even
atlow ug,. o B

Although the PRP-1 plate ‘hei ghts are large at all values of u'o, H does decrease with

decreasing mobile phase velocity, éspecially for naphthalene. This dependence of plate
. height on mobile phase linear velocity indicates a mass transfer process is contributing to
the large plate height values. |

Both mi's.ekﬁcﬁment and the H vs k' experiment indicate that possibly there are

two processes contributing to the excessive bandbroadening on PRP-1.



Table 3.5
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fe

Extracolumn 6y2 and total sample peak 0y2 vs mobile phase linear velacity
(uo) for naphthalene . The naphthalene concentration was 104 M for the total
peak Gy2. A solution of 104 M naphthalene was used for the extracolumn o2
measurements. The mobile phase was 90% methanol(aq) for all experiments.
All results are the average of duplicate chromatograms. The error is listed as
one standard deviation (s.d.).

uo Naphthalene s.d. for Extracolumn sd. for
(cm/ sec) ov2 Naphthalene ov2 cxtr%éélumn
~ (mL2) ov2 (ml2) ov2
0.36 13.0 0.007 1.05x 10-3 0.10 x 10-3
0.27. 14.0 1.8 1.09 x 10-3 0.10 x 10-3
0.17 10.2 1.2 0.98 x 10-3 0.10 x 10-3
0.090 8.0 0.4 0.93x 10-3 0.03 x 10-3
0.075 7.2 1.3 0.88 x 10-3 0.03 x 10-3
9.6x10-3 3.6 0.2 0.38 x 10-3 0.07 x 10-3
5
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Table 3.6 Extncol mn o{}z and otal sample peak 6,2 vs mobile phase linear velocity
- (uo) for/methy! paraben. The methy! paraben concentrations were 104 M for
the tota] peak 6v2. A solution of 104 M naphﬂialcane was used for the
extracolumn o2 measuremeqts. The mobile phase was'90% mgthanol(aq) for
! N ;71‘ ‘] )
all experiments. All results are the average of duplicate chromatograms. The
. g
error is listed asggne standard deviation (s.d.). !
Up Methyl Paraben  s.d. for Extracolumn sd fﬂ;
(cm/sec) 62 Methyl Paraben o2 extracolumn
(mL2) ov2 (ml2) .°  “d2 ' g
; SRS "'-‘_'-oi"
0.36 19.8 x 10-3 18x10-3  "1.05%103 & 010x10-3
0.27 164x103 - 55x103 109103 9710 x 10-3
0.17 126x10-3  08x103 " 0.98x 103 :0i0x103
0.090 102x103  08x103 o3 10-¥ 7..0.03 x,’lo-b; i
0.075 8.7 x 10-3 08x103 . 088x163 ;0,0_3{,,5@” 103 .
9.6x103  56x 103 12x10-3 038x10/3:, oy 0.07x10-3
Y . ot
R | “:;«'.},‘5. R

Tw .
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3.3 Conclusions o

-
I R

The purpose of these experiments was first, to verify, as claimed i m the htcrature,
&at elution peaks obtained thh PRP-1 were broad and asymmetrical compared to those
obtained on bonded phase columns and second, to determine the dependence of the PRP—I
plate height on capacity factor and mobile phase linear velocity. Since each term in the
overall plate height equation ls related te-these-parameters differently, it was thought the
- results of these expenments could help determine the process responsible for the excessive
bandbroademng on PRP-1. |

Chromatograms of naphthalene at a constant concentration, kj' and ug were run on
both'PRP-1 and C18 using aqueous-methanol mobile phases. The plate height measured
on PRP-1 ‘was 20x larger that that me:isured for C18, indicating PRP-1 is much less
efficient than C18.

The plate heights for samples of varying ki’ were measured and m general ,splate
height was lndepende:t of capacity factor. Two trends were noticed. Fust of all, the plate
heights were much 1arger for rore highly conjugated aromatics than for alkyl paraben
compounds. This mdlcated the large plate hc1ght results from some chromatographic |
process specific to the more hxghly conjugated aromatic samples. This could be either a’
slow step in a mass transfer or kinetic process, or due to non-linearity of the sorption
1sotherms or dnother process wh1ch occurs only for the highly conjugatcd arOmatlc
samples Secondly, the PRP-1 plate heights were large even for the parabens compared to
plate heights obtained on C]@The ongm of this bandbroademng could be completely
different than the process which broadens the more highly conjugated aromanc sample
bands. ,ﬁ

’ { Results of the plate. helght vs mobile phase linear velocity study*also 'ind'i‘cate there
are‘atJeast two processes contributing to bandbroademng on PRP-I “Two samples were

used in this. experiment, a more conjugated aromanc ( naphthalcne ) and a'paraben

- . v‘ .
- ' e ".'.‘
.3

o
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( methyl paraben ) Agam, two trends were obse'f, plate hexghts for both samﬂes o :

~ were relatrvely large at low uo as companed to the plate ‘ elghts measured ona C18 column P |

" "I'hrsimeans there is a Velocttv Lndcpendent process contnbutmg to the bandbroadenmg ; “ ¢‘ﬂ . :
:: | 'I'hlscontnbutxon most hkely nesults from the coupled plate helght term as'was explamed 1n T |

) Secnon 3. 2 3. Therefore, a non-umform velocrty proﬁle is probably causmg some of the

R bandbroadenﬂ'lg | . o |
The second trend obﬁérved was that al?hough the naphthalene plate herght was -
. 'always large, it d1d decnease wrth decreasmg uo Th1s pomts toa mass transfer kmetrc or’

o

g _",‘SOmC other sample specrﬁc process Wthh is causmg the bandbroademng observed for

N | hrghly conjugated aromattc compounds S R

Based on these results it was demded that the: sorpnon Jsotherm and,

- adsorpuon desorptlon kmetrcs of naphthalene ,should be measured to evaluate the
. contnbutron to bandbroademng from each of ttflse. Also in order‘ to esnmate the ’

- magmtude of the non umform velocrty proﬁle it was decrded to measure sample proﬁles of | =

o dyes on packed beds ofPRP”l L ‘ s ., RO L
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S CHAPTER 4
Naphthalene Adsorptxon Isotherm

41 T : D

- . ‘ S oo

. 4.1.1 -Sorption [sotherms - ..~ I} el T '
. R ' .. - . o . P L e ’ l. . “Uf:'lf
e e . 'w

As was menuoned in Chapter Ja possrble source of peak asymmetry‘ts a
onvlmear adsorpuon 1sotherm Adsorptxon 1sotherms and [hCll‘ relauon to '

}‘%hxqrr‘lltography have been the subject of several d1scuss1ons [4.1-4. 3]

An 1sotherm isa plot of concentraﬂon of sample sorbed on the stat10nary phase

- o ( Cs ) Vs, concentratlon in the mobrle phase ( Cm) at a cdﬁstant temperarum, The

d1stnbut10n coefﬁment Kl, fora solute at. any concentratron is the slope of the line g3 l

'between the pomt correspOndmg to that concentranon and the ongm [4. 4] as shown 1n

w

. Fxgurae 4 1 Therefore, the 1sotherm grves the dependence of K1 upon concentranon

The shape of the 1sotherm depends upon t'ﬁ% sorptron mechalnsm [4 1] Three ,

jcommon types of 1sotherms -are shown in thure 4. 2 and the chromatographrc peak shape

R wﬂch would be,cxpe;:ted from each isotherm is drawn below it [4 4] The first 1sotherm

'i-'dlrectly proportlonal to concentratlon in the mobile phase and therefore, K1 isa constant
< .
For hnearlty to occur sarnple molecules musf not mteract W1th one another in exther

; ’phase Most 1sotherrns approach hneanty at sufﬁcrentlyl sample

,’?flp"concentl‘auoms Generally, in order to be operatmg m the Imear reglon the amount of
/ ' sam lel' adsorbed must be much less than the number of adso tion sites and the
: P p

concentratu-)n of samplem the mobrle phase must be muc@ess than the concentrauons of ,

any other rnob1le phase spe“’?es wrth whxch i

e ;( Frgure 4 2a ) is Jg_g; A lmear 1sotherm occurs when the gount of sorbed sample is R

-

e o -
SR TR
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Figure 4.1 Sorption isotherm. The s
_ - point A is equal: to the dis
concentration Cp -

lope of the dashed line between the oridin a Gy,
tribution. coefficient, K;, for solute iar .
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chromatography and grves rise to tailin p&a{(s, as shown in Flgure 4, 2b ThlS peak '
shape can be understood 1f the dlstnbuh coefficients at two dlfferent concentrations

&pomts 1 and 2 ) are considered. Fust recall that the dlstnbuuon coefﬁclent and the .

N i 4 *
". sample velocuy decreases as kl (er1 ) m’crca es:. . x e %
o . BN . ‘ \
L7 . R » g Vo . b X )
ﬁ“ - e '5.“‘-%'.“@ S
s . o N R PR » »
- u; = U, T e - . ‘
| S B O S o I
*6 i ’ _' o . & \ . . \ ‘ _— . 42 .

' where u; is thé avera ample veloclty anduo is the average linear mobile hase o
i 5"' f \ P
tl

veloc1ty Iﬁor sufﬁcren ng columns the sample\drsmbun

‘ D SPETe . :
\ concentratmns along the sample zone and the s uld elute as a Gaussxan peak. ;

Y ".Howe\'/er, if uj is dependent on concentratigwbecause of “a changing dism'bu't,ion .

; T . . K S

coefﬁc1ent the hxgh concentratton. regrens of the zone wﬂl\move ata faster veToc1ty than.
L4 - B

the Tow concentratlon regions Thls causes the center of thh band to catch up w1th tH

lcadmg edge whrle the low concentrauon trarhng edge moves ‘more slowly and elutes asa

: . _ C R - .
R AR PR T - A .




"y
’

Cal2 M

)
.

¢ tail Point 1 on the convex isotherm hasa larger Kl than pomt 2 Therefoi'e the pomon_s ‘

of the zon&rth concemrauons correspondmg to pOmt 1 will. move more slowly and
' b
elute at a later nme than thosé‘ eorrespondmg to pomt 2 Uslng analogousfregsonmg it

can be seen tl’la:
,Smoe the retention volume ( Vr ) is propornonal to ( 1 + lcl )as shown m
‘equanon 4. 3 Vr also wrll change W1th sample concentranon ina n0n lmear‘reglon °

o
3

:“Vr _ Vm,(lﬁ*‘ki') %’ D : 43 :
R ‘ Co ‘."..‘b»‘ . ', o R

-Vm is the mterparucle volume and pore volume of the bed of statxonary phase and is

detemuned by measuring the volgme at whlch an unretamed sa.m&.elutes The

unretained sample isa compound Wthh is not adsorbed on the PRP-l but enters the pore |

'~11qu1d In the linear: reglon Vr isa constant for a pamcular sample for a specific mobxle ,

and statronary phase. . ~

L. ST
, ‘
.

Methods used to measure sorption 1sotherms in gas chromatography have been

k ’summanzed by Huber and Gerritse [4 5] and by Conder and Young [4.6]. The sare

e techmques applied to the detemnnauon of adsorphon 1sotherms in quuld chromatography '

.have been rev1ewed by Dondi et al [4. 71, De Jong et al [4, 8] and Iéobson etal [4 9]

These can'be d1v1ded mto two groups : equtllbnum and non-ethbrlum methods
b

Two commonly used non igmhbngm methods are the breakthrough curve

: ,method and. the elutlon chromatography method. The elunon chromatography method :

v“._

’ [4 lO] is an elution téchnique i in whlch a narrow band of sample is. mJected atthe column
‘mbt The sample band moves down the ol ;

d,

a vefocrty Wthh i dependent on the

qg@ggy_q 1sotherm as shown 1n thure 4.2¢, Wl“ cause a fronting peak. g

L
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coefﬁcrents wﬂl have long retennbh,tlmes whxch is 1dcon\;em§§§.lso% Ak o,

'bccome broader and shorter w1th mcreasmg retgﬂnolgvolumes they rhay be very drfficult ‘

to detect . -

. y‘ solution. ‘The srgnal expected from thls expenment 1s called a b:gakthrgu gh
typical one is shown in- Figure 4. 3 The shape of a breakthrough curve can be explamed

as follows. Inmally, as the sample soluuon encountérs the stauonary phase all the

v

| - " sample is adsorbed onto the stat10nary phase and none is detectedam the column effluent.

o

* the adsorbent beglns to reachmrb‘?msoluuon, increasmg concentranons o
2 3 o

Bl*sample are detected until finally a platealns reached. At the platéai the effluent
concentranon Ts equal to the mfluent concentraéon of the solution and the adsorbent 1sat

: equﬂrbnum wrth the sarwle sOlution madsorpdon isotherm i is Imear the elue’nt
. volurne com:spondmg to the rmﬁpom‘e br;eakthrough curve is g




AFxgurc 43 Bmkthmugh curve. Equiﬁmum bctwecn the two phascs occurs at ihe

(o B

e

Samplg¢ Concentration

<

3

1

o

- platean of the breakthrough . The effluent concefrationatthe ~  °
plateau is equal to the influen solupon concentration.\For a linear

| o 1sotherm, the midpoint of the l\smg portion of the bmhhrough curve is
equal to thc retennon volume, Vy .

a
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the bmakthrouglr curve has been reached beoornes unpossxble when Cm is so small that

the entire breakthrough curve is buned in baselme noise. T
' There are two comm ¥ used equilibrium methods of measunng 1sotherm

; shapes, batch equrhbranon column equrhbrauon In batch eq branon @nown .ﬂ C ,
. weight of stationary phase isaddedtoa solunon of known sanmle co centranon and the
| mixture is stirred unul ethbnurr} is reached ‘The final concentration of the ‘sample
solution is measured and the nt adsorbed can be calculated by'the dxﬂ'erence ’
betweeﬁhe mmﬁ and final concenu'anon? The moles adsorbed also can be measared
by’ removin g the sample solution, elu&n% the adsorbed sample with a strong solvent and

measurmg this quannry The concentr#ior adsorbed is calculated by dividing the moles
y the weight of statlonary phase

. ' y "’
R N

- moles adsorbed ‘ : ‘
; _ y W o g T , S 4.5

C

- L]

The distribution coefficient can be calculated using equation 4.6,

f " Cn Ty N : ' 4.6

The disadvantage to the batch equilibration method is that it is slow and somewha
tedious. o ,

e column equilibmﬁon method [4 12.] was used-for the adsorption isotherm
measu’remenf in this theSis y is based on the same cpnncxples as the batch technfque but K

is faster ‘The procedure was described in Secuon 2.2.4 but will be briefly revxewed

L]
-

herc ‘ - o .

AJ - ’ . ‘
A known welght of statlonary phase was-packed mto a small prec lumn
Inmally, only mobile phase was pumped through the precolumn Next, valve was

~ switched so that a soluuon of known sample concentrauon Cm, was d1rected onto the

- i



B separatmg the safnple peak from selvent

3

precolumn The srgnal that results from this mtroducuon of sample i isa brdakthrough

curvc(Flgure43) : . T
After eqailibrium‘beivveen the two phaé»es is reached ( ie. the plateau of the .

breakthrough curve ) the total number of moles of sample in the stauonary phase ( nt )is %

measured by elutmg the precolumn with a strong solvent onto an analytrcal HPLC

column. Although the analytxcal column was not really necessary and a detector could be

_ dsrectly connected to'the precolumn the analyucal column provided the advantage of

E ctlve mdex peaks and any 1mpunty peaks

which may have been present allowm g for more accurate quannﬁcauon of the sample '

ot . &#’ 2. » . %
peak ‘ . : o ol
T

The measured quannty fi includes not only agsorbed sample( ng ) but also that
present in the hold-{p volume Vm , of the precolumn. V' mcludes the mter— and (
AN S 2

mtrapamcle volumes and the cqnn@sctmg mbmg, frit and valve volumes as well -

Therefore the moles prese the h -up volume mus’t subtracted from the total
X4 |

w " The number of moles in V 'is equal to Vm multlphed b)l the sample solutlon .

»

concentration. The concentration of adsorbed sample can be calculated. usmgiqua,tion"

4.7, “ \ R

.;\ ", ', ( !

C _\-ns - 0, Crn¥Y : ‘s | * >
TWTTW C
. o ! - v . . ~

The d‘rstnbupon cqefﬁcrent correspondmg to one pblnt on the lsotherm is calc&ated by
d1v1d1ng Cs by the mobile phase: concentranon Cm as dlscuged Musl'k see” -
equatiop 46) ). Addmonal points on the isotherm are obtained by var‘ymg the value Cm

a

of the solution pumped throughlthe precolumn S

In the present ‘work the adsorpnon isotherm of naphthalene in 90% : “‘;

mcthanol(aq) on PRP-1 was determined by using a 9} mm x 2 mm precolumn p%ked with

the stationary phase. The values-of n; for naphthalerfe solutions of various conceptrations
u _ . \ ) ,

&

0"
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were measured by determining the area of the eluted peak and comparing it with a |

calibration curye made from a series of standard solutions. The hold-up volume of the | rFa

pnccolumn was mcasurcd by dctcnmmng the number of moles of an unretained compound

present in the precolumn system. Once both ny and Vm were known equation 4. 7 was

used to calculate Cy . By measuring Cg for a wide range of naphthalene concentrations the

v adsorpnoasotherm was obtained.

K o v ' '
i > 4.1.3 Relati hrom hic Peak Shape-and Isoth rvatur

s . " Several researchers have studied the quantitatiye relation between isotherm
curvature and the correspohding chromatographic peak shape. One goal is to be able to
predict the peak shape based on an experimental isotherm. This i is important in ﬁclds |

' ~such as afﬁmty chromatography Or.preparative chromatography, where the quantity of
sample used cxcecds the linear rcglon of the 1sotherrn if thc peak shape could be
'px;ﬁct&f’ selecuon og mé“?hé’;m\fh, amount of samplc whxch allows both adcquate
" separation and opumum detcctablhty ( or quantlty punfied ) coul'd be determined without
prcnmenta] trial and error. . . ' o

One approach used to predict this relati®n is to set-upam

* equation [#. 103,3 4.16] which relates the flux of @ple at any |
procegées the sample is undcrgomg: such as diffusion, sorption- dcsorptxon kinetics and ’),Zf : '
the 1sothcrm effects. The mclusxon of a non-linear isotlierm causes this differeritial ;
cquauon to be nonthncar -and makes solution of the cquatxon Quite dlfﬁcult Usually the

| _ drffcrenual cquatr' is solved fiumerically rather than by tiytng to obtam an exact

¢,
» -  analytical solunon While this method can ch an exact dcscnptlon of thc '
chromatographrc process, the mathematics 1nvolvcd can makc it unatuactlvc to use.

- o Another approach is to smulatc the ohromatographlc separation using models

el

which i 1mltate the physrcal processes Wthh occur on a column An imaginary column is

. . . -

- "Q‘
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dmded into dascrete stagcs or steps and lhe cffects o£ the physical processes on peak
- shape at each step a%calculated The ﬁnal pcak shape is the composxte of all md1v1dua1

steps. R

s

Eble and co-wotkers [4.17) used a simulahon, method based on a Craig
distribution model anda Langmulr 1sotherm (a convex isotherm ). They used this
method to predict frontal chromatographxc elution curves by accounting for non-ldeal
bandbroadening w1th the Craig dxstnbuuon model and isotherm non-lm;anty Wlth the

Langmuir isotherm. However, this simulation {ook an excessive amount of time which

'.3

made it inconvenient to use.

- ' l

« ‘
Angther type of sunulatlon was done by Phillipsfand co-workers [4 lﬂ;d

generate chromatographic elutioff peatks They used a stochastic model and a !!‘angmuxr
%

isotherm to account for non-xd&h%and n0n-hneanty effects respectively. Th1s
e, g

sunulauon also requu'ed alon g timé to calculate (3t 6'ﬁours on a Hewlett Packard

2100A rmmcomputer ). ' ) e | % ‘»7 :

A sn@ulanon method was used in this thesis because this approach :
mathematically than solving differential equations. Also, the simulation meth
invokes a physical pictufe of the interaction between the non-ideal and non-linear .

_ r J
processes. The non-ideal bandbroadening was described by a Gaussian distribution and

) ﬁle shape of the isotherm was described by the Langmuir equation. ;JIhe Lang'fnuir 3

isotherm equauon is glven by equation 4.8 [4. 19]
)

75
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manner. Deta1ls of the program calcul\uqns and variables are givenin Ap;f&dxx L

d vs ( llCm ) the slope‘of thls lme 1sequal to ( l/ AB ) and the ¥
al to ( 1/A ) BRE ., »
F* ‘ program.a "column was dmdcd Into 175 axial positions and sample was
ininj tributed evenly into the first 3 positions, sxmulatmg ap )n_]ecnon %d:agram of
this 1§ shpwn in Flgure 44. The strnulatxon algorithm wiH be- de’scnbed ina stepwxse
1. Afte? mjecuon the sample is 1mt1ally moved down the column to posmons
11 12 and 13. The total concentration of sample at each column position is
known and will be referred to as the "sample distribution",
: 2 The sample distribution is convolved with a Gaussian function, whose
‘vanance is related to an a35umed plate heigflt which was expenmentally
* mieasured on a'PRP-1 analytical column. This produces a new sample -
QO distribution which is broader (it is distributed into a greater number of
 column poai'tions ) and more dilute. o -
3. .Using the total moles of sample present at each position and the adsorptlon
isotherin equatlon the equlhbrxum concentxatxons in the mobile and |
stationary phases are calculated These concentrations are used to calculate
the distribution coefficient and the samplc velocity, U(J) for sample at each

column position via equations.4.6 and 4. 10,

’ u, . ’ :
uad) = ——— L L S
¢t TRy SURIEE R R W ST P g 195 o
. N s LN ) ! n

"4, Thc samplc at each column position is, moved down the.column a distance X‘ ‘.
v wluch is dependent on the individual sample velocities and the ume ‘

\ -
1ncrement DT, in whxch sample rnovcment occurs.

=Y . . ) y
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5. -'Posmons past the column outlet ( those greater than 175) are checked tosee =

\.. ) 3 S § any sample has eluted {f some has that amount 1s storefl alongwrth\ the

o w4 1
6. ‘Steps 2 through 5 are repeated until allgample has eluted from the column /

| Appendrx I nges detalled explanatlons of each calculauon used in the program

and Jusuﬁcanon for the chorce of vanables , ,/

To est whether the\algonthm of th1s nurnencal s1mu1at10n yrelded sufﬁcrently

accurate 1 ults, a s1mulatJon was run for al04M naphthalene solution as,surmng a .

linear isoth:

through all the expenmental naphthalene adsorpuoanothexm pornts 1gnormg the slight

: convexrty of the data for this test. A smulat\n was also done fora sample
/
( 0 3 M p-tolurdme ) with a non-hnear adsorptron xsotherm The data 6sed for the

| non- lmear 1sother;n was taken from Frgure 4b in reference 4.9 and tl‘le adsorp'hon
' /

I3

, 1sotherm has been replotted in F1 gure 4 5 of this thesrs ' _ /r‘.
The vanables whrch were entered by the operator 0 run; Ahese s1mulauons are
ngen in Table A2, lfm Appendix II The plate herght which v/as used to calculate the

Gaussian distribution for both sxmulauons was 0.38 mm. 'l?'hts plate height ismeant to ‘

" account for bandbroademng due to "normal non- 1deal p,r‘ocesses such as axlal diffuison

or some small irregularities in the packmg structure. // was not desirable to use the large
~ experimental plate herghts measured for naphthalene’ on PRP-1 since they could be due to

_-an unusual effect such as slow adsorptlon desorptron kmencs The purpose of the peak

-

mmulauon program was to assume normal" nqn 1dea11ty was _Qt the maJor cause of the
- ' naphthalene bandbroademng and to deterrmn whether the 1sotherm curvature. could be
responsxble for the excessive bandbroaden}ng and peak asymmetry observed for

- naphthalene. The value of 0.38 mm was’chosen because it was the smallest plate height

\ ’;/,

nmeofelunon C B }' a TR

The hnear isotherm equanon was deterrmned by alinear lea£4 squares'fit "
/
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Figure 4.5 Non-linear adsorption isotherm used to calculate the simulated pegk
’ shown in Figure 4.6b. -The data for thenon-linear isotherm was taken
. \from Figure 4b of reference 4.9. The isotherm was fitted by the .
’ I:ang%)uir equation and had Langmuir constants of A = 0.§341 mole per
kg and-B.=.59.9226 liter per mole. : L
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measured for any sample on PRP-1 and hence, was representative of "normal” non-ideal- ,
; y o .

‘bandbmadenmg .

The sunulated peak shape resultmg from the lmear 1sothenn is shown in Figure |
4.6a. The. dots in /4.6a reptesent pomts calculated by the s1mulanon program. The
chromatographic parameters measured from the snnulated peak and the correct theoreucal
values are hsted in Table 4.1. 'I'he theorencal values are calculated from the - \‘ -
operator-entered values for plate height, K,, Vm and Ws The equanons used to caLulate
" . the theoretical parameters are given below Table 4. 1 It can be seen that the two sets of

values agree within: twelve percent, suggesting that the s1mulanon algonth:nf
sufficiently accurate for present purposes. The plate height has increased sfightly from
0.38 mm'to 0.41 mm because of the discrete method of the simulation, which introduces
round-off femors. For example, 1f sample at a position J is;calculated to move a distance
equal tov2.5 column positions during one step of the program, it will 'actually be moved
- three positions since the movement must occur in integer increments This is also vvhy
the asymmetry factor is 1.1 1nstead of 1.0 for the simulated peak calculated from the
-linear 1sothexm This error is not very large and could be decreased by increasing the
number of column posmons in the simulation program. However, thlS was not done
here because it would have substantially increased the computm g time
~ Figure 4.6b shows the simulation results for the non-linear isatherm. There are

no theoretically calculated pealt parameters for comparison, as they are not easy to predict
by an altemative method. The simulation for the non-linear isothenn case .was basically a
qualitatiVe test of the algorithm. The si{nulated peak for the;non-linear isotherm is tailed
as expected for a convex isotherm and the asymmetry factbr for this peak i is 1.8. The
plate height increases only slightly from the operator-entered value of 0.38 mm to 0.50

\

 mm. 'The retention volume for this peak is 45.1 mL.
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Figure 4.6  Simulated peaks calculated using (A) a linear fit to the (slightly convex)
' experimental naphthalene data with Kj-equal to 16.72 liter per kg and
(B) a non-linear Lasfgmuir adsorption isotherm (Langmuir isotherm
constants were listed in Figure 4.5). The other parameters used in this
calculation are given in Table A2.1 in Appendix II..



_Table 4.1 Chromatographic parameters measured for the simulated naphthalene
-' - elution peak and theoretical values expected for a linear, non-ideal peak.
A linear adsorption isotherm and a plug-shaped injection profile were
' used. The prograrh variables used to calculate the simulated pelk are
. listed in Table A2.1, Appendix 11

Parameter Peak - 4%Diﬁ'crencc -
o Simulated : Theoretical .

; N

Retention Volume 17.0mL . 153ml 11.1

Capacity Factor  * 12.1 10.8 12.0

Plate Height - 042mm - 038mm . 105

Asymmetry Factor 1 - 1.0 10.0 /5‘

The theoretical chroma;dgraphic parameters were calculated using the following
equations :

ki' = Ki ¢
Vr = k] Vm + Vm S .
H was measured to be 0.38 mm from an elution chromatogram on PRP-1,Kj was

measured to be 16.72 1 per kg from the naphthalene adsorpuon isotherm ( assuming a -
. linear least squares fit ), and the column Vm ( 1. 3 3 10-3 liter )was taken from Table 1
in reference 4. 21 "

-
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All computing was done on a Apple Macintosh microcomputer using Microsoft
Fortran. , Calculations for each simulated chromatogram took between 30 and 45

minutes.

4.2 mnuanmm
4.2.1 Precolumn Hold-up Volume Determination .t
The precolumn equilibration method measures the total moles of sample .
contained within the extracolumn volume as well as adsorbed sample. The quantity of
sample whxch is not adsorbed must be mcasurcd and subtracted from the @tal The term
V' will bc used to dcscnbc thc hold-up volume which contains unsorbed sample. This
quantity includes the interparticle and pore volume, the hold-up volume in the frits, inlet
and outlet s.s. tubing and the small volume present in the injection valve. 'An unretained
conipound, calcium nitrate, was used to measure V.
Before the hold-up volume measurement Was done, it was negessary to determine

‘the volume of calcium nitrate solution required to achieve equilibrium between influent
calcium nitrate solution and the precolumn. Thcsc results are listed in Table 4.2 and it
can be seen that 4.7 mL of solution are sufficient for this. V' is constant for the three
calcium nitrate solution volumes tested, which ranged from 4.7.mL t023.0mL. A
| volume of 15.2 mL was used to be éenain. |

| Two experiments were run to confirm that the nitrate ion of calcium nitrate was
truly unretained and could give an accurate value for Vp,'. First, the hold-up volume
_ was measured hsing calcium nitrate solutions of decreasing niethanol content. If calcium

nitrate was not adsorbed then V' should remain constant and not change with %

methanol in the mobile phase. The results for this experiment are listed in Table 4.3. Tt

———

can be seen that Vm remams constant for the range of methanol content which was

studxed -

H
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Table 4.2 Volume of calcium nitrate solution pumped through the PRP-I pmcolumn
vs Vm'. Solution was 4.9 x 10-3 M-calcium mtrate

\]

- M - - ‘ -

Volume of 7" Average o +'95%

calcium nitrate Vm' A ﬂé’ . Confidence

(mL) (mL) 7 Limis

| i

.4.7 043 0.05

11.6 0.42 - 0.01 -
23.0 0.43 0.13

84



Table 4.3 V' vs % methanol. Unretained sample wis 4.9 x 10-3 M calcium nitrate

dissolved in various methanol - water mixtures. Mobile phases from pump P2
were the same methanol - water solutions that the sample was dissolved in. The
stationary phase was PRP-1. The experiments using 90% and 100%
methanol(aq) mobile phases were done in duplicate. Al others were s single .
measurement.

e

% Methanol  Average - | +95% Standard
Vm' Confidence Deviation-

(mL) Limits ( mL )

100 0.42 -~ 0.06 0.0071

90 0.42 0.13 0.014

80 640 \
75 0.42 ~ —

70 040 .

60 0.41 S

50 o4 -
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.+ The value of Vyy' was mommdféuomuomdmmgmcmmmmze .
concenupdon It has been demonstrated that m of ionic species onto |
polystyrene-divinlybenzone copolymen is t on ionic strength. If calcium nitrate

* was glightly retained, the ret;mion should increase wk\h increasing ionic stmnmh and
increasing concentration o{ calcium nitrate. These: mum ae dven in Table 4.4. |
slight decrease in Vm with increasing calclum nitrate conéemnnon is not mtimcnlly

o~

Al

significant, as can be seen by noting the 95% confidence hmua. This xgdxcates nitrate is
unretained under these conditions. . L '

A solution of 2.14 x 10-3 M calcium nitrate in 90% nn;hgnol(aq) was chosen to
measure V.- This concentration gave a suitable absorbance for ;ﬂ\)c final diluted
solutions when read on the UV-visible spectrophotometer. Thg holq-up volume was

calculated using Equation 4.12.

Oym

Vi = [CaNOy)]

initial v 412

The term nyyy is the number of moles of calcium nitrate in the hold-up volume, as

determined in this experiment. The denominator is the concentration of the original

calcium nitrate solution ( 2.14 x 10-3 M ) pumped through the precolumn. The value
obtained for V' was 0.40 + 0.01 mL ( 95% confidence limits ).

4.2.2 Naphthalene Adsorption Isotherm

Before the adsorption isotherm could be measured, it was necessary to determine
the time needed for the naphthalene solutions to reach equilibrium with the PRP-1. A
low solution concentration of 4.93 x 107 M and a high concentration of 1.02 x 10-3M

were used for this experiment. For both solutions equilibrium times of 6 and 10 minutes
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Table 44 Vin'¥s cdlcium nitrate concentration. Mobile phase was 90% methanol(sq)
' and stationary phase was PRP-1.

-

e

Solution M Average + 95% Standard

Concentration Vm' .Confidence Deviation
(moles/L ) (mL) Limits (mL ) ;‘ . ¢
7.0595 x 104 0.45 0.26 0.028 .

1.0085 x 10°3 0.44 0.15 0.017

2.5212 x 10°3 0.42 0.03 0.0035

5.0425 x 10-3 0.41 001 0.0008

7.0595 x 10-3 0.42 0.038 . 0.0042

1.0085 x 10-2 0.41 0 0
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were tested using a flow rate of 1.9 mL per minute. SMMMWcMwNm,

lower value because this was the time it took for.the naphthalene peak 10 elpe from the
analytical column used in the isotherm experment. Hence, while one peak was eluting,
the next sample could be equilibrating on the precolumn. The peak areas obtajned for
these equilibration times are given in Table 4.5 where if can be seen that hmh»nbl’uum: R
are at équuibrium within 6 minutes. therefore, this was the time used for the isotherm
measurements. Table 4.6 gives the results of the Mtion mxhcrmAfm naphthalene on
PRP-1 in 90% methanol(ag). The entire concentration range of the 1sotherm is plotied in
Figure 4.74. There is an additional data point at a Cpyy qf 506 x l(r” M which cannot be
seen in P@t;) 7a. The dashed line 1s the extrapolated isotherm obtained frém the
points in the linear region at low solution concentrations. The isotherm results for the
low solution concentrations are shown in Figure 4 7b. [t cah be seen from these plots
that fhe isotherm is linear up 10 a concentranon of about 4 x 10°3 M, afier which the
isotherm deviates perceptibly from lineanty. Thc slope of the § data points in the linear
region was 184 + 0.6 liters per kg ( 95% confudence limuts ).

The linear sample capacity will be defined as the concentration at which K;
decreases by 10% from its constant value in the linear region. The percent surface
coverage of PRP-1 is the fraction of available surface area that is occupied by the
naphthalene. The percent coverage at the linear sample capacity can be calculated as
follows. '

The lincar sample capacity of PRP-1 occurred at a mobile phase concentration
(Cm)of 99 x 10-3M. The corresponding stationary phase concentration ( Cs ) is 1.66
x 10-6 moles per gram of PRP-1. Since 0.625 grams of PRP- 1 were used, there were
1.02 x 10-6 moles or 6.2 x 1017 molecules of naphthalene. Assuming the area occupied
by one 1;péthak:nc molecule (8.6 x 10-19 square meters ) is twice that of benzene
[4.21], this gives 0.53 square nxémrs for the total area of nap-hthalcnc. The PRP-1
surface grea is the weight of PRP-1 multiplied by; the specific susface area (415 square
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Tablo 4.5 Naphthalene peak area vs equilibration ume on PRP- | precolumn. Flow
rate = 1.9'ml. per minute.
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, ‘rneters per gray ‘) and is equal to 259 square meters. The percent PRP-1 sm-fac'e.. »

coverage at the linear sample capac1ty can be calculated using equatlon 4 13 and was

-foundtc?aéoz% PR

total na_phthalene surface area % 100
. 'PRP-1 surface area . - e

"~

[

In order to compare elutlon peak shape w1th the 1sotherm results

" % coverage = o
Attt 2.13

/

naphthalene elu n chromatograms were run at various concentratlons Also, smce the
1sotherm showed some curvature at htgher naphthalene concentratlons, peak simulations
. were done to determme what effect th1s would have on peak shape The simulation results '

are dlscussed in Sectton 4.2, 4

"»-423 mannfR frmElunn hromatog
thA ion Isotherm

Slnce the adsorptton 1sothenn 'was hnear up to an equilibrium mobtle phase
concentratlon ( Cm ) of about 4 x 10-5 M a solutron which has. ethbnum concentranons ;
lower than this should produce a peak whtch has no asymmetry or bandbroademng due to '
' 1sotherm curvature In order to be able to compare the elunon chromatograms w1th the
isotherm results, a relation between the injected solution concentranon ( Cinj ) and the
equlhbnum mobtle phase concentrauon (Cm ) was dertved. The sample solution is at its
highest concentranon when it is first mjected onto the column because the sample band -
becomes diluted dunng migfation down the colurnn due to bandbroadening. If the initial L ‘
N solution concentration cvorre.sponds to 2 Cm value in the linear region then the’ pea.k»shape |

~» should not be influenced by non-linearity at any point on the column.



: ‘ \-\ ‘The Langmulr adsorptlon 1sotherm equation was rearranged into the form of a ;

; \sond order polynomial whlch 1s glven in equatlon 4.14. -

é WsoBABnm

Nt _ B j A .
. 9 = (_—Vm'o) n, + (l + Vﬁ?.o vmo) (. (ninj}

4.14

The variables in equanon 4.14 are calculated as follows First, the phase rat10 Wthh the

injected slug of naphthalene encounters must be determined. Twenty-five rmcrohters of

naphthalene were inje j onto the PRP-I column for each elutxon chrOmatogxam Th1§
volume corresponds to the rnob1le phase contamed in the column positions, as explained in
Appendix L. Pnesumably,ﬁls displaced 25 rmcrohters of mobile phase from the bed void
" volume in the mmal portion of the column ( Vm 0) The weight of statlonary phase |

( Ws 0) that the naphthalene 1mt1ally encounters can be calculated by knowing what welght
' of stauonary phase con'esponds to a void volume of 25 rmcrohters First the length of the |

» packed bed of stauonary phase Wthh would contain tlus v01d volume is calculated
. ’ ) v .
= Vm.o '
— ‘ . _
0.66 tr R 415 .

- The constant 0.66, is the fraction of tht}etnpty column geometric volume which is
occupled by mterparncle and pore thobile phase and r 1s the radius of the c‘olurnn The
| length is used to calculate thé geometric column volume requu'ed to contain Vi o and

?

Wso.,

V&"bmetric =nL,r P | - 4.16
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- Wso 1s calculated by multiplying the geometric volume by the packing’density, which is

0.42 grams per cubic centimeter for PRP-1 [4.21].

WS.O = ppaeking Vv,

geomettic : : , 4.17

The number of moles injected ( njnj ) is calculated by multiplying_the irljec_ted naphthalehe '

solution concentration ( Cinj ) by the 25 rrticroliter volume which was injected ( Vin;j )‘.N
in = Cinj Vinj 4.18

The A and B terms in equatiott 4.14 are the empirical coefficients for the Langmuir

isotherm equation.‘ Once all of these values are substituted into equation 4.14, the number

' of ntoles present in the mobile phase at l‘pquilibrium (nm ) can'be calculated usin g the

\

~ quadratic formula to solve equation 4.14. The mobile phase equilibrium. concentration,

) Cm, is calculated by dividing np, by the injected volume of solution.

Cm = o

Vinj o ; . - . 419

The derivation for equation 4.14is given in Appendix I, Section A.3.3.

Using this method Cny, values for several different Cinj values were calculated and

the naphthalene adsorpuon 1sotherm extends to a Cy of about 4x 10°5M, m_]ected
solutwns with Cipj I less than approxunately 52% 104 M would be in the linear reglon and
there: should be no peak asymmetry due to 1sotherm curvature, Above this concentration,

some peak asymmetry is expected

" Elution chromatogmms were run on four solutions 1 rangmg in concentratxon CmJ, ‘

from5x10-5Mto1x 10-3 M Various: chromatographxc parameters were measured

such as retentlon volume, plate height and asymmetry factor. All the results shown in

L]

94

are listed in Table 4.7 along with the corresponding Cinj values Since the linear region of o



Table 4.7

Naphthalene injected solution concentrations ( Cm_, ) and the con'espondmg

‘mobile phase equilibrium concentration ( Cm ) at the top of the column.”

The Cinj and Cm valucs above the dashed line are in the linear region of the

“isotherm and the CmJ and Cm, value below the dashed line is in a curyed

segion of the isotherm. '
. » |
Shape of Cinj Cm
Isotherm
Linear '52x10°5 4.0x 106
| ' 1.0x 10-4 7.9% 10-6
2.0x 10-4 S 15x10-5
3.0x 10-4 2.3x )10-5
4.0x 104 3.1 x10-5
5.2x 10-4 40x%10-5
Curved 1.3x 103 1.0 x 10-4

4

b

'
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Flgures 4.8 through 4. 10 are the average of duplicate chromatograms The predxcted
behav_lor is as follows. In the lmeftr isotherm region the retention volumé is ‘expected to
remnin constant anrl the asymmetry factor should Nb’e equal to 1.0, indicating a perfectly | ‘~
symm'eu'ical peak, ncglecdngVany abnormal _non-.ideal phenomena which may skew the
peak. Once--th‘inear region of the naphthalene isotherm is exceeded, the retention volume
_ | s.hould start decreasing and the asymmetry factor should incrense as the peaks began to tail, |
since the adsorption isotherm is slightly convex. The plate height rnarsm to increase -
slightly, due to the increasing peak asymmetry | | - |
A plot of expenmcntally observed retention volume vs injected naphthalene
concentration, Cinj, is given in Frgure 4.8. The reten{xon volume for the two lowest
" solutions is approxnnately constant and it decreases by 10% for the two high concentration
soluuons The slight curvature of the isotherm could be responsible for the decrease in Vr
for the highest conc'entration solution, but the three lower concentration solutions are all in
the linear isotheﬁ“;) reg'i.on and should have a constant Vr. Figure 49 gives the
experimental asymmetry factor ys concentration. The' aSymmetry factor increases from ;6
™ 1o greater than 3. Once again, the slight isotherm curvature eould be responsible for the
peak asyr‘hmetry ef the highest solution concentration but based on the isot!henn results, the
three lower co centrauon solunons should be symmemcal peaks with a cbnstant
_ asymmetry fac or of 1.0. Instead, even for the three low concentration soluuons which are
theisothem the asymmetry factor is very large ThlS peak asymmetry-
\ cannot be du m lsaghenn curvature.

‘Fi

ie 4. lO shows expenmental plate height vs mJected naphthalene concentration,

, lCi,;J'. The plate height would be somewhat larger for asymmetric peaks, so some increase
in H could be expected for the highest conr:entfation soludon. However, the notable point
~ about this ﬁgure/is that the plate height is very large for all solution concentrations ( H is

greater than 2'mm ).. Again, this cannot be the result of isotherm curvature.
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Figure 4.8 Retention volume vs injected naphthalene concentration on PRP-1. The .
mobile phase was 90% methanol(aq) and the mobile phase linear velocity .
was 0.35 cm per second. The retention volume was measured using the
peak center of gravity. The data points to the left of and on the vertical

- dashed line are in the linear region of the naphthalene isotherm and the
point to the right of the dashed line is in the slightly convex portion of the
isotherm. - .
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Figure 4.9 Asymmetry factor vs injected naphthalene concentration on PRP-1. The

mobile phase used was 90% methanol(aq) and the mobile phase linear
velocity was (.35 cm per second. The data points to the 1¢ft of and on the
vertical dashed line are in the linear region of the naphthalene isotherm and

the point to the right of the dashed line is in the slightly convex portion of
the isotherm. .

98




édﬁfﬁ
ot |
v |
. 3
1
| 3
. E 29 ‘
= 1 | o1
¥ i
|
0 T o § l Y T

0.0e+0 2.0c-4 4.0c-4 6.0c-4 8.0c-4 1.0e-3

Cinj M)

it il

>

Figure 4.10 Plate height vs injected naphthalene concentration on PRP-1. The mobile
phase used was 90% methanol(aq) and the mobile phase linear velocity
was 0.35 cm per second. The data points to the left of and on the vertical
dashed line are in the linear region of the naphthalene isotherm and the
point to the right of the dashed line is in the slightly convex portion of the
1sotherm.
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The conclusion which can be drawn from this experiment is that solutions which .
are in the linear part of the isotherm show excessive bandbroadening and peak asymmetry.

-

Therefore, these effects are not due to isotherm curvature. . .

-
.

4.24 Simulation of Peak Shape Dye to Isotherm Curvature

The simulation program described in Section 4.1.3 was used to calculale an
clunon peak for naphthalene using the experimental adsorpuon lsmhcrm The isotherm
was ﬁncd the Langmuir isotherm equation. The coefficients for the isotherm equation are
lmcd in Table A2.2 in Appendix II. Other parameters used in the simulation, such as
column dimensions and mobile phase linear velocity, are also listed there.

A column plate height of 0.038 cm was used to calculate the Gaussian function
for the simulation. The ratiogalc for éhoosing this value was explained in Section 4..1.3."
All other parameters were the same as those used in the experimental elution
chromatograms. | -

The simulated elution peak for a 1.0 x 10-4 M naphthalene solution is shown in
Figure 4.11 and the chromatographic parameters measured from this simulated peak are
given in Table 4.8. The chromatographic results for a real elution peak resulting from the
same injected concentration are also listed in Table 4.8. The retention volume for the
simulated peak may differ from the experimental V¢ for several reasons. One source of
error is that the exact weight of stationary phase was unknown and was estimated using
the average packing density of PRP-1. Also, the interparticle and pore void volumes
( Vm ) were not measured but were taken from reference 4.21. If there was a 10% error
in cither the packing density or Vi, there would be a 10% error in ki’ énd Vr. A third

source of error is the measurement of retention volume on the experimental elution peaks
-

using monent analysis. Since the elution peaks are asymmetrical, it can be difficult to
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Figure 4.11 Results of the peak simulation program for injected concentrations of
| (2) 1.0 x 10-4 M naphthalene and (b) 1.3 x 10-3 M naphthalene. The

. isotherm equation was fitted by the Langmuir equation with isotherm
constants of A = 0.11925 mole per kg and B = 159.8 liter
other parameters used in the
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Appendix II.

r mole. The
peak simulations are listed in Table A2.2 of
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Table 4.8 Comparison of simulated-peak results with experimsntal chromatographic
~ results for two naphthalene solution concentrations. The experimental
perameters for the Cinj = 1.3 x 10-3 M solution were acwally meanmred on &
solution whose Cinj= 9.6% 104 M.

. ij .
Result 10x 104 M 13x103M
, Yrtmls)
simulated 192 192
expenmental 277 24 6
H({mm)
’ simulated 041 '0.42
expenmental 28 23
Asymmetry factor
simulated 1 11
expenmental 27 39
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Vr and plate height for the experimental elution'chromatograms. ,

S~ However, the most likely explanation for the difference is that abnomal non-ideal
processes are not ncgugibla and are contributing :ignmcmdy to the Mpmhulcne retention
volume, plase helght lnd asymmetry factor.

A simulated peak was also calculaied for a 1.3 x 10-3 M naphthalene solution and
it is shown in Figure 4.11b. This concenrafion was selected because this value of Cp, .
corresponded to the maximum Cpyy value measured on the 1sotherm. A.t this value of (‘,ﬁ r
the isotherm dMa(es from linearity by about ten percent and it was of interest 10 see what
effect this curvature would be predicted to have on pénk shape. The chromatographic
paramcters measured on the simulated peak are listed in Table 4.8. Chromatographic
panmcm which were measured for an experimental peak of a similar m;ccted
concentration (9.6 x 104 M ) are also listed for a comparison. Once agam the
simulated peak is much narrower and symmetric than the expenmental elution peak,
su}gesting non-ideality is responsible for the bandbroadening.

Plate h;ights were measured on both of the simulated elution chromatograms by
moments analysis and found to be about 0.4 mm for both naphthalene concentrations.
The asymmetry factors were measured for both simulated peaks and were found to be
1.1, A syrqntrical peak would have a value of 1.0. WNether the slig;r‘t increase in H

. compared to the input value of 0.38 mm and the slight asymmetry of the peak can be
artributed to the slight non-linearity of the isotherm is uncertain since similar “errors”
were found in the sxmulauon using a lmcar isotherm, as a result of the discrete nature of
tFé/ mulation, as ducussed in Section 4.1.3.

. The shape of thc,'ucctcd slug of naphthalene solution in these two naphtha]cnc '
peak simulations was a square wave with the sample evenly distributed into three column *
positions. This injection shape may not be an accurate model of the real injection profile.

which can have an exponential shape, with the highest concemration at the front and the

DR
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concentration decreasing toward the back of the profile. An msymmetric’ injection profile

-

may skew the final elution peak shape, even if the isofherm is linear. To soe If there was

a significant contribation to ;!unm peak dsymmety from the injection profile, two
nmnmmfm injection shapes were used in the simulstion program. The shapes of these
injection profilos are shown in Figure 4 |2 I~

The simulated clution peaks in Figure 4 13 were produced using an increasing |
r:ulﬂp shaped injection pmﬂle; as shown n Figure 4 12b  The lowest concentation was
placed in column position | 1n the tmulanon program and the highest concentration was
i column posinon 3 The concentranan in position | was 10 S M. posstion 2 was 27 ¢
10-5 M and position 3 was 104 M. Su*u\alcd clution peak shapes were calcubated using
both a linear 1scotherm and the ungmuxr%\gnhcm equaton. All parametery used in both

5thcs¢ wnulmmns are listed in Table A2 T Appcndu Il The umulated peah n
Figure 4 14 result from a decreasing ramp injection, Figure 4. 12¢, which had the
concentration in position | equal to 103 M, position 2 was 27 x 10-5 M and poution }
was 10-5 M.

Table 4.9 gives the resenition volume, plate hcighﬂl and asymmetry factor {or the
simulated peaks which were calculated usaﬁg the two asymmetng injection pmm;s. as
well as the chromatographic parameters for the simulated peaks which had a uniform,
square wave injection profile, as shown in Figure 4 122 It can be seen that there 1s hintle
difference between the n.-sults indicating the injection profile ha&a ncghgablc effect on
the naphthalengelution pcak shape. The V; values are different between the simulated
peaks tor the linear isotherm and the simulated peaks for the Langmuir 1sotherm heca:nc
the distribution coefficient for the low Cry solutions of the Langmuir isotherm is larger
than the distnbution coefficient for the linear isotherm. If these two distribution

b
coefficients were equal, the retention volumes would be equal.

¥

This simulation program could be very uscful‘ for predicting Blunon peak shapes
which result from adsorption isotherm curvature. The program is relatively fast and can

’
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_Figufc 4.12 'Injection profiles used with the peak simulation program. ‘(A) uniform
square wave (B)increasing ramp and (C) decreasing ramp.
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‘Table 4.9 Eluuon peak sunulanon msults for 10-4 M naphthalene on PRP-1. The
L * isotherm equauon was fit to either a linear ‘equation or the - Langmuir -
equation. The i mjecnon proﬁle was either a uniform square wave, an
increasing ramp ora decrcasmg ramp shape (see Fxgurc 4.12 for a | o
‘,dmgram of these shapes ). Other parameters used in the sunulauon o
~ calculations are hsu:d in Tablc A22in Append:x DI K

~ Result el , Isotherm Equation

R;tcht:ion Volume (mLs )

- Square wave infecion. ~ 17.0 19.2
lncmasink’ injection ~ 17.1 . 19.3

PR

Decreasing ramp mjecuon - 17.0 - | : - "18.8
| ;Platc chght (mm) | | |
Squarc wave injection .~ 0.42 - o R 0.41
Iﬁ'creasi_ng ramp injécu’on - 042 : | 040
 Décreasing ramp injection 0,42 R 040
| Asymméu'y Factor | ' | |
‘ Square w‘z‘wc’injection l.i B B 1.1
| Increasing ramp injection. 1.1 ‘ - 1.1

Dccmuingfampinjccﬁon 1.1 o oo 11

—~—
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(b) Langmuir isotherm equation for naphthalene on PRP-1. An

Fxgurc 4.13 Pcak sxmulanon msults usmg a (a) linear 1sothcrm equation and Mc \
asing

ramp injection profile was used and the mjected naphthalene concentration
was 1.0 x. 104 M. Other parameters used in the simulation calculanon are

- listed in Table A2 3 of Appcnde 11
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sults using a (a) linear isotherm equation and
~ (b) Langmuir isoth

_ramp injection profil
was 1.0 x 10-4 M." Other

erm equation for naphthalene on PRP-1. A decreasing
e was used and the injected naphthalene concentration

X parameters used in the simulation calculation are
listed in Table A2.3 of Appendix I - .
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be run on small-microcomputers It is based on simple physical concepts of incr'emental

sample movement down a chromatography column with each movement followed by

i bandbroademn g

When the program was used to predict naphthalene elunon peaks from the
expenmental 1sotherm data, it was found that no peak asymmetry should occur even for

the solunon concemranons which fall i m the shghtly curved portion of the 1sotherm P

-~

-~

. - _ |
The purpose of the experiments discussed in this chapter was to detertnine if a

non-linear adsorption isotherm was responsible for the aaymmetric elution peak shape

observed with BRP-1.
' Fxrst the adsorpnon isotherm of naphthalene in90% methanol(aq) on PRP-1

was found to dev1ate only shghtly from lmeartty at the highest solution concentratlons
. used. The dJstnbuuon coefficient ( 16.8 llters per kg ) for the highest concentratlon

‘solution was 9% smaller than the distribution coefficient of ge linear region ( 18. 4 liters

pcr kg )- _, (
| Elut10n chromatograms were run for various naphthalene concentrations in order |
to compare the chromatographrc results with those predxcted by the 1sothenn‘ It was .
found the elutlon peaks were very broad and asymmetncal even in the linear region of the |
1sotherm “This asymmetry could not be caused by isotherm: curvature |

A prograrn was developed which s1mulated elution peaks by calculating the -

comblned effects of adsorpuon 1sotherm non-lmeanty and column non- 1deahty The

_ simulation program is based on sunple mathemancal operauons and is relat1vely fast,

' compared to other snnulanon methods.

The sunulatlon program was used to predlct elution peaks Wthh cornesponded to -

‘ solutton concentrations in the non- hnear section of the naphthalene adsorption 1sotherm
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Even lat these concemranons therc shoulcfbe no sxgmﬁcant bandbroadcnmg or asymmetry

resultmg from adsorpnon 1sotherm curvatq;e NG 2
v , : N



| ' CHAPTER 5
'( Naphthalene Adsorption - Desorption Kinetics on PRP-1

4

‘5.1 Theory
5.1.1 Kinetic Processes in Chromatography

| ‘The term "adsorption - desorption" kinetics will be defined to include several '
processes involved in the immobilization and release of a sample molecule by the statlonary
phase. Basically, there are three steps leadmg to adsorption onto a porous stationary phase
particle and three for desorptlon [5.1-5.5]. Fxgure 5.1 shows such a particle and each of
these steps [5.6]. ‘

" Initially, the molecule is lyhe flowing mobtle phase between particles. Almost all
adsorptlon occurs on the inner surfaces of the pores because the majerity of the total
surface area is contained in the pores. The outer surface of the stauonary phase. parncle is
surrounded by a film of mobile phase through which the sample must dxffuse to get to the
- pore surface. This step will be referred to as d1ffus1on across the particle outer film. The
rate of dlffusmn across the film is dependent on the film thickness, the d1ffusron coefficient '\
of the sample in the mobile phase and the sample concentration gradxent [5. 6 5.7]. The
film thickness decreases with decreasing pamcle diameter at constant up and the total rate of
film d1ffus1on increases mth'ﬂ’ecreasmg dp because of both 1ncreased surface area and
‘ ‘decreased film thickness.

~ Theréis also stagnant xnobile phase within the pores. The sample must also diffuse -

through this in a radial direction toward the center of the paruele to encounter fresh pore
surfaces The rate of diffusion through this is dependent upon the parucle diameter, the
effective d:ffusxon coefficient through the pores and the sample concentration gradient |

. [5.7). - -
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Figure 5.1  Schematic diagram of a spherical stationary phase particle and a pore (-pore
’ size is greatly enlarged ). Some of the possible steps which can occur in the -
adsorption-desorption process are shown. (1) Sample diffusion across the
film of mobile phase surrounding the outer surface of the panicle. (2) -
Diffusion through the stagnant mobile phase within the pore, (3) Physical
adsorption onto the stationary phase surface.
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Theﬂml step in lhcndsorpdon process is |dwrpdon onto the mrflci of the

mtionury phase. This step will be referred to as "surface adsorption” ( or "surface
desorption” in the desorption process ) to distinguish it from the overall adsorption process
( which includes the diffusion steps ).v In liquid chromatography, surface adsorption is
usually due to Van der Waal forces [5.8]..such as dispersion forces or hydrogen bonding,
and the rate of surface adsorption is usually quite fast, The rate for a first order surface
adsorption step is dependent on the rate constant and the sample concentration in the mobile
phase immediately adjacent to the stationary phase. If the surface adsorpgion reaction can
be represented by equation 5.1, then the rate of adsorption is given by equation 5.2, '

k ads ) _ o
isoln ¥ lads 5.1

kdes

dC;
d;,[ads = k,dsci.solin- kdes Ci,ads

5.2

The terms Cj soln and G, ‘ads are the sample concentrations in the mobile phase and in the
stationary phase. The adsorption and desorption first order rate constants are kads and
kdes-
Occasionally, surface adsorption onto the stationary phase surface can invol‘;c ,
stronger interactions in which an ionic or covalent bond is formed. This can decrease the
~ rate significantly if a large activation energy is required [5.9]. Additional steps may be
involved in adsorption - dcsorption, such as diffusion into micropores [5.10] or surface
diffusion [5.11,5.12], which occurs with some polymer gels. ‘ 7
All three steps occur in the reverse order during the desorption process. If the
sample on the stationary phase is dcsbrbing into mobile phase whiéh is free of sample the

kdcsorption process is irreversible as shown in equation 5.3.




. k‘.
lads - isoln 5.3

The rate of this irreversible, first order process is :

dc"‘d
. dt * = 'kdel Ci.ldl

N

5.4
k4
For a first order adsorption-desorption process ( rate proportional to concentration ) the
adsorption rate constant is related to the desorption rate constant by a distribution

coefficient, K{, for the process. .,
#

Kigs = Kg Kgey 7 $ 5
The distribution coefficient K is unitless and it is related to the distribution c@cicnt K.

which was measured in Section 4.2.2, by the density of the PRP-1 matrix, p(PRP-1).

-~

K4 = p(PRP-1) K; i 56

The value of p(PRP-1) is about 1.07 g per cm3 {5.13]. The relation bgtween Kj and Kg
can be seen by comparing equation 5.7 with equation 5.8. Since K{ is the ratio of the first

order rate constants, kads and kdes, K4 must be unitless.

(hi'm%’m) 5.7

Here, nj ads is the moles of sample i adsorbed on the stationary phase and nj soln is the
moles of i present in the mobile phase. Vsp is the volume of the stationary phase solid
matrix anc Vpy is the void volume of the packed bed. Vp, is equal to the interparticle

volume plus the pore valume. K; is defined as :
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3.8 *

" Wy is the weight of stationary phase. Since Ki is equal to 18.4 liters per kg, K{ is

Yﬂ“t,‘
calculated to be 19.7.

Ideally, all of the steps in the adsorption-desorption process occur fast enough so
they do not cause significant bandbroadening. The relation of bandbroadening to slow
surface adsorption or slow diffusion through the stagnant mobile phase in the pores was
previously discussed in Sections 3.1.4 and 3.1.5. Diffusion through the outer parti¢le film
would be described by the ki’ dependent term in the Hyp plate height equation which was
mentioned in Section 3.1.6. This ki' dependent term was not discussed in detail because
the plate height conm'bution from this term is usually negligible under normal conditions
used i in HPLC. Slow kinetic proccsscs lead to fbn-equilibrium between sample in the
mobde and stationary phases and the degree of non- equilibrium increases as the adsorption
or desorption rate decreases. The greater the non-equilibrium, the larger the plate height is.
Therefore, it is of interest to be able to measure the rates of adsorption and desorption in
order to determine the kinetic contribution to H. In the present work, the desorption rate
was measured rather than the adsorption rate because experimental conditions could be
dcsigncd so that the desorption process could be measured under irreversible, first order
conditions, which simplified the determination of kdes. Also, desorption was a slower
process than adsorption for the system being studied, so this minimized the constraints on

the operating conditions of the experimental apparatus.

5.1.2 Methods Used to Measure the Rates of Adsorption and Desorption

L]

Both direct and indirect methods have been used for the measurement of adsorption
and desorption ra&s for chromatographxc stationary phases [5.14-5.21] Indirect techniques
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involve calculation of the rate constants from chromatographic elution peak plate heights

and direct methods use non-chromatographic techniques. Indirect methods are more
commonly used because of the ease of operation. In order for indirect methods to give
accurate values for rate constants, bandbroadening from non-kinetic sources must be
‘negligiblc or accurately estimated. '

Muller and Carr [5.18] used an indirect method to determine the désqmtion rate
constant of éarbohydmtcs in afﬁnity‘chmmatography. The stationary pr;asc in affinity
chromatography is an immobilized ligand which retains the sample by a selective
interaction. For example, a sample enzyme may be adsorbed by an immobilized substrate.
The plate heights in affinity chromatography are often large ( 1 to 2 mm ) and slow
desorption from the immobilized ligand is a possible cause. Muller and Carr used

equations formulated by Horvath and Lin [5.22] to calculate the desorption rate constant

( kq ) from chromatographic plate heights. A value of approximately 0.3 sec-! was
obtained for kg .

In order to determine the slow step m the desorption process they measured the
plate hcighis for both 10 and S50 micromctér particles. Slow diffusion through the stagnant
mobile phase or the outer particle surface f;lm is dependent on particle diameter, while slow \
dissociation from the immobilized ligand is independent of particle size. Their results
showed that plate height ( H ) did increase with increasing particle diameter but not to the
extent predicted by Horvath's equations. Based on these results, slow dissociation from
the ligand was assumed to be responsible for the slow dcsorptionf

Anderson and Walters [5.19] also used chgomgtograph.ic plate heights to dctc.rminc
the slow rate step in the same carbohydrate - affinity system used by Muller and Carr.
However, they believed Muller and Carr made an incorrect assemption when estimating the

plate height contribution from the diffusion processes. Although Anderson and Walters got

experimer;‘al results similar to those of Muller and Carr, they came to the opposite
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‘conclusion about the slow rate P, They believed that slow amwon was responsible for |
the bandbroadening and not dissociation from the ligand.

It is because of these kind of discrepancies that the indirect method for measuring
rate constants may not be the best method. In addition, if there are non-kinetic spurces of
bandbroadening ( such as a non-uniform flow profile ) and they are inconectly:&med.
then the rate constant measured by a chromatographic method will be in error.

) An example of a rate constant tneasurement by a direct method is the pressure- julnp
relaxation kinetics technique used by Marshall and co-worl&‘s [5.20]. This was used to
obtain the rate of sb\}facc adsorption onto a C18 stationary phase. According to their
conclusions, the surface adsorption of an ion pair onto the C18 surface was second order
and gave a surface adsorption rate cortant of 1.4 x 109 liter mole~! sec-! . As expected
they found the surface adsorption a fast process.

A much older study was done by Boyd et al [5.21] to determine the slow kinetic
step in jon exchange chromatography. The method they developed will be referred to as
the "shallow bed" technique. A very thin layer ( approximately three particle diameters
thick ) of ion exchange resin was placed between two screens in a glass column. The rate
of adsorptlon was dctcnmncd by passing a solution containing radioactive sample ions
through the resin for a predetermined time. A fraction of the sample would adsorb durin g
this time and the amount of adsorbed radioactive sample could be measured. This
procedure was repeated for increasing periods of time in order to determine the rate of
adsorption. The shallow bed technique was used in a modified form for the work
described below.

5.1.3 Shallow Bed Procedure

The shallow bed technique was used in this thesis to measure the rate of desorption

of naphthalene from PRP-1. This technique measured a "lumped" rate for desorption,



)
meaning that this was uwmuwcrfvmn s1eps in the desorption process ( brch

diffusion steps md-surfmdesocpuon ). ‘ )
The procedure which was described in Section 2.2.4 will be briefly outlined. In the

desorption rate experiment a thin layer of PRP-1 was contained within the “s.b.cartridge”.

lnitially. a sample solution consisting of naphthalene dissolved in 90% meshanol(aq) i

flowed through'the s.b.cartridge until the PRP-1 was completely equilibrated with the

sample, and therefere. a known amount of naphthalene was inimm on the

PRP-1. The bed of stationary phas;: was then purged with helium 1o remgve excess sample )

solution. Next, a known vnldmc. Vinj. of mobile phase solution was injected and passed

through the bed of PRP-1 ata known flow rate, F. The time during which desorption

accurred ( the contact time, t ) was the ime during which thc mobile phase solution was in

contact with the PRP-1 and was alculated using equation 5.9,

vlﬂ

= — !
F ‘ 59

The PRP-1 was purged with helium once again, to remove the majonty of the mobile phase

present in the void volume. The total moles of sample still adsorbed ( ngg4s ) on the column

was eluted with a strong solvent and quantified. By rcpesfug this process for various
contact timés, a plot of ngd vs contact time can be generated. A simulated desorption rate
curve is shown in Figure 5.2 to give an impression of the general shape expected for this
curve.

The moles remaining adsorbed on the resin were measured rather than the moles
desorbed into the mobile phase because there was less error associated with this
measuremet. ELS.? chcausc the mobile phase exited the s.b.cartridge at a fast flow rate )

causing some of the solution to splash out of the collection flask at the s.bcartndge outlet,

leading to inaccurate results.
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Figure 52" Simulated desorption rate curve which would be obained using the shallow
RN ~ bed technique. - S ‘
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Byi mcreasmg the sample flow rate and decreasmg the length of the adsorbent bed i
| the .measurement of faster desorptton rates is possrble Opnrmzmg these two expenmental_ '
: condmons a.lso helps tneet another requtrement of the shallow bed techmque that the |
concentranon of sample solutlon in the mobtle phase must remam essennally zero asthe
slug of moblle phase passes through the bed of adsorbent This is referred to as the o .
mﬁmte solution volurne or ISV assumptron and the error that results from not acheiving
this condition is dtscussed in Section5.3.2. If the ISV assumption is met the mobile | .
Jphase solutton would encounter every pomt on the bed at the same time. 'I'here would be '
no sample present in any of the moblle phase and the sample adsorbed on the PRP-1 near _
the inlet would encounter thc same condmons as would sample adsorbed near the outlet.
However if a finite -ttme was requtred for mobile phase at the. 1nlet to reach the outlet, then '
sample would have tlme to desorb into it and the adsorbed sample at the outlet would |
_encounter mobile phase which contamed a ﬁmte concentratlon of sample The |
' concentrauon gradxents between the two phases at the inlet and outlet would be different
-and'so would the rates of desorptlon Obv10usly, the ISV condxtron is 1mpossrble to |
achteve because sample t;»desorbmg into the mobtle phase and, therefore nges ita
| non-zero sample concentration. In practice, the ISV condition is met a§ long as the
¢ concentration of sample desorbed into the m?btle phase is so low that the observed rate of
' desorptlon is equal w1th1n expertmental error, to the rate which would be found under ey
-, truly ISV (i.e. mversrble‘desorpnon ) conditions. For&ower reactions, slower flow - R
rates and longer bed 1engths can be tolerated: thhout substannally increasing the €ITor in the
‘measurement. ' ‘ | “
Itis also best to work w1th a sample concentration in the lmear isotherm region g

.l
because, for a first order desorptton reactron the drstnbuuon coefﬁcrent ts%e ratio of the

adsorptlon rate constant to the desorptton rate constant ( equation 5,10 ).

-
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B Kqis changmg down' the length of the bed then the ratio of the two rate constants w1ll -

- alsobe changmg | ' | -

A consequence of these requu'ernents of very small sorbent bed and low sample
loadmg is that very small amounts of sample are present on the bed of statlonary phase
Detecuon of these small quantmes is dlfﬁClllL 'I'herefore the adsorbed sample was eluted
’by small volumes of strong ¢luent, in order to facﬂxtate detectlon '

The expenmentally measured desorptlon rate curve was related to the

chromatographtc plate helght in order to deterrmne if stow kinetic processes were

respons1ble for the excessive bandbroademng observed on PRP-1.

5.2 Results and Disciission
" 5.2.1 Measurement of Flow Profile -

It was necessary for the sample solution to be evenly dxstnbuted across the entire ¢
PRP-1 bed when it entered the inlet of the s.b. cartridge i in order that various portions of
- the bed will be swept at the same rate : ' e ,\N,« _ : '
.  Thes.b. cartndge is shown in Flgure 24. The bed dxameter is 3 mm arﬁ:th.e
dlameter of the outlet and 1nlet tubing is only 1 mm. Thrs can obv1ously cause problems as.
the flow must be spread radially over the larger bed dlgmeter quickly. ‘

The umforxmty of the flow proﬁle was deterrmned by i injecting 25uLofa dye
through the PRP-l S. b cartndge us1ng the shallow bed . apparatus (Figure 2.3 ). After the

v m_]ectlon the S. .b.cartridge was removed from the system and opened The two frits wh1ch

o _ held the PRP-l in place were removed and the bed of PRP-I was ge\ntly extruded Th1s

: allowed the dye proﬂle along the outer surfaces of the bed to be exarmned for umforrmty of
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o dye coloratron After studylng the outer surfaces, the bed was shced open lengthwtse and
- the coloratxon inside was observed. - e
Tlns experrment was done first wrth a 20 micrometer- pore diameter mlet fnt anda 2

rmcrometer pore drametcr outlet fnt ‘R was thought that perhap.s the inlet fnt would be
| sufﬁcxent to dlsperse the ﬂow radrally However it hardly spread the flow at all ascan- be
seen by the dye pattem shown in thure 5.3a. The dye appeared as a small red spot in the
: center of the PRP-1 bed. ekt the centers of both the inlet and outlet frits'( approxunately

1 mm in diameter ) were essed parually closed usmg a hammer a.nd arod. It was thought
 that the extra resrstance to flow caused by b kmg the frit centers WOuld cause the flow
| stream to move toward the srdes The resulti g dye patterﬁ can be seen in Flgure 5.3b.
o Pressing the frit centers had some effect but theye was stlll a large.section of the bed which
| the dye did not encg\ﬂnter For the next at}emp;: plCCC of large mesh screen was placed
above the center-pressed frit at the mlet and the expenment was re ated. The dye pattern
, was shghtly better( Flgure 5 3c) but strll did not completely cover the entire end of the -
bed. Fmally, one more piece of scxeen was placed at the s.b. cartndge inlet, Thrs resulted
in uniform spreadrng of the dye at the mlct ( Figure 5.3d ) Shcmg open the bed showed
that it was umform throughout the bed. Therefore, this conﬁgurauon was used for all

adsorption and desorptlon experiments.

5.2.2 Injection Loop Volumes
: The volumes. of the injection loops had to be measured in order to calculate the
contact ume using equation 5.9. The procedure uscd to callbrate the injection loops was
described in Section 2.3.6.

- The volume of each injection loop ( Van ) was calculated by knowrng the number
of moles collected in the flask and the ongmal solution concentratlon ( equation 5.11),

v
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Figure 5.3 Dye patterns observed on the inlet end in the flow profile study. The dye is
indicated by the shaded areas. Experimental conditions are: (A) frits only
(B) center of frits pressed partially closed (C) 1 piece of large mesh screen at”
the inlet and center-pressed frits (D) 2 pieces of large mesh screen at the inlet
“'and center-pressed frits. The dye used was 10-3M amaranth and the mobile
phase was 90% methanol(aq). ‘. ,

kK



‘V moles collected in effluent . ' | 7\ AN
inj = : Congmal ‘ : _ \

The mjectxon loop volumes obtamed usmg “both helium and methanol to ﬂuf’ \ \ /
N hsted in Table 5.1. Thei mjectxon volumes obtained usmg helium were used, \ »/
| contact umes for desorpnon These values were chosen because helium wa/ /I\ wﬂﬂ

.

A
medrum used during the rate experiments.. The injection volumes obtamed') \ éf‘ol
~ were consxstently larger thgn those using hellum which meant the helium w \ \ fglg
all the sarnple from the loop. Mowever, the hehum mJectwn volumes weref \}’

reproduc1ble The standard deviation of each i mJectmn volume was mcludJ

standard deviation of the con'espondmg con.tact time for the desorption rate/ {/ \
compensate for this error. - | .
S \’
2.

In this experlment the number of moles of naphthalene which were /X / \
- PRP-lat equlhbrlum were measured This was done to test the rehablhty 0 L\ f’»{ A
bed apparatus by companng the value of the equilibrium distribution coefﬁ %’l l' |

obtained with the shallow bed technique to that determined from the adsorptl (\ ‘p\\o

(Section 4.2.3). The procedure used to measure the moles adsorl)ed ateq \" w
the shallow bed apparatus is described in Secuon 2.3.7.

The werght of PRP-l in the s.b. cartrldge was 2.4 x 106 kg. The vd q 1"ﬂ\ ‘,‘/ﬂs
| 0.018 mL with a standard devranon of 0.004 mL. Using equations 4.7 and \&’&
calculated to be 16 1 liters per kg thh a standard deviation of 2.4 liters per \ ,{rl x\ ; g
is in agreement w1th the value obtained in the adsorption 1sotherm expenmd &f é

- liters per kg. o ’
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Table 5.1 Calibration of injection loops. The following solutions were used to calibrate
the injection 100ps : (a) 1.3 x 10-3 M amaranth (b) 0.015 M naphthalene
©12x103M phloroglucinol (d) 1.3 x 103 M naphthalene. * indicates'tﬁe '
experiment was not done. One standard deviation for Vipj is also listed.

70

Tubing Vinj
Dimensions using He
(uL)

Length i.d.

(cm) (cm)

9 .05 13

22 .05 45

13 .08 91 .

17 0.1 93

20 Q.1 103

26 0.1 -~ 176

30 0.1 322
0.1 . 660

40

s.d. . Vinj
for Vinj using
(helium) methanol
‘ (uL)
2 23.5
1.32 61
0.92 111
123.2 135
11.1 . 161
8.8 222
19.8' 395
*

s.d Sample
for Vinj '
(methanol)

0.1

0.5

[ U

0.4

21.9
3.78

43.

Q—p‘c‘c‘c‘w
) [¢]
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ﬂ’he procedure used to measure the desorption hold-up volume is given in Sectioq

2.3.8. The definition of hold-up volume for the dcsorption experiments will have a
different meaning than that for the hold-up volume, V', measured for the adsorption
isotherm experiment in Section 4.2.1. In the adsorption isotherm experiment, Vm' was a
constant and it waS-equal to the interparticle volume): pore volume plus extracolumn dead
vo‘lume.' In the desorption rate experiments discussed here the total hold-up volume was
also a constant and was defined as thé volume of solution contained in the PRP-I pores,
the interparticle spaces, thq frits and any other dead spaces in the s.b.cartn'dge.. However,
since this experiment has a step where a slug of mobile phase passes through the bed and
flushes out mos.t of the hold-up volume, the number of interest is not the total V' but \t_hc’
amouht of sample left in the V' which was not displpccd bybthe sluglof mobile phase.
This value is not necessarily constant but could change for different contact times. Failure
to compensate for V' pould give an erroneous value for the desorption rate constant. If
the moles.in Vm were not subtracted, thcrc would appear to be a larger numlber of moles
of sample present on the stationary phase for a parucular contact time than the "true" value.

This would make the desorption rate curve approach a finite value rather than zero at long

contact times. As discussed previously in Sections 2.3.5 and 5.1.3, the purpose of the

~ helium purge was to remove solution in Vp,' . However, this did not remove all the

sqjution and the solution that remained had to be quantified.

. The hold-up volume was calculated using equation 5.12.

moles phloroglucinol remaining . ‘ i -
\A F |
/\’\*i\ initial . 512

The numerator is the n'umbcr of moles of phloroglucinol remaining in the s.b. cartridge

after the slug of mobile phase has been injected and passed through the bed. The moles
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. remaining are eluted with a strong solvent and quantified. Cinjgia] is the concentration of

the original solution of phloroglucinol which was equilibrated with the PRP-1.

The results for the desorption hold-up volumes are listed in Table 5.2 a.n'g plotted vs
contact time in Figure 5.4. The smallest éontact time ( 0.085 seconds ) had the largest
Vm'. For all other contact times measured V' was relatively constant and quite small.
'I'hcseﬁcsults can be explained as follows. The V' is determined by measuring the moles
present of an unretained compound, phloroglucinol. In the desorption experiment, the
s.b.cartridge void volume is initially filled with phloroglucinol and then a slug of mobile
phase is injected. The smallest injection volume of mobile phase ( which corresponds to a
short contact time ) is actually smaller than the total \}m' and displaces only part of the
phloroglucinokfrom the hold-up volume. The remammg quantity of phloroglucinol left i in
the s.b. cartridge is eluted w1th the strong solvent, mcthanol and a relatively large V' is |
measured. As soon as the i mjccqon volume of the slug of mobile phase is large enough to
displace almost all of the phloroglucinol from the hold-up volume, the amount of
phloroglucinol and therefore, the Vi, drpp to low values aﬁd‘ remain faix;ly constant at a
small value. These hold-up volumes appear to be slightly dependent on flow rate as well as
injection loop volume. | _
The hold-up volume used for each contact time i:;\c‘alculationS of the desorptiop

experiment was read from the plot in Figure 5.4 at the appropriate contact time. The

standard deviations for interpolated Viy,' values which cdnespond to contact times of less

B

than 0.2 seconds were taken to be the standard deviation of the nearest expenmental pomt

For all other 1nterpolatcd \'«alucs the standard dcvxatlons were calculated using the

standard deviations of the slope and interceptef the strai ght line connecting the points at

contact times > 0.2 seconds. — _ - J

1



Table 5.2 Hold-up volume results for desorption rate experiment. The sample solutions
| used were 1.3 x 10-3 M phloroglucinol and 1.8 x 103 M phloroglucinol.

Both were dissolved in 90% methanol(zq) .

-

Standard —_ -

Vinj Average Average Standard Average
(mLs) - F - t Deviation Vm' Deviation
(mL/min)  (sec) (t) (mL) (Vm")
0.013 92 . 0.085 0.002 0.0152 0.0005
0.045 13.7 0.198 0.008 1.88x 103 0.32x10-3
0.091 8.5 0.65 0.009 274x 1003 082x 103
0.103 8.4 0.74 0.025 1.41x10-3  03Yx10-3
0322 69 2.79 0.181 2.03 x 10-3 1.32 x 103
0.66 6.0 6.7 0.45 7.7 x 10-4 2.0 x 10-4

|
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~ " Figure 5.4 V' results for the desorption rate experiment. The procedure and the
1 experimental conditions are listed in the text. Table 5.2 lists the results and

Lo the standard deviations.

M
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5.2.5 Measurement of the Naphthalene Desorption Rate

The results of the desorption rate experiment are listed in Toble 5.3 and plotted in
Figure 5.5. The absolute overall standard deviation for the contact time included the ‘
contributions from flow rate deviations between replisate desorption rate experiments and

the standard deviation for the injection loop volume. The overall standard deviation for the

moles still adsorbed included deviations between replicate nygg measurements and the
standard deviation of V.

The rate curve was related to plate height by assuming that either sch
adsorption-desorption or diffusion through the stagnant mobile phase in tl;c pores was the
slow step in the adsorption-desorption process. These calculations and the results are

explained in Section 5.3.

5.2.6 Effect of Fast Flow Rates on Particle Quter Film Diffusion

In chromatography the flow profile between individual stationary phase particles is * - 0
laminar. Laminar ﬂovk is fastest in the center of a channel and slowest at the walls due to
the friction caused by ghe walls. The velocity ( u; ) at any radial position ( rj ) in a
cylindrical channel can be calc\ulatel‘}ﬁsx/n/g equation 5.13 [5.23].

2

r;

u; "~ 2 Uave 1 --—2-
r.

The channel radius is r and the average interparticle mobile phase velocity is uave. The

5.13

average interparticle mobile phase velocity does not include the contribution from stagnant h

mobile phase within the pores and uaye is related to the average mobile phase linear "

veliity ( u(; ) by the ratio of the total bed porosity to the interparticle porosity.

]
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Table 5.3 Mdasofwh&nkusﬁﬂﬁubdvamtutmrwﬂnm&c |
experiment. The sample solution was 5.5 x 104 M naphthalene in 90%

muhanoi(.q).
Avenage Ovenll Absolute Average Ovenall Absolute
t Standard Deviation  nads Standard Deviation
( seconds ) (time’) (nads )
0 ) 1.72 x 10-8
0.072 0.009 is3x108
0.183 0.008 1.30x 10-8
0.32 0.02 - 7.3x 109
0.48 0.05 4.3x 109 '
0.81 0.04 2.6x10°9 0.8 x 109
1.45 0.09 9.9x 10-10 3.2x10-10
2.25 0.19 8.1x 10-10 3.1x10-10
5.9 35 1.0x 10-10 « 04x1010
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Moles Adsorbed

$.0e-9 -
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Figure 5.5 Rate of naphthalene desorption from PRP-1 into 90% methanol(ag). The
graph depicts moles of naphthalene still adsorbed, nads. on the PRP-1 vs
contact ime, t. The squares (@ ) are experimentally measured points shown
with error bars representing one standard deviation.” A curve is drawn
through the data points depicting the shape of the desorption curve.
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Mass transfer tlmough the mobrle phase to the outer surface of the parucle can be modelled

by assummg that a Iayer of mobtle phase exrsts just outsrde the partrcle outer surface wh1ch

- .‘ f 13 essentrally stagnant ( the Nemst ﬁlm ) thfusron through thrs ﬁlm is one of the st"ém in. s S

the adsorpuon-desorpuon process wh1ch can hrmt the rate. The thrckness of th1s ﬁlm is
reduced when the mobtle phase velocrty is mcreased and it can be estunated usmg the

followmg ernpmcal equatlon [5 24]

<o R o

Here §i is the film thlckness, r 1s the parncle radlus and Re is the Reynold's number
defined below m equauon 5 18 The urne requrred to dlffuse through the film decreases as -
the thlclcness decrcases For;' an adsorpnon desorpnon process’ wh}ase rate lumtmg step is

frlm drffusron the rate of adforptron or desorptton 1s relatcd to the’ﬁlm thlckness as shown

5.15

F)m is the solute drffus i coefficrentﬂn ,the mobtle phase and the constant 3/2 isa shape

+ .8

» factor used for sphencal parttcles The term C1 ads is the ethbnum concentratton of

r_niA
v
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@ & s |
o ;;,adg"'"\mp. o | , | ‘-‘”5.‘17‘”‘
Heré n*ads is the moles adsorbéd at eouilibriu'm | R » | 7
L ~ Ateven hlgher velocmes the flow proﬁle is n: longer lammar but turbulent. | E j
-. Velocrty and flow duectton fluctuate randomly in turbulent ﬂow rather than being well -
'. defined as they are in latmnar flow. Turbulence decreases the film thrckness The
Reynold,snumber-gt_ves the extent of turbulence and is calculated using equau0n 5.18

[5.25].

P Uave d'pf k ‘
P w

Re = - _
n : - o ‘ 518 -

1l
1

) The dens1ty and viscosity of the mobtle phase are p and n and dp is the pamcle dJameter

~In a packed bed of pameles turbulence hegms 0 develop in some of the larger ch

‘an Re of 1 and gradually becomes the dommant ﬂow proﬁle as Re iner€ases to 100, At -

| ’%eyno'lds numbers ltss than 1 the ﬂow proﬁle/ is lamina »~ |

Under typrcal chromatographlc c 'trons used in this thesis ( mobile phase hnear

velocmes of about 0. 35 cm per econd and a mobrle phase consisting: of 90%
methanol(aq) ) ‘ eynolds number for the PRP-l column was calculated to be 0 1,

ng the mterpartrcle flow profile was larmnar Using Re = 0.1 in equatton 5 14 8"#k 1s =

~calculated to be about 4 x 10‘4 cm. 'I'lus drstance comparable "o the average radrus of the

PRP-1 pores. However, for the shallow bed experiments llave Was about 10x larger .'
. o _
: grvmg a Reynolds number of 1, whrch means turbulence is startmg to develt)p, in some of '

the larger mterparucle channels "The shallow bed expenment would over%ttmate the '
s A '
; amde? film were the rate limiting step

, because «of the hrgh vaers ol‘ttave used i in tlte s‘qllow bed exnement Srnce the drffusron :

- o'{'.', \ .’,“ s

: L . R Q‘
o : : : A .
o :

Cle : )

desorptton rate if slow mass transfer across,th



the shallow bed g

' ‘: dlstance xs about the’ same for both pore; and film dlffuslon, and pore dlffuswn was found el
to be fast, it is hkely that film d1ffus10n is equally fast.

- o zr .v ' .
Both models whxch were used require the assyfnpuon that the rate is du'ectly

proportional to sample concentration. The results/ for the desorpuon rate curve are plotted

“in Figure 5.6 as In( nads,o / nads t) vs t1me Here, nads ois the moles adsorbed on the

PRP-l attimet=0 and Nads, t; is the number of moles adsorbed at ume t. The value for

Nads,o Was l 72 X 10-8 moles 'I'he equanon descnbmg the desorptlon rate process using

38 givenin: equanon 5.3 and the rate of desoxptlon in terms of the -

@

5.19

Altho'ugh equatxon 5.19 uses adsorbed concentratlons rather than- moles, the term

In( nads o/ l'lads t ) is equal to ln ( Cadg,o/ Cads t ) because the volumes in the two

concentratxon terms are equal and will cancel out upon division. Therefore, a plot of

" In( nads o/ Nads,t) vs t should be a stralght lme w1th a zero y-mtercept 'I'he ﬁrst six data ’

pomts in Frgure 5.6 give a line with a slope of2.0+ 0.6 sec-1 ‘The y- mtercept for this '

plot is 0. 13 +0.40. The + values are 95% confidence hrmts
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| possxbthty% a second slower reacuon occurrmg in parallel w1th the first faster reacuon "

However, because of the large standard deviations for each data pomt further expertments

are necessary to draw&onclusrons about thrs The possrbrhty of a second slower reacuon

~andits effect. on plate height is mscu;sed in Appendlx L.

If the model used is Me__mgugsgmw_ the slope of a plot of
In( nads,o /nadst). vs contact trm::\wul give the sjﬁas_e_d_e_s_qr_'p_n_o_ rate constant. Thrs
value of kdeg was related to plate height using the surface adsorption-desorption model

usiug equation 5.20 £5.26].

H=2_—X 2kl U, : S »
[ 1+k'] des : 5.20 "

1

Calculated values for the surface adsorptlon -desorption plate helght at various mobile phase,’
linear velocmes are listed in Table 54. Table 5.4 also compares these plate hexghts with H
measured from elution chromatograms at the same mobile phase lmear velocities. The

calculated plate helghts are 16x to 175x smaller than the eluuon %mmratography values,

: mdrcaung that surface adsorpnon-desorpnon is not responsrble for the large plate heights

} measured on PRP-1. - : ' _’»‘ e 05

’ “"_

The second model used assumes that slow ass t_r;gnsfer thggugh the stagr_ra t

- mobrlg phase in the pores is the rate lnmung step and surface adsorpuon-desorpuon is very

fast. The rate of mass transfer is assumed to be dxrectly proportronal to sample

~ concentration [5.24, 5 27]. The rate of transport of sample in the pores is given by

R

"equanon 521(5.24].
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Fi gure 5.6 First order plbz of naphthalene desorption rate data.

£,



dt oo7r2 e - S sy
| ”Dporevvis fhe sémplc diffusion coefficient within the pores and r is the stati_onar§ phase -
| ~':particle radlus Integration of equation .21 gives basically the samc' :rcSult as giyenvin

equatioh. 5.19 except the ;ilope is equal to (-Dpore / 0.07 12 ). Once égain, moles of
 adsorbed salrible can be used réther than concentrations sinl;e the volumes will cancel. |

Uﬁing 2.0 sec"! for the slope and 5 x10-4 cm for the particle radius [5.28], Dpore
for PRP-1.was calc‘ulatcd to be 3.6 x 10-8 cm2 per s,’;ccon-d with a standard deviation of 0.2 °
x 10-8 cm2 per second. Ttiis value for Dporé"compai'es favorably with Dpore values
rx;casurcd on two similar polystyrene - divinlybenzenc copolyrrlcrs. Dpore was 2.06 x
10-8 cm?2 per second for phenol on XAD-4 [5.29] and 1.2 x 10-8 cm2 per second for
benzaldchydc in water on XAD 1[5 11]. These workers obtained Dpore for thc two XAD
resins l;y experimentally measuring the sample bn:akthrough curve, fitting the datato a
theoretical mass balance equation whxch descnbed diffusion through the stauonary phasc
and solvmg the mass balanee equation for the diffusion coefficient.

The relation between plate helght and Dpore has been derived by Hawkes [5.30]
and is given in equagon 522. The value of Dpofe for PRP-1 \.avas' _sub?tituted into equation

- 5.22 to calculate plate heights for various\nobile phase linear velocities and these results
are also shown in Table 5.4. |
intra

SR

30 Dpore 529

The calculated platc heights for both the surfacc adsorpuon-desorptmn and pore

.'dlfoSIO"l models are almost the same, which is not surprising since both modclstsme a

RS



Table 5.4 Plate heights calculated from adsorption-desorption results assuming either

surface adsorption-desorption or diffusion in the stagnant mobile phase within

139

' the pores is the rate limiting step for various mobile phase linear velocities. The
~ standard deviations for the calculated plate he‘ightsvm‘listled as the + values.
- Column 4 of this table lists experimental plates heights obtained from elution

chromatograms of 104 M naphthalene on PRP-

1 with a 90% methanol(aq)

49x103 + 05x 103

38x103 + 0.4x 193

i e
.

mobile phase.
up  Surface pore diff. Elution
(cm/sec)  Ads.-Des. H (thm) Chrom.
H (mm) H (mm)
0.36 0.18 + 0.02 0.14 + 0.016 2.5
0.27 0.14 + 0.01 0.11 + 0.012 2.7
0.17 0.087 + 0.009 0.068 + 0.008 2.1
0.090 . 0.046 + 0.005 . 0.036 + 0.004 1.6
0.075 0.038 + 0.004 0.030 + 0.003 1.5
9.6x 103 0.75
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re‘sults of the adsoxpﬁon-desorption rate experiments are much smaller than those measured
from cluuon chromatograms Thls mdxcates the kinetics of adsorpnon-dcsorpnon makcs

only a minor contnbunon to the bandbmadcmng

é‘\‘In Section 5.1. 3 it was statédtthat- the shallow bed technique required an
unchanging samplc concentrauon in ordcr to measure the dcsorpnon rate accuratcly (the
ISV condition ). For the desorpnon experiment this requires that a relatively small amount
of sample should be desorbed from the PRP-1 into the mobile phase, so that the
conccntraﬁon of sample in themobilé phase is negligible.
During the.desorption éxpci‘imén; a slug of mobile phase solution flows past the
adsorbed sample 6n the bed of_PRP-_l. | If a large amount of sample is desorbed into the
slug as thg slug first encounters the inlet end of the PRP-1, the PRP-I which is nearer the
outlet will expe;'ience a mgbilc phase soiution with a finite concentration of sample instead
of being nearly pure‘mobil;phasc. “Therefore, the desorption rate near the outlet will be
slower than the rate at the inlet. This is true because the rates of pgre diffusion, film
diffusion and surface adsorption—dcsorption are all dependent oﬁ"é’bnccrftration. If the rate
is decreésing over the !quth of the bed, the measured rate value would be an average of all
the rates at different points on the bed. The effect that a changing sampie concentration inw
the mobile phase has on the shape of the desorption rate curve is qualitatively sfxown in
Figure 5.7. T'hc measured rate curve is broader than the "true" rate curve as measured
| under ISV conditions and the measured rate is slower than the “true” rate. This produces
an enroneously small value for kdcs
In order to estimate the error caused by not meeting the mﬁmte solution volume

condition, ¢ stepwise calculation was done using a Microsoft BASIC program written for

this purpose. Consider the desorption experiment where the adsorbed moles of sample are
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Figure Effect that not meeting the ISV condition or a changing distribution coefficient

would have on the desorption rate curve. Curve 1 represents the rate curve
for the case.where the ISV condition is fulfilled (and a constant K;). Curve 2
represents the broadened curve resulting from not meeting the ISV condition
or from a changing Kj. Both curves are simulated.
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desorbing into a slug of mobile phase solution. In the calculation, the bed of stationary

phase is divided into segments of equal length and volume as shown in Figure 5.8 and a
known amount of sample is initially adsorbed on the PRP-1 stationary phase. A slug of
mobile phase solution is injected and flows past the stationary phase and fhe mobile phase
slug i; divided into segments of equal v;{lumc. The vdlume o;feach mobile phase solution
segment, Vsoln, is equal to the bed void volume, Vi, for one stationary phase scgwcnt.
The number of mobile phase solution segments is equal to the injection volume divided b)(
Vsoln. The solution segments are moved past the stationary phase segments in a sicpwise\
manner ( Figure 5.8b - 5.8¢ ) and as each mobile phase solution segment contacts a
stationary phase segment, the number of moles desorbed is calculated. At the end of the
program, when all of the solution segments have moved past each stationary phase
segment, the total number of moles desorbed is compared with the number of moles which
wduld have been desorbed under ISV conditions. The difference between these two

. )

numbers is the error. The basic algorithm for this calculation is listed below.
1. Mobile phase solution segment 1 contacts stationary phase segment 1 as shown in

Figure 5.8a. The change in the adsorbed concentration, AC;j ads, on stationary phase

segment 1 due to desorption is calculated using the incremental form of equation 5.2.

AC; ags = [(kads Cisoln) - (Kdes Ci.ad:)]* At 4 523
The value used for kdes was 2 sec-1 as measured by the desorption rate experiment and
equation 5.5 is us&{ to calculate a value of 39 sec-1 for kads. For all solution segments,
the initial value is zero for Cj soln at time t = 0. For each stationary phase segment the
initial va’ue of Cj a(s is kr;own from experimental data. It is determined by‘ﬁrst dividing
the total number of moles adsorbed on the bed at time t=0 ( 1.72 x 10-8 moles ) by the

number of stationary phase segments to give the moles adsorbed per segment, nj ads. -

—

*
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Figure 5.8 Diagram of the steps in the program used to calculate the error caused by not
meetng the ISV condition. The stationary phase segments are represented by
the solid rectangles and the mobile phase solution segments are the dashed
rectangles. The number of solution segments vary with the volume of
solution injected. In the calculation for the desorption experiment, mobile
phase solution segment 1 is moved past each stationary phase segment one
stepatatime (5.11a- 5.11c). The number of moles desorbed from each
stationary phase segment is calculated at each step. Once solution segment 1
has moved past each stationary phase segment, the process is repeated for the
remaining mobile phase solution segments until each solution segment has
encountered each stationary phase segment. Although only four stationary
phase segments are shown here, ten were used in the calculation.



total moles adsorbed _ 172x10°®
fiads, § 10 10 | 5.24

Ci,ads is obtained by dividing nj,ads by the volume of a stationary phase segment, Vgp.
Vsp is calculate's by multiplying the weight of stationary phase per segment by the PRP-1
matrix density, p(PRP-1). Since the total weight of PRP-1 in the beci was 24 x 103 g,
the weight per segment is one tenth of this. ACj, ads ls the dccrcasc m adsorbed )

a(cntranon due to sample desorption durmg At. At is Lhc time pcnod dunng which the

mobile phase solution segment is im contact with the stationary phase segment and it is

144

calculated by dividing the length of the mobile phase solution scgmcnt.‘ x, by the velocity of

4
3

the solution,

v . YO
At =2
v 5.25
~ The solution velocity, v, was calculated b‘y equation 5.26. ‘
v = L F
T 60{ V)

526

L is the length in cm of the bed of PRP-1 and F is the mobile phase solution flow rate in’

mL per minute.

Equation 5.23 is valid to use in place of the derivative form of this equation if Atis

relatively small. Decreasing values of At were tried until the final result calculat;;d from
+his program remained aenstant. At is decreased by ihcréasing the number of stationary
phase segments. Ten stationary phase segments were found to be sufﬁic;"icnt for the
naphthalene desorption p &

Next, the number of moles dcso;bcd from the stationary phasc scgmcnt mto the
solution segment is calculated by mulnplymg AC;,ads by Vsp.

*‘ .
ndes = ACi,ads Vsp ' 5.27

R st o

Fn
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by subtracting -

Ndes from the original number of moles adsorbed and then dividing by Vep#

2..The moles of sample desorbed from the first stationary phase scgfnem is added to any
. moles of sample already present in the solution segment and then this number is divided by

Vsoln to give a new value for Ci soln.

3. The solunon 1s moved one step so now soluuon segment lisin contact with stationary
phasc scgment 2 as shown in thure 5.8b. Stcps\\\and 2 are repeated until solution
segment 1 has moved past all stationary phase scgmcnts Atend of this series of steps, the
number of moles in solution segment 1 is the total molcs 'of sample desorbed from the bed
of stationary phase into solution segment 1. N

-

4. Steps 1 through 3 are repeated for all the remaining mobile phase solution’ segments.

5. At the end of the calculaffon the moles desorbed from all ten stationary phasc segments
arc summed to give the total moles desorbed ( nyora] ) from the bed of stationary phase.

m—n_‘ m6 dh&gmagpﬁ@ Phasc scgmcnt 1 meets the ISV condition because cach scgmcn( of

m'“’

-7 fThc pcrccnt mlanve error due to not achieving the ISV condition is calculated using

cquanon 5. 28 Thxs represents the difference between the number of moles whxch would
Ahavc bcen desorbed under the ISV condition and the number of moles actually desorbed

" undcr experimental conditions.

L2 T



% error =100 ( il "‘°"~!)
Miav R 5.28 ‘
'
Table 5.5 lists the error calculated by equation 5.28 # &vell as the the corresponding contact
times and injection volumes. The error was determined for the six desorption contact times
which were used to calculate kdes. The desorption efror ranges between 3% and 18%
This mecans that at a contact time of 0.Q72 seconds, 18% more moles would have been
desorbed than what was expenmentally measured, had perfect ISV conditions been
achieved. The true valug of kges would be about 2.4 sec-!, which is I 2x larger than the
measured value. This error is not very large because the desorption process is essentially
irreversible in the shallow bed experiment and the adsorption process has little effect.
The ISV error decreases with increasing contact ume. This 1s because as the contact

time increases, the reaction slows down so less sasgple is desorbed in later solution

“mgments. Therefore, ISV condition is more closely approached in the later soluton

ngl'ncms S 2 g

«

5.4 Conclusions |

& The rate of naphthalene desorption was measured for a PRP-1, 90% methanol, aq)
system. Equipment was developed to mgasure this rate using the “shallow bed” techmique.
This technique mcasure"—s an overall dcsor‘t’x)n rate constant for all steps in the desorption
process, both diffusion and surface desorption. The shallow bed apparatus was tested for
reliability by comparing equilibrium adsorption results measured with it with the results
obtained in Section 4.2.2 in the adsorption isotherm experiment. The rcsultsﬂ?ctwccn the

two tcchniqi?cs matched well. The shallow bed apparatus could be used to measure many

adsorption or desorption processes which have first order rate constants of about 2,t0 §
£ .



VL ':'I‘ablej' 5.5 Error resulﬁng
< shallow bed technique in desorption rate eXperiment for the five data p

- used 10 caloulate kdes. The sample solution was 5.5 x 104 M napfith

 90% methanol(gq). The  values are one Standard deviation, -

t
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- 0.072
0.18
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; ’ihe % error is Calculatcd by: -
O gpertor = 100 (
DSV is the moles Which would be desor
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bed had the ISV @ondition been met and nrotal is the



7sec'1 or less This techmque also makes 1t easy to achleve 1rrever81ble ﬁrst order -ﬂ* )

. ] r “ /
" desorptton condtttons, Wthh s1mp11ﬁes the deterrmnauon of kdes , - _f' ol

. -
~ Using th1s equtpment the desorpnon rate was found to be directly propornona.l to Ly

" naphthalene concemranon Ilus rate was related to plate hetght by assurnmg either surface -

. adsorpnon-desorptlon or d1ffus1on through the stagnant mobtle phase within the pores was v
.

_theratehrmtmgstep L SRR S ‘. o £

Both kinetic models gave small calculated plate hetght values usin g the

W

. | _vexpenmentally rneasured desorptton rate. Plate helghts were calculated for the two»models )

..

“for 4 range of moblle phase lmear velocities and compared to plate herghts measured from .

eluuon chromatograms The elution chromatogram plate hetghts were 16x to 175x larger i

" 'than those’ calculated from the desorpnon resulf. This means that the adsorpnon-desorptlon |

&

| : ‘process makes a neghgrble contnbutlon to the plate heights measured on PRP-l and is not '
, &

respons1ble for the excessive bandbroadening observed on PRP 1.



~ CHAPTERG
Velocity Profile Studies

A heterogeneous packmg structure Wthh has regions of deferent statronary phase "
densuy across a column can affect the shape of a sample zone on a chromatogn;phxc 4
B column in two ways. First, there are areas of drffermg permeabrhty which causes the
| moblle phase veloc1ty to’ vary between the regions of differing packmg densrty Second
: the dxfferent reg10ns w1ll have different phase ratros whlch causes the sample capacity
kfaCtor to vary fro@-egron to regron Both of these effects were studJed in the ] present

work. G , ' g

Varying Permeabftity*

i

~ As was prevmusly dlscussed in Sectton 3.1 6, the packmg su'ucture ofa
: ' chromatographrc column affects the drspers1on of a sample In Sectton 3.2 3 the results o
A ¢ were gwen for an e:;penment wl;rch measured plate helght vs mobile phase hnear velocrty
| " Itwas found that although the plate helght for naphthalene dld decrease wrth decreasmg
mobile phase hnear velocxty, it was still large at very low linear velocmes Ata velocrty of
'v : 9. 6 X 10—3 cm per second ( flow rate 0 055 mL per minute- ) the pIate herght was 0 71 mm |

g /( see Table 3.3 ). 'I‘lus could be caused by a non-uniform sample velocity proﬁle whrd‘h is .

l\not bemg relaxed by convectlve lateral transport ( eddy drffusmn ) The velocrty ' ’ |

: thfferences are caused by non-umformmes in the packxng structure The pexmf 3 ] ﬂtt and
| obxle phase lmear velocrty w111 be lower in regtons With a hlgher packmg dénsxty Also

: .vn ; regrons w1th a hrgher packmg dens1ty have a larger Ws, $O sample w111 be retained longer

LAt )
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in these regions. Bdth of these effects are 1mportant and will bmdlscussed in the next two
| secnons Secuon 6.1.3 descnbes a calculatron which was used to account for the |

ban_dbroademng caused by the combmatlon of the two effects
- Several workérs+ha e studred the velocrty profiles in preparatlve and analyucal gas i

“

chromato _ pth columns W@ere uneven flow is a problem because of the large radral

drstances wh1 h must be crossed in order to relax. the profile. The preparauve GC columns

used in these experiments wereﬁqurte large, between 5and 10 cm in.diameter and 100 to

b

250 cm long,. Thli researchers who measured velocrty profiles on these columns monitored
’l

sample velocifies by i msertmg detector probes into the column at various posmons [6.1].

Another techn ue used Xas to coat the stauonary phase support with an ac1d—base indicator

prior to coatmg 1t ith stationary phase Volatile acrdlc or basrc compounds were added to

a carrier gas flowing thro\gh the colutnn and é‘g&elocrty proﬁle could be observed as the
vapor encountered the indicator [6 2] The‘!'olumn walls were made of glass SO the color '
change could be seen. Therefore these proﬁles were actually the outer wall profiles and no -
mformatron was obtamed about the vel@cxty at the column center. ' ' A dye was used to .
observe velocrty proﬁles in size exclusron chromatography [6.3) byi mJectlng the dye onto-a
column and following its uugratton dov{;p the column A -

) Other studtes d1d yield mformatlon about the ent1re transcolumn velocity proﬁle

o O'ne techmque was to use an acidic or basrc sample [6 4 6. 5]. After the sample moved part
way down the column,\sectrons of the«column were removed, subdlvrded and titrated. The
amount of sample present m each\secuon was proportronal to the simple velocity in that
sectrom A second method was used by Ltttlewood with an analyueal GLC column [6. 2]
He was. able to remove the packing mtact 'by breaking away the glass column because the

statxonary phase had cemented togethepdunng the chromatograp'hy process He then shced |

© the bed open laterally and measured the\ velocrty distribution: Knox et al [6 5] also studred

o the entire velocrty profile across a 77 5 cm by 11.7 mrn i.d HPLC column by placmg an
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o electrochemrcal detector drrectly under the outlet frit and momtormg the sample elutedat =
~ different rad1a1 posmons ' - : - 4
In studying the sample velocity proﬁle across an analyucal PRP-1 column there

were techmcal difficulties not encountered by earlier researchers First, because of the high
pressures used in HPLC, detector probes could not be eas1ly placed into the column walls
) ‘ and sealed effecuvﬁy.a Secondly, a 4. l t‘nm i.d. column was used because this was the i.d.
of commercial PRP-l‘l. analytical columns used in this thesis. This small dlameter made it
difficult to measure velocities at different radial positions by any of the techniques
described above. Larger drameter columns were not used because it was thought thata
’larger diameter could change the packing structure significantly and the results would be
mapphCable to smaller columns. Also, it was necessary to measure the entire transcolumn
veloctty dlstnbutlon so observing a dye pattern through the glass walls of a column was
msufﬁcrent The pnwedure used involved extrudmg the bed of stauonary phase from short
columns _after thectron of a dye and then slicing the bed along its length to observe the
pattern of the colored dye. d

| Once the sample velocrty profile was observed on a PRP-1 HPLC column with
standard Swagelok endﬁttmgs, the column was modrﬁed by using different outlet
endﬁttmgs,whlch changed the pattern of efﬂuent flow at the outlet end of the column. This
a was done in order to deterrmne the effect that mobile phase ﬂow conﬁguratlon at the /
» %olumn outlet end had on the velocity profile and the stationary phase packing structure in
| the rest of the column. These expenments were repeated for columns packed with C1 8
stationary phase. Smce C18 columns are efficient and give narrow, symmetric peaks,

these columns were used as controls to compare witlthe PRP-1 results.

T e ‘ /
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-
ot ‘iIn addmon to causmg an uneven moblle phaseavcloclty profile by creatmg regions
ag.tlm§,pt:11r:ke.d bed of dxffenng pcrmeabxlt@c ﬁow of mobile phase, a non-umform

>

g structure \jld also causc a non-umfm'm dlsmbuuon of stauonary phase which

Aop

woul¢prcate region® across the bed with dxffenng phase ratios. The capacity factor is
depeﬁ‘déﬁt on the phase ratio and since the sgmplc velocity (uj ) is inversely proportional to
(1 +ki') this would exacerbate the effect of an uneven mobile phase velocity profile. .
Regions of the column whl_ich have more stationary phase would have lower sample
velocities becausé of both longer retention and-decreased permeability.

' Giddings [6.6] described the effect of variable phése ratio qualitatively and s‘tated

that it would glvc the same results as a non- umform velocity profile caused by differences

in permeablhty only. Knox and Saleem [6.7] gave an equation for the plate height , whxch

has a k;' dependence baseq on an uneven distribution of stationary phase. They used a

random walk model assuming the regions with excess stationary phase caused molecules to -

be reiardcd from the main sample band and réprcscntcd_a step backwards, while molecules
in 'thc regions with less staﬁonary phase Wcre taking a step forward. Sample dispersion
from this source was relaxed by both lateral convectioq and diffusion which gave a coupled
| plate height expression. They compared caléulated with experimental results fora GLC - ¢

.column, HoWever, the agreement between the results ﬂuctuatcd from less than 1% to
37%. The agreement was best foé samples with k;' values less than 6 and low ca;irti_er gas

t

velocities. .
| Littlewood [6.2] pré;argd‘é GLC column in such a manner as to produce an
uncveh:coating of smﬁonary phase across the bgd. He rﬁeasured the plate hcight for three
compounds with ki ranging between 10 to 21 bn‘tiﬁas’ column and undthat H was 1.3x

.larger than a control coldmn which had a umform paokmg structut't: umform stauonary

phase dxstnbutlon In contrast, a colurrm wuh ncglons of dxffermg gpmneablhty but a

. ‘!“

¥
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'uniform phase density distnbutxon had a plﬁhelght 7x larger than that 'e control '
mdlcatmg a varymg ki' due toan uneven phase densny distribution was unnnportant

compared to permeability dxffemnccs

Frisone [6.8) tried to counteract the faster velocity which he found at, the wall
region of preparauve GLC cplumns by increasing the loading of stauonary phasq at thc
wall. He tbund that'this improved pcak shapc, but he gave no quantitative mformanon

If we ignore velocity d1fference§~d§b to permeability dlffetwccs, a quahtatwe idea
of; the effect that an uneven radial stationary phase distributipn woulghavc on the sample
retcnuon t!me can be obtained as follows: Divide a column i Into two cylindrical sectlons of
equal volume ( the wall section and the center section ). Assume the weight of the
stationary phase in the wall section is greater than that in the center section. The vmd

‘ volume in the wall section would necessarily be smallcr than that mthe center rchon '-; n
: because the packing density (‘g per em3 ) is greater. The capac1ty factor of a sa.mple is ’

related to the distribution coefficient by the phase ratio.

£

k; = K;

<
3

6.1

. Sample whxch is in the wall section would have a capacity factor larger than that of sample a
.”vm the center section bccause Wy is larger and Vp is smaller in the wall section. The
° capacuy factor is also related to the sample retention time ( tr ). »
tr = ki’ tm + tm o : | 6.2 .
The elution time of an unretained sample is t. Since we are ignoring the effects of L

non—uniform pcnncability across the column, the mobile phase flow rate is assumed to be

'constant in both &egions Thercforc, it can be seen from equanon 6.2 that the retention time
of sample in thc wall section would be longer than that of sample in the center section.
- Smcc thlS effect is related to the distribution coefﬁc1ent, plate height could be related to the

. 5 dlstnbunon coefﬁmcnt as well. -

o g : o K ‘A T Lk
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\ _For this thesis, a calculatién which takes into account both varying permeability and
a non-uniform phase ratio distribution was done :g predict wilk effect a changing packmg
densxty would have on plate height. A basic program named H(WS) was written to |
compute this calculation. The program is presented in Appendix IV and the rationale of the
program is given below. Basically, the operator enters values for the weight of stationary
phase at the wall and center regions of the column and the program calculates the pécking
density distribution and the regional phase ratios across the column from this information.
After the phase ratios are known, the capacity factors and retention times for sample at
different points across the column can be calcuiated as well as the interparticle mobile phase
velocities for the different regjons across the column. The final results list the moles of
sample eluted from different regions aci'Qis the column, the corresponding retention times
and the mobile phase linear chqcity fbr each reéion. From this information a simuiated

elution peak can be plotted and a plate height measured from the simulated peak. @

1. An imaginary column 1s d1v1ded into a number ( n ) of concentric rings, all of .

which have the same w1dth At the center of the colun# the "ring" is actually a

circle numberedr = O a.nd the ring at thc%olumn wall is ring r = n. The column

dimensions are thc same as thos.e used in the velocity profilc experiments ( 5 cm x

4.1 mmid. ). The area Aand, vqlumc of the rings increase from the column centcr to

wall, _ L _

2. A known number of moles of sample ( N ) is evenly distributed across the column
as an infinitely thin shcc ’I’hc numbcr of molcs in each rmg, N(r) is proportional to

the relative area of the ring; A(r) '; '
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6.3 '

N@) = N -A:}? ;

. Whem A is'the cross-sectional area of the entire column,
The weight of stﬁimary phase in each nng, WS(r), is next specxﬁed assuming a

linear relation between the packmg densnty and the radial distance from the column

center. The volumes V, of the wall nng and center ring are calculated‘ﬁrst -
v ot o2 2 |
Vwan = V) = tLRY _ - TLR o0, 64
; t ! 2 .
vcenlér=v(q)=/nLRr=0 o o 65

In these equations, L is the length of 'tﬁlie coh;ihn in cm. Ry = -is the radius of the
center circle in cm. Rr = is the radius of the entire column and Rr =Q,n-1I1s
the radius up to and mcludmg the ring just bcfore thewall (r=n-1). Next, Lthe
packing densxty in the wall ring and the center cmclc are-specified. This is done by

- specifying the welght WS(walI) and WS(center) From these two values the slope
and intercept of the linear equatxon relating WS with radial position are calculated
\ and the values of WS for all rings can be determmed For the short columns used
in the velocny profile experiments, the average packing density was 0.37 grams per
cm3. The value for WS(wall) is chosen to be slightly larger than the weight
corresponding to the average packing density, indicating a more densely packed’
rcgi_on and the value for WS(center) is smaller, indicatiné a more loosely packed

region. Fora fifst approximation the packing density of the wall was chosen to be

0.38 and that of the center ring was 0.36.

LN

WS a1 = WS(n) 0.38 Vyall | 6.6
WS cemer = WS(0) = 036 V., 1er : 67
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Using the values of WS at each radial position, the pore ( intraparticle ) volume can

be calculated for each ring using the average pore volume of PRP-1 ( 0.79 mL per
gram ) [6.9]. '

Viors (©) = 0.79 WS(r) | 6.8

)
The interparticle volume, Vinter can be calulated for each ring vja equation 6.9.
' q

| WS(r
Vinter (r = V(r) - —1_67~) - Vpore (r 6.9

The term g}WS(r) / 1.G7 ) is the volume of solid stationary phase in the ring. The
quantity 1.07 g per cm3 is the density of the solid styrene-divinylbenzene phase,
assuming that Hamilton PRP-1 is like Amberlite XAD-2 in this respect [6.10].
The inter- and intraparticle porosities of eaéh ring, €inter and €pore , are
calculated by dividing thc' interparticle and pore volumes by the total geometric

volume of each ring, V().

vinfer (r)

éinter (r) = . V(l’) 6.10
V. ... () .
= _pore™’
€pore M =~y 6.11

The total porosity, € , for'each ring is calculated.

Vinter.(r) +V ore () _
g = V() - =t

Y+ €

inter (r pore ()

6.12
Now, the mobile phase linear velocity, ug (r), for each ring is calculated by
combining the Kozeny-Carmen equation and Darcy's Law ( see Section 6.2.1 ) to

give cQuqtion 6.13.

-

U, () = X1 X2 g,() 6.13
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where:
2
P
X1 = __EL__ .
180 L n 6.14
- and; '
s : J
o [ r
X2(r) = ——l‘l'ii—-; .
[ 1-€iner (')] \ 6.15

Tl;c terms dp, Pand are the particle diameter, the column pressure and the

mobile phase viscosity. All of these are experimentally determined parameters. '

The mobile phase linear velocity is the average value of the mobile phase velociiy in
&

both the interparticle and pore spaces.

The retention time for an unretained sample, tr is calculated for each ring.

L
uo (n) 616

th() =

Calculations in steps 8 and 9 determine the velocity difference for an umctainéd compound

due to the changing permeability across the column because of the varying packing density.

The second effect that the changing packing density has is the difference in sample retention

’

caused by the changing phase ratios.

10.

The sample capacity factor and the sample retention time are calculated for each

ring. First, the total void volume in each ring Vi (r) is determined.
»

V@) = vimcr (r) + vpore(r) 6.17

Then, the capacity factor in each ring is calculated using equation 6.18.

WS(r)

k() = K, o2
Vi () 6.18

Finally, the sample retention time for each ring is calculated using equation 6. 19. S



t,(r) = t,(r) k;(l‘) + tu() - | 6.19 138
11.  Runadditional trials by repeating steps 3 througt; 10 for different values of L" P

WS (wall) and WS(center). ‘
12.  Compare the calculated mobile phasc vcloci;ty distribution with the experimental

mobile phase velocity distribution after eaé;,trial. If they match, then this is the

phase density distribution needed to give the c;(pcrimcntal velocity profile. A

simulated elution peak can be prdduced by p}om’ng the moles of sample clu;cd vs

retention time and the plate height can be measured from the simulated peak.
Also, the calculated values of the total column void volume and the total weight of
stationary phase in the column are listed in the results. These two values can also be
compared with experimental values as an additional check on how well the simulated
results compare with the experimental. The results obtained using this calculation are
presented later in Section 6.2.5.

Rather than using the entire experimental mobile phase velocity disuibuﬁon, only
the fastest and slowest mobile phase linear velocities, Uo,max and up min, were actually
used for comparison with the simulated results. The experimental values were measured
from the short columns with constricted flow endfittings. The up max and Ug,min values
for only the constricted flow columns were used, since these columns have the same type
of endfittings used with commercial PRP-1 columns. Thc method used to measure these

values from a dye profile on an extruded bed is shown in Figure 6.1. The fastest mobile

phasglinear velocity, up,max, was determined by first measuring the sample linear

o

velocity, uj max, observed on the PRP-1 columns and converting this to ug max. To
obtain uj max the distance ( Adfront ) from the column inlet to the foremost position of the
leading edge of the sample zone was measured. This distange was divided by the time

" (At) in which the sample was on the column to give the sample velocity, Ui max-
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Ad!m\l : ! , : ‘
At ' 6.20
The sample linear velocity can be related to the mgm&nhm linear velocity by using

Uimex ™

- equation 6.21. L o

Yo max = ui.mu‘ 1+ k,) . . 6.21
The slowest mobile phase linear velocity, ug min. Was determined by measunng
the distance 'from the coluﬁ inlet to the hindmost point at the trailing edge of the sample
zone ( Adback ) as shown in Figure 6.1. This distance was divided by At in a‘manner
. analogous to that in equation 6.20 to obtain the slowest sample linear velocity, uj min. The
* slowest mobile linear velocity, ug,min was then obtained by multiplication of (1+kj")in

a manner analogous 10 equation 6.21. N

6.2 . Results and Discussion

I order to determine if velocity non-uniformities were contributing to the excessive
bandbroadening, it was necessary to obtain a qualix}atiilc picxdrc of the sample velocity
profile across the packed bed of stationary phase. ‘Thc procedures used for packing.
chromatographic characterization and'cxuuding the bed were already described in Section

2.4.5 and will be referred to as the "velocity profile” technique in following sections’

6.2.1 i -uniformi
Q A potential cause of non-univfc‘)r‘mitiycs in the packing structure is compression of the
. :
_bed of stationary phase under the high pressures used in HPLC. A commercially packed

‘Hamilton PRP-1 column was checked for compression by mcisuring the pressure at

160



) '-f“vanous flow rf alculaung the specrﬁc permeabrhty, B° 'I'he specrﬁc

permeabllty is mv‘ rse s lated to the resrstance of a packed bed to ﬂurd ﬂow The flow

. -‘through a bed can be descnbed by Darcy s law [6 11} wh1ch sta,tes that the ﬂurd ﬂux 1s

M d .

' proportlonal {o the pressure drop across the column c T
‘ B I : o ) . 9

: Lnet P L SRS 522
e ) — SRR S

o Herc, n is. the wscosrty of the mobxle phase L is the length of the bed and 3 is the’ total : \
. ,«,.

"porosrty ( prevrously deﬁned in Sectron 3. 1 5 ) Darcy S law is analogous to Ohrn s law of »

.-'electncrty w:th the average mobile phase hnear velocuy ( uo ) and the pressure drop, A'P; o “. 4

'bemg analogous to current and voltage respectlvely The term ( L 11 et / B° ) cornesponds )

- D

F ;t0' the electncal res1stance B° should remarn constant wrth mcreasmg hnear velocrty and
¢

o ‘ ~the pressuré should mcrease hhéarly if Darcys law is valrd for the system If the resrstance N

,of th.e bed is changlng due to greater compressron at laﬁger Uy or greater swellmg of the | . ;

| pamcles in dlffCI’Cl’lt solvents BO w111 not be constant and a plot of AP vs uo willbe . 7. 7

R = .y,»:' g : . N
““ LY - . 2

‘curved L o

Frgure 6~2 shows a- plot of AP vs uq_ The column was a commercral Harmlton
T ey

_ pRp-1 column w1th a bed drameter of 44 mm an@ ;%gth of 15'0 m@ﬁle mobile phase ’;
: was 90% methanol(aq) Table 6 1 glves the measured: prcssure drbp for vanous moblle R
. »

©

- phase‘hnear velocmes along wrth the. correspondmg ﬂow rates and the calculated value of .
_ B0 for each Uo. The plessures hsted in Table 6 1 are the average values of the pressure drop :
. across the chromatographrc system, of which the column is re§pon51l71e for most of the

- - re51stance Because the pumps were recfprocaung prston pumps the pressure fluctuated " o

N durrng a pump cycle The range of valies usuallyextended about 5% from the mean '

| - values excepf for the two lowest ﬂow rates where the range was greater Fdr these w/o L .
ﬂow rates, the pressme vahed by 10% for F=0. 21 and 14% for F O 055' It can be seemr
, | k '1n Frgure 6 2 that the pressure‘,mcreases hnearly w1th mcr'easmg mob “e phase lmear

: ' »
R
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Figuré 6.2
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Pressure ( AP ) vs avcrage mobile phase lmcar vclocny (up ) on a PRP 1

Uo (-cin / sec)
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column The column dimensions were 15 cm x 4 ] mm. Thc mobile phase

was 90% mcthanol(aq)

W,



Table 6.1 Values of the pcrmeabxhty coefficxent at various mobile phase lmear : Ly
- wvelocities and column pressurc The mobile phase was 90% methan -
T andthecolumnwasa lScmx4 ! mm'i.d. PRP-1 column. The95
confidence hmss for t.hc pmssure valucs are ngen in thc text.

‘u - - | “Flow Rate AP S Bo

(em/sec)  (ml/min) _(PSIG) . (cm2)

036 Ce21 0 1600 C T 49x10:10
L0217 155w 1000 T e . 591010
017 1.0 600 T .62x10-10 :

0.090 - 052 1600 y 33x1010 ¢
10.075 | 0.43 300 L 55x10:10°

0071 -° 04l 400 39x10-10
0.047 027 50x1010

96x 103 | 0.055. 30x1010



— | The permeabili coefficlent can also be calculated usin gyxe Kozeny-Canﬁen‘ : .
. v J ’: .-,
' i vhich relates it to parucle dxamet’er For sphencal parncles the R P

| | : S ) - . PRI .m “',.m t164
velocxty, 1nd1cat1ng there isno sxgmficant change m-column permeabxhty This'&m also be
’ demohstrated by looking at BO vs pressure hsted in Table 6.1. If the partxcles were being
compressed under higher pressures the dlameter of the mterparncle channels would

" decrease causmg an increased res1stance to flow and decreased permeablhty Instead, the

values are scattered about an average BO of 5 x 10‘10 cm2 with 95% conﬁdence lmuts of

| Ree andedsvater [6.9] for permeabthty of PRP-l 1n four dtfferent mobile phases.
"I’hey found the permeabthty coefﬁcxent decreased by about 50% when tetrahydrofuran ,

sl1ghtly in the organic solvents Yed 1 Verzele [6. 12%% found ‘that PRP~

nared to water Swellufg as not observed in
this lab for aqueous-methanpf-mobile phases S ke .,- Y. a

Kozeny- Carmen equauon is glven in equat.lon 6.23.

o . ’ - -
‘.3' . ' - F
; L2 :
Bd 1’ dp & T - S : Y L
T 180 2 & S 7
. (l*emter) K v' . ' v 623 N

: LI
N Us’ng the Kozeny -Carmen equauog the predlcted value for the permeablhty coefﬂc1ent e

- was 4x 10'10 square cm ( Table 6 2 ) Wthh co/\ ares well with the expenmental value,
NN :

suggestmg no compresswn or swelhng is occumng
L Pexmeabthty coefﬁcxents were also. measured for a C8 column and these results

are hsted in Table 6. 2 as well. It can be seen that the permeabxhty of PRP lwas, %

#

&

> comparat;le to that of the C8 column




o a - ‘r §‘f.>“80%~frtm§nol(aq)
ey =T - 90%mctlganol(aq)

. \ - ' LT : . ‘
'vTable 6. 2 Companson of permeabxhty coefﬁcxents obtamed by measurement on.
_ various columns and mobile phases with literature values for PRP-1 with
the theoretical value calculawd usmm Kozzny-Cmmen eqmqon

. Source of  Stationary Phase . Mobile Ph‘asc N ‘ Bo
Permeability ' - T (em2)
Coeffigient v

,Ekperim'cnts _ PRP-I : water ’ @

¢ in this lab . - - methq@(aq)
- I 90 mcxhanol(aq)

. - 90% aqctomuﬂc(aq)

" C8. water

%;»ﬁéffrcncc 6.9 - PRP-1 ' water . ' 2.8x10-10 * -
Do . A ' 11 acetonitrile: H20 1.7 X 10-10-» -

Y . o ) -acgtomnﬂc" “ | ‘].6;x10-10'“4";a‘
ﬁ’ oy ™ . tcobydoftan 1.3 x J10 -

\

S | T 4x 1010
(dP—OOOI cm) oty a.wo : : .’—V KT

S 4
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Most ogrt;he short, home-packed columns used % the velocrty proﬁle expenments
- were charactenzed by measunng the vo,sl vqlume and plate hClght Thxsawas done to |
detexrmne if all columns were of equal efﬂcrency so the sample velocrty profiles could be %

o

compared between columns.. Threc types of endfittmgs were used irf the velocxty proﬂle

_ experlments and are shown in Figure 2.6. 'I'he "perforated plate" and the ', asher"

endfittings were used to allow the column efﬂuent to exit uniformly from t‘bed. The

’ commwzl Swagelok endfitting, which is nonnally used in chromatography, causes the

effluent from the 4. I mm dtameter bed to be constncted down to 0. 2@mm ( the id. of the

‘0
v

st‘amless steel tubmg ) 1rnmed1ately downstredn of the outlet frit. I'he only columns w

uere not charactenzed pnor to al-"usxon were those whrch were packed w1th the o

perforated plate" outlet endﬁttmgm place, since tlus ﬁttmg could not be connected toa T8
detector. Void volumes for the PRP-l columns were measured with Ca(NO3 )z:and the

3

' average column voxd volume was 043 + 0.02 mL K :ﬁ% confidence limits ). The small

. space of the columns caused by gaps or channéls. - ‘ R

v

caused by ¥ Qogeneous packmg strdcture The” only effect that ( convex ) 1sothemi

deviation frofithe mean' Vi md1cates there were 1o gross d1fferences in the total vord v
: . “ .

B

. Plate ‘hexghts were measured usmg elthermethyl paraben ( kl =09)or -.

4- phéhylazo—l-naphthylarmne (k'j = 30 ) and. these results are hsted in Table 6 3 They

were calculated from the second moment of the elution peak usmg equauon 39. The plate

hexght,s for columns which had the "washer" endﬁttmg are listed separately smce/ H will be

larger for. these because of the dead space caused by the washer. The plate helgl%ts forthe, ‘
orgamc dye compound were. large, partly because the high concentra.uon used ( 10 3 M ) |
. was probably in the non-hnear reglon of its adsorpnon isotherm. This concentration was - |
necessary in order to see the dye»on the statlonary phase However isotherm non-lmeanty e - I‘? "

- :

d.oes not necessarily interfere w1th the results observed fora non- umform velocuy proﬁle
o ag



Wit for yl paraben and m*.zM’d-phenylazo-l-
e naphthylammebn tth olumns usedhubcvé{ i

| © experiments. The mobﬂ@phasf’ms%%methanol( a

. was 2 mL per minute. 95% confidence limits are giv

a G oeoox L : <.

B 4~ﬁhcnylazo-1-naphlhy15mne L

ﬁ‘ Platc Height(cm) T

L

?ﬂp

3 lok endfittn g)

0.20 | A o e
071 . . . e R
0:30 ! )

0:64
0.30

%

mean = 0.43 1 0.28
“ v .

~ Uniform Flow (Washer endfitting) L

S o A a
o 064 SR 34.., L
L. 1%7 | o k ' 3.9 N

' 043 ot : - 2.8 :

‘057-“_, . 37 : .
041 - 28 o .

ISR ~v 039, TN - \ ‘2 7

L3 H -‘- . : = N
N . X O . .
s

 mean = 0.64 4 0.25. v mean'=33405

A T T . .
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non-linearity should have-on the fléw profile is to cause the sample band to exhibit axial

' asymmetry. The higli’est coneentration would be at the front edge and would gradually W

decrease towa.r“he rear ( see Fxgure 6.3a ) The concéntration distribution would not

| "appear axlally symmetncal As it would in a linear, non-ideal case (Figure 6.3b). In

contrast, a non umform velgcny proﬁle would nge rise to different positions of
advancement at dxfferent radial posmons acrc;ss the bed. ’
Many repltcates were done of the Pngusxons because the dyes were
somewhat hard to se€ against the cream colbreq, ouque,packmg’ material. Also, the
PRP-1 beds did not hold together well and oﬁwke into several sctments upon

eXtI'USIOIl By repeatlng ehe eﬂl@'lmeut gnah‘; umes, thec%un‘m extrusxon techmque could

extrus10n technique was also used with a bo ¢
OD$ 3. In contrast to the PRP-l stauonary \ the C18 bed came out in one piece and

was transluc‘ent so the. outlhe of th!r dyc asnly soen. Because of thlS the C18

C18 columns was

: 048+ +0.09 ml.’S% conﬁdﬁn&h@lts ). '}hesplate h:‘xghfs for several samples on C18
Lo

were measured by m;;ments analysis on elution chrbn*ograms and are llst?.gn Table 6.4.
The plate helghts foripe ¢ wo orhc dyes are large This 1s probably due to both 1sotherm

* hon-linearity and i mteractlons Yith restdua{"s'ﬂaﬁol‘ groups onthe C18 silica matrix. Both of

these effects would produce axxal asymmetry ( Fxgute 6 3a ) rathér than radial asymmetry

- and would not interfere with the velocxty proﬁle results Also, the plate helghts are larger l

fof the, Cl 8 column with the washer {ft the outlet because of the dead space created by the

R
washer. »
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Figure 6.3

column,

<

- Sample profiles qn a column with a uniform velocity profile. The sample
concentration is in the (A) non-linear isotherm region of a convex isotherm

and (B) linear isotherm region. Figure 6.3a also represents a profile for a
sample which is adsorbing on residual silanol groupson a bonded phase

§
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Table 6.4 Plate heights for C18 columnshused in the velocity profile experiments, THE
mobile phase was 90% methanol(aq) and the flow rate was 2 mL per minute.

. Ct . 5 ¢
[ L . &

Sample " - a ki* H
" (mm)

i .

w

Constricted Flow (Swagelok endfitting)

103 x 10*3Mn -butyl parabcn ; r 002 0.08
104 x40-5 M n-nonyl parabcn O R 0.11
4 . ‘.', : "‘( *
“6.7x10- h;l*@marpanth S ' 1.0 1.9
. . b lfﬁifog)m\Flow. (Washer endfitting)
L) L/u! . ‘
| L 2 L : .
; lé x 105 M methyl paraben ' * 0.4 1.8 g
. 99x10- -5M 4- phcnylaz.o 1- naphthylamlﬁc | 09 rg® "
R 6 1(r4 M amaranth R ) 3.8
N\
\
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6.2.3 Yelocity Profile Results Using the Conatricted Flow Configuration

The velocity profile e:tperiments revealed the sample velocity profile across the bed
of stationary phase. The sample velocity profile is not always the same as the mobile phase
*velocity profile because of diffusive and convective lateral relaxation. For examiple, if the
packing structure was more permeable at the column wall than the column center, the

~mobile phase velocity would be faster at the wall region. At the same time, if lateral
transfer of solute across the column was very fast, the sgample zone would appear to be
‘uniform and should not show any significant bandbroademng This is because sample in
the dtfferent regions would be exchanged quickly, averaging out the velocity differences.

| If lateral transfer was slow, sample would stay in the different’yelocity regions for longer
times and would approximate the mobile phase velocity profile more closely.

Therefore, what is of interest in the velocity profile experimenty js not only the
mobile phase velocity profile but also the rate of solute lateral mass &%ﬁsfer. If a uniform
sample profile is observed, the mobile phase velocity profile may bé non-uniform but that
is 1nconsequent1al because the rate of lateral transfer is fast enough to compensate
HbWever if the sample velocity proﬁle is observed to be non-uniform, then the mobile
phase velocrty pr’ofrle is also nén-uniform and lateral transfer is too slow to average the
velocity dlfferences Therefore bandbroademng will occur due to the non-uniform ﬂow

proﬁle Acc&dmg to Giddings J6.14], lateral transfer due to convection ( eddy

dlffllSlon ) shduld require an gial distance of about 4 cm in order for‘the sample to move a
lateral drstancc of 0.205 cm ( the radius of the PRP-1 co’léw ). 'In the short 5 cm 10ng
columns used in the’ velocity profile experiments, this means about 1 transt¢olumn lateral

_ § transfer would occur. For the 15 cm long analytrcal columns about 3104 transcolumn

” lateral transfers wonld occur. These numbers are robgh estimates but one can s%e that
- A
lateral convectron cannot be expected to srgmﬁcantly relax a transcolnmmnon umform

4\, :° b

velocity profile. | : . o _ L TR AR \



" from a stainless steel tube witleh lnd an i. &f 0. 25mm passed through afrit( 1 mm

172
The dltalls of the‘veloclty prpﬁlc experlment m given in Section 2. 4 Basically.

there were seven stcps in the prooedur'e W
1. Packxng of the column. '
2. "Pre-chrdmatographlc condmomng" of the column by flowing mobile phase
* through the column before chromatographic characterization.
3 Charactenzanon ol’ the column using chromatography to measure the void-
volume and plale height. ‘
4, Post-chromzuographic conditioning. ‘
5. Injection of the organic dye and paru'é'l elution down the column.
6. Con?jtioning the bed with 10% glycerin(aq) to enhartce particle cohesion prior to
exm*ion .o
7. Extrusion of the packed bed. ", N,

?or the first set of expenments short, 5 cm ldlg columns were packed with PRP-1 usihg
%

S onvenndnal Swagelok endﬁmngs The moblle phase flow through this type of ﬁmng w1ll

’n‘ﬁ ]

be referred to as "constricted” ﬂow ( Flgurq 2 6). The mobile phase entered the column

o

thick and nominal pore size of 2 rmcrome* ) and then ﬁnally entered the bed of stationary
phase ( drame}é 1 mm ). The frit should: dxrect some of the mobile phase stream
laterally so it would encounter a largerarea of stationary phase. The reverse process
occurred at the column outlet where mobile phase exited the stationary phase, passed T.

through another frit and finally left through the narrew bore tubing. Table 6.5 gives the

* volurge of eluent passed through the column for each step of the velocrty profile expenment

run under onstrict ~ﬂow conditions. The sample proﬁles shown in Frgure 6 4 ane the
9

! thesc,comttipns Gencrally, the sample velocxty was fastcr in the

;;;;;

R i v R -
%@he Walls Also there 1sad1fferencé m %}hape of the ‘
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“Table 2 Solvcnt volume passed through the'columns dunng each.step in the
] - velocity profile experiment prior to extrusion. Constricted outlet flow

conditions were used in each step.
EPFLUEN]‘: i/OLUME&PRIOﬁ\ T6 EXTRUSION
Sample Profile  Packing Pre-chronmtogrnphlq Chromatographic
Figure # - (mL)’ Conditioning Characterization
(mL) - (mL)
6.4a 70 30 20
6.4b 70 30 65
6.4c -~ 70 30 20
6.4d 70 ° 40 20
6.4¢ 0 20 s
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Figure 6.4 Sample profiles obtained on PRP-1 from the velocity profile experiments
under constricted flow conditons. The sample compounds are -
(A) 4-phenylazo-1-naphthylamine ki’ =30 (B) 4-phenylazoaniline .ki'=7 .
(Cyl-aminoanthraquinone ki’ =17 (D) 4-phenylazo:1-naphthylamine
ki’ =30 and (E) amaranth ki = 0.6. All concentrations were 10-3 M.

o
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-Table 6.6 Sample velocny at the column wall and center for the front (outlet) and !
~o L back (mlet) edgcs of the samplc zone. Consmctcd flow cbndmons
. uscd in.all steps of the velocity proﬁlc cxpcnment “l’h&samplcs uscd and
- - | Vthexr comspondmg ki' values are : (6. 4a) 4-phcnyl.azo-1 naphthylammc
=36 (6.4b) 4-phcnylazoamlmc kl =7 (6.4¢c) l-armnoanthraqumonc
. kl =17 '(6.4d) 4-phenylazo-1- naphthylarmnc ki'=36 ,
) - | (6. 4e) agnaramh\kl = 06 All concentratlons were 10-3 M Vo
Sample Profile” Front Edge of Sampl’e Zone “Wack Edge of Sample Zone R
Flgure# . Ujcenter _ ugwall Uicenter ~  Uj,wall
o (qm/SCC) ~ (em/sec) . (cm/sec)  (cm/sec)
i 64 0013 0.012 " 0.010° $42x10-3
i 64b 0.080 0077 , - 0043 0043
Cloebdc - 0025 didnot 0018 . 0018 o .
o S reach wall ) v o T -
6.4d - 0012 0015 & 42x103 “42x103 Y
64¢ 040 1 038 o1 o1 . ./
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"“"gxn-uded Table 66 hsts the wall and center velocmes measured for the front and back

i

. )
- S “

: }edges of the sample proﬁle These résults aié drscussed below and thelr slgmﬁcance is

'more apparent when compared to the results fmm the short columns with umform ﬂow

—cenﬁ%uons ( Sectlon 6. 2. 4 )

- “ B : .
A \‘\ {

The Swagelok outlet endﬁttmg was replaced by exther the perfora\ed plate or washer
endﬁtnng, whlle leaving a conventional Swa@kconsmcted flow endﬁttmg at the mlet
Now when the stneam left the bed, it passed through the frit and then exlted more umformly
- from the column In the case of the perforated plate, the effldent ﬂowed through 19 holes .

( holc/ ameter = 0.5 mm ) which were evenly dlstnbuted over the 4.1 mm area: The.

washer provrdeﬂ a small pool -also of 4. I mm diameter, in whxch the mobile phase o v

W

collected before exmng through)the narrow stamless steel tube The flow through either of

these two endﬁttmgs will: be called "umform" flow. Table 6 7 lists. the volume of eluent »

passed through the columns in each step usmg umform ﬂow condmons The usefulness of

. velocxty mequahtles occur over the entire dlameter of the columh this is a transcolumn

th1s mformatmn is explamed later in tlns Secuon Fxgure 6.5 shows the sample proﬁles

obtamed under these condmons and the sample velocmes aré llsted in Table 6 8. These

proﬁles are opposne of those acquu'ed thh constncted ﬂow condmons Now the sample L

velocity is fastest at the walls and slowest in the center. Under thfse flow conditions us1ng

the washer endﬁttmg the profile was sometxmes qu\hqdlstorted Ylth tails of sample in the

slow central veloclty reglon streaming behmd the main portlono -the zone. Since the

bandbroademng conmbuuon Compared to the constricted ﬂow velocity profiles, there is
less dlfference in the sample zone shape between the mdmdual columns thh the same type

of endﬁtnng ‘Therefore, the inter-column dxfferences observed for sample zones obtamed
’ LY . . o S/
x> : S ' o .

[

..)'



Table 6.7 Solvent volume passed t.hrough the columns dunng each step of the vclocxty

, proﬁlc expenmcnt prior to extrusxon "Uniform flow condmons were used
in each step and achieved w1th eithera perforatcd platc (*) ora washer

endﬁttmg ‘The sample was 10-3 M 4-phenylazo-l~naphthylannnc

J

: EFFLi‘JENT YDLUME PRIOR TO EXTRUSION‘ "
Sample Proﬁlc . Packing

. Pre-chromatographxc , Chromatographxc
Figure # (mL),, Conditionin g Characterization
© (mL) | (mL)
6.52 * 70 60 na.
6.5b * 70 40 na.
6.5¢ 70 . 20 60
6.5d 70 20

60
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Figure 6.5

Sample profiles obtained on PRP-1 using uniform flow conditions. Uniform

flow was acheived using a perforated plate endfitting for (A) and (B) and a

washer endfittin
naphthylamine.

g for (C) and (D). The sample was 10-3 M 4-phcnylazo-«l-
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Table 6. 8 ,Sample velocity at the column wall and qcnter for the front (outlet) and
back (inlet) edges of the sample zone. Uniform flow condmons were
used in-all steps of the velocity proﬁle experiment. The samplc was
10-3M 4-phenylazo-l-naphthylannne and the smtionary phase was
PRP-1. An asterisk (*) indicates a screen endﬁtnng was used ot’hcrwxsc a

]
A

/

washer fitting was used

" Sample Profile Fr?nt Edge yof S?nple Zone

Back Edge of Sample Zone

¢ Figure # Uj,center Ux wall Ujcenter °~  Ujwall
‘ ’ " (cm/ sec) (cm/scc) (cm / sec) ~ (em/sec)
6.52 * 0.015 0016 - 00067 . 0.0067
6.5b * 0.018 0.0018 0.0058 0.0658
6.5¢ 0.010 ,0.016 ~0 0.0071

! 0.011 -

6.5d

-0.017

0.0042

0.0092 ..

17\9“‘
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o under constricte? flow conditions( Flgure 6 4 ) may be dueto differences in the types of
“-dye used, : v o ’ - : o

These results'demonstrate that there is a non-uniform s'ample velocity prtgile caused

~ - by.a heterogeneous packing structure. The packmg structure ls dxfférent for each of the

three endﬁttmgs (,used wnhﬂte shoft columns of PRP 1. The fact that the gross Shape -
inverts upon gou{g from constricted flow. condmons 10 umform ﬂow condmons indicates ‘
'. ‘that the packing stmcture is dependent on the flow conﬁgurauon of the mobile phase.

Tl?e question arises with reference to both const:ncted and umfor;n ﬂow whether the
heterogeneous packing structure; which gives nse to the uneven flow patt€rn, was formed
, during or after packing. During condmonmg and chromatographic charactenmgon, 40to -
100 mL of mobile phase were passed through the column and it was possible that the
vrr:'egular(bed structure developed during these steps rather than during the actual paclcmg A
To test thrs hypothesxs colurnns were packed under consmcted outlet flow conditions and
sw1tched to umfonn flow ( usmg the washer fitting ) for condmomng and chromatographic

chamctenzauon The volumes of solvent usédm each step of the velocity profile

. ;xpeﬂment under these condmons are listed in. Table 6.9. These. volumes- have been listed

to see if the shape of the sample profile is related to the amount of solvent flowing through
the bed under a particular outlet endfitting conﬁguratmn Diagrams of the sample profile
results are shown in Frgure 6 6-and the sample velocities are grven in Table 6. 10 Ifa
. permanent bed structure was formed durmg packmg the ﬂow should be fastest atthe
center. Instead, the observed proﬁles are mtermedrate in shape between those obtained
under constricted and uniform flow conditions. In Figures 6.6a and b the linear velocities
for half the colimn are faster than they are in the second half, while in Flgures 6.6c an?i d
the ﬂow is slower in the center . Also the zones deprcted in Figures 6.6a and bhad only
20 mL of solvent flow’ through the bed while u;mg the washer endfittmg pnor ta dye
injection and bec extrusion while the zones in Figures 6.6¢c and d had 80 or 110 mL.. The
sample zone Z:pes whiéh resulted. when the bed. had a gneakr amount}o\f solvent 'p;assed ‘

A
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Solvont vomo{e passéd through the columns dunng each swp of the velocity

6.6d

Table 6.9
proﬁlc experiment prior to extrusion and the com:spondinz ﬁow,pogdmons
for each step. An asterisk (*) indicates umform flow congisipns were
used, otherwise constricted flow conditions. The samplc was 10-3 M 'f;f
4-phenylazo- 1 -naphthylammc
EFFLUENT VOLUME PRIOR TO 'E}TRUSION ’
Sample Profile Packing Pre-chromatographic Chromatographic
Figure # (mL) - Conditioning Characterization
(mL) _ (mL)
6.6 75 N30 20 *
6.6b 75 . . _, 20+
. 6.6¢ 70 " 28\* , 60 *
70 . ‘ 20 - 90 *



Figure 6.6 Sample profiles obtained on PRP-1 when columns were packed using
. constricted flow conditions and then switched to uniform flow conditions
‘ prior to injection of the dye. Sce Table,6.9 for the solvent volumes and flow
conditions used in each step of the experiments. The sample was 10-3 M 4-
phenylazo-1-naphthylamine. _ - :
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Table 6.10 Sample velocity at the column wall and center for the front (outlet) and \
S back (inlet) edges of the sample zones shown in Figure 6.6. Theflow ,
conditions for each are given in Table 6.9. The sample was . o
10-3 M 4-phenylazo-1-naphthylamine and the stationary phase was - o
PRP-1. The results for the back edge of samples 6.6¢ and 6.6d are \
unkriown because this section of the column fell apar before the dye
profile could be observed.

£

§amplc Profile Front Edge of Sample Zone Back Edge of Sample Zone

Figure # 8i,center ujwall - ujcenter Ui wall
(cm/ sec) (cm / sec) (cm/sec)  (cm/sec)
6.6a 0.018 0.017 0.0046 0.0046
6.6b- 0.018 0.017 0.0050 0.0050
6.6¢ 0.015 0.016 unknown unknown |,

6.6d 8.016 0.017 unknown ' unknown
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" through it under uniform flow, w,conditions, had the mnngmbd shapes, suggesting the
,volue of dolvent passed through the bed-under & particular outlet endfitting configuration
doea influence the packing structure. None of these sample zone shapes, which were

. fomed under chanﬁng outiet flow configurations, are u exaggerated u those shown in

Fxgures 6.5¢c and d, where uniform flow conditions were used in all stzps From these

' regults it seems the bed structure is changing after packing in response to the outlet flow

conﬁguration: Apparently, the $tationary phase does not acquire a stable configuration

dunng packing but shifts, causing large areas of increased permeability and hnghcr

~velocities.

- 6.2.5 i in 1 lumn

1
‘ - R

Short columns of C18 were also tested under constricted and uniform flow

conditions. ' In the first extrusion experiment the column was packed, conditioned and

chasacterized using a constricted flow outlet endfitting and in the second experimenta °

uniform'flgw washer endfitting was used for all threg steps. The solvent volumes used in
each step are givcn in Table 6.11. The samplc‘proﬁlcs are shown in Figure 6.7 and the

center and wall sample velocities are listed in Tablé 6.12. The profiles have the same shape

184.

undcr the two sets of flow conditions, with the flow being somewhat faster in the center at ‘

the leading edge of the band. The proﬁles were not ncarly as distorted as some of those
obtained with PRP-1 and mort importandly, they do not change shape with the type of
outlet endfitting used. ’I'h:: Ci18 iplumns were quite r{xoist ( appearing to have the .
consistency of jelly ) and stuck t(;gcr.hcr well. They saemed to be wetted 'much better by the
mobile phase than did PRP-1, whicﬂ was always crumbly and dry.

1%
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Table 6.11 Solvem volume passed through the C18 columins during sach st2p of the,
] veloc:ty proﬂle experiments and the corresponding flow conditions for
. each step. An asterisk (*) indlcates uniform flow conditions ( using a
washer endfitting )were used, otherwise constricted flow con;lmons The
sample was 10-3 M amaranth for the C18 columns.

~

EFFLUENT VOLUME ’

Sample Profile Packing Pre-chrom. Chromatographic Post-Chrom.
- Figure # (mL) Conditioning Characterization Conditioning
(mL) (mL) (mL)
6.7 70 20 75 0

6.7b 0% 20+ 150% . 0



%

Figure 6.7 Sampic profiles obtained using C18 under (A) constricted flow conditions and
' * (B) uniform flow conditions. The sample was 10-3 M amaranth.
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Table 6.12 . Sample velocity at the column wall and center for the front (outlet) and
" back (inlet) edges of the sample zones shown in Figure 6.7. The

flow conditions for each are given in Table 6.11. The sample was
10-3 M amaranth for the C18 columns.
'

——

Sample Profile  Front Edge of Sample Zone

Back Edge of Sample Zone
Figure # ui center ui;wall Ui center uj,wall
(ecm/ sec) (cm-)sec) (cm/ sec) (em / sec) :
67a 0.24 0.20 .. ~0 ~0
6.7b « 043 . 0.40 ~0 ~0
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Although under normal condmons a chromatography col%ls alwq/ys packed and
_ “;used with constncted ﬂow endﬁttmgs, the results of the present expenment are helpful in .
. explammg the broad sampie peaks obtamed w1th PRP-l The PRP-l stati nary phase does
: _-not appear to be wetted sufficxently by the types of solvents commonly used i in reverse- |
- phase chromatography and consequently, the partlcles do not cohere well.| Snmlar '
Z ;*problems have been studied in soil scxence [6.15, 6. 16] concemmg the cohesweness of
‘soil. The ablhty of soil pbrtwles to stlck together in a stable packing structure depends on
- two parameters The ﬁrst is chemlcal cohesweness which results from wjrter wegmg the
‘ 'soﬂ partrcles and pullmg them together by caplllary acugn The second is, fncuon between
C partrcles whxch prevents shppage and collapse of the soﬂ structure The stablhzmg effect of
| fnctlon is more. unponant for uregular partlcles and those that are not wetted sufficrently by
vwater In the case of PRP—l the sphencal part1cles appear to be dry and not wetted very
well by aqueous-methanol mobllc phases Consequently, the pamcles do not seem to o
i develop a stable paclq,gé conﬁguratxon They move in response toa stress ( the moblle
o phase ﬂow) whrch is placed on them by shifting out of the path of the mobile phase
stream In a constncted flow column norrnally used in HPLC thls causes the center
B ’ reglon to have a hrgher permeabthty and a hxgher vblocrty than the wall reglon and this

' transcolumn velocrty mequahty cannot be relaxed sufﬁc1ently by lateral transfer

' 6.27 Plate Height Calculation Based on Velocity Profile

L

\ o -+ If the PRP—l packmg were bemg pushed toward the walls by the moblle phase ‘
‘\ .
\ sneam as suggested above, there would be an mcreased amount of stanonary phaSe in thrs

\_4

reglon and consequently, a slower moblle phase lmear velocuy and a larger ltl' for the

| sample as drscussed in Secuon 6 1 2 and 6 1 2. The program H(WS) descnbed in

SN



paraben ) and 45 hter per kg ( 4-phenylazo—l» aphthylarmne ) on PRP-I For both :

A

g samples, the number of moles eluted from ‘lthe rlngs was plotted vs retentron nme of
/

'v ~ solute. These srmulated peaks are shol 1in Flgure 6.8. The smulated peaks do not have

4 Th1s program only consrders the effect ofa

o

'non-umform velocity proﬁle on p ak shape and H and it neglects Other sources of -

the same shape as experimental pe
.. bandbroadenmg. Also, in the pfogram it.was assumed that no lateral uansfer occumed
j hetween the velocity 'region/s: k | | | | | |
A Figure 6.9 shows l{ow thp model sample zone shape Wthh was used for the!
| H(WS) program woulgl’ look durmg its initial movement down the PRP 1 column. Also,a
"real" sample zone wrth lateral transport is plctured for a companson Both the model and
" the real zones are’ evenly distributed across the bed cross- -section upon 1njecnon and this is
v shown in Flguze 6.9a and 6.9d. The model zone actually has an m]ectron shape of zero
' w1dth (an impulse functron ) but it is shown having a ﬁnlte width i in Flgure 6.9 for
dragramnzm
, dense packed wall reglon whlch causes a faster mobrle phase linear velocrty inthe -

center than at the walls. Therefore, after the model sample zone has moved ashort

/ﬁstance down the column it looks hke somethmg like a triangle wrth a‘uniform wrdth
jxgure 6 9h ). The plate helght would be related to the dlstance between: the foremost :
pointof the zone at the center and the hlndmost pomtss at the walls. The plate herght
would mcrease as this drstance increased. The real sample zone is arc—shaped and because
some lateral transport has' occurred, the w1dth of the zone is not umform but resemble&l
shape erawn in Figure 6.9.

As the model sample zone elutes‘ farther down the cﬁlumn it becomes an

‘ mcreasmglv elongated "tnangle" but always retams a umform w1dth ( Flgure 6. 9c ) Itis -

3

189

Ty

tical purposes The column has a less densely packed center region and amore



-

| *'i-‘fweighrofpac;ungat Wall' 0.0171 g

imghzof.packmg at Center 0.000262 g
g Density * - 0.37 g/ cm3

‘ Ah'asitéti‘s»k'v'( *) indicates an experimentally measured valueJ

RN

lc 6 13 Vanables used for the program H(WS) to predxct the effect of an tmevcn '
| packmg dcnsxty on plate hcxght v o
Variable o o Vale 4
'Column Length (L) v ~ S5cm ’ v
" Column Radius ( R“)‘*——'“_““ - 0205 cm '
~ Number of Rings ' 30 S
* Moles Injected * 1x10-8 - .
" Particle Dijameter (DP ) * ‘ 0.001 cm | -
Column Pressure Drop ( P ) « 915 psig -
*Vlscosny( VISC) * . 0.014 poise
DlSU’J‘bU!lOﬂ Coefficient *' ~ 45and 1ljter/kg TN
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Figure 6.8  Simulated elution peaks for (A) 5 x 10-4 M methyl paraben Kj =1 Vkg and
(B) 10-3M 4-phenylazo-1-naphthylamine  Kj = 45 l/kg. The peaks were

+ . © calculated using the program H(WS). The “column" used in the simulation
was a 5.cm long .PRP-1 column. The column i.d. was 4.1 mm. '
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obvrous that the peak shape wh1ch will result from thig zoné will always be fronttng, smce
the faster moving center region has the smallest volume and the least sample In contrast,
! the real sample zone becomes broader ( Figure 6.9f ) as 1atera] transport moves the sample
to different adjacent radial posmons, producing a more symmetncal eluuon peak. The
width of the real zone is still quite wide, due to the transcolumrrnon-umform veloc:tyr~
" ‘ profile but the real zonewill be narrower than the model zone. If lateral tr;ansport is slow,
the real zone will rnore closely reseinble the model zbne. ‘
Since lateral transport relaxes the effects of a non-uniform velocity proﬁle, the
_ program H(W S) will overestimate the bandbroadenmg due t/o a non-umform velocity
' proﬁle and the plate height calculated from the simulated peak wrll be too large. However
- since a gax_tsg_glu mn non- unlform velocity profile is not expected to be relaxed much by
lateral transport because of the large radial distance to be crossed, this error is not expected
to be very large. The plate height obtained from this pmgrﬂ'n will be useful as an upper
: hmit to the bandbroadenmg caused by the transcolumn non-umform velocity profile
measured on PRP.1. -~ N
: Table 6.14 lists calculated and experimental values for Ws, Vm, up,max and
Uo,mm Smce these values caleulated from H(WS) match the expenmental values quite |
well, it can be assum ] the program is reasonably accurate
The retentio' volumes Vr, and pIate hmght& H; mea'hred for the simulated peaks

A g

ing expenmental peaks are also Hmedin‘l‘saﬁe 6.14. These values were

: j mg the center of gravity and vahant;e’usmg moment analy31s for the
- simulated peaks ) wn m Figure 6.8 and forthe expenmental peaks It can be seen the
plate heights of the simulated peaks increase very shghtly with increasing Kj by comparing .
' th“eavera'ge valu s of H for Kj=1and 45 liter“p’e'r kg. ?I‘heoplate height, H, is 1.25x larger
for aw\sample with a distribution coefficient which is 45x larger. This indicates that the kj'
effect on p.'ate height fora column with a non-uniform phase ratio distribution is minor, in

agreement with what was found by others [6.2]. ‘Although therange of H, listed in Table



‘Table 6.14 Companson of simulated values from the program H(WS) and expenmemal

© values measured from elution chromatograms on PRP-1 cqjumns (Semx4.1
mmi.d.). The error for the experimental values is given as one standard -
dcv:auon The experimental values of H and Vr were measured for (a)
methy] paraben and (b) 4-phenylazo- l-naphthylamine.

e

" Parameter Values from Experimental Value
Simulation , /

W ( grams ) 0.27
V2 mLs) 0.42

Uo,max (cm_/séc) L 0.50 ‘ 0.51 + 0.11

Yo, min {cm/ sec) C0.22 . 0.22 + 0.10

Vr (mL) _ :
Ki=11lkg \1.1 . 1.0+ 0.1 a

- Ki=451kg ‘19.3 129+1.2- b

H (mm) . _ : -

' Ki=1lkg 1.2 ' - 0.43+0.28 a
Kj =45 1kg 1.5 R 27+12 b

.oRange of Simh]atcd H (mm)
Ki=1lkg ¢ 02- 2.6
Kj =45 lkg 0.2-3.0

* This value was obtained by weighing the stationary phase in one column.

[+
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' 6 14, seems to indicate that these values are the same within expetimental error, this is not' B
true. The range of H for both samples was calculated as follows. To calculate the lowcr

end of the range, the lowest H was determined by using the smallest difference betwebn
Uo,min and up max to select the correct WS values for the H(WS) program. This i xs), clqne

by calculating the fastest up min and the slowest uo,m. o _

Fastest U min, = Average ug min+ 0 = 0.22 +0.10 6.24° ')

Slou/est Uy max = Al/erage Upmax-C = 0.51-0.11 - 6.25
o is the standard deviation and is listed in Table 6.14. ‘The upper end of the range (the -
' largest H ) was calculated in an unalogous manner using the greatest difference between
Uo,min and up max . For the largest value of H, the slowest Uo,min and the fastest y
up, ma)r are the desired numbers. Slnce the 'rangc ;)f ﬁ shows the error due to differences
in the experimental values of ug min and uo, mm thé range should only be used for

l

@ :
comparison between the simulated and expenmental results. It shoult fiot be used for

companson betwcen simulated values of H for samples with dxfferent Kj since the range

for both samples was calculated using the same differences between Uo,min and Up max.
The trend of a slightly increasing H as Kj increases is real but the exact value of H for each
sample, based on the uon-unifdrm packing density distx'ibution, is somewhere between 0.2 ‘

mm and 3.0 mm.
6.3 Conclusions | | ‘

From the permeability measurements on PRP-1 it appears that the bed is not being
compressed as the column pressure increases, therefore, bed compressign is not |
responsibl= for a‘non?unifurm packing structure and non-uniform velocity proﬁle. There
seemed to be no systematic diffcl‘encc in the permeabilit'y using different fnethanol-water

.
- . . ) ;e
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mobile phases, indioating the bed of PRF-1 was not expanding due to particle swelling in 7
these solvents. These results differ from those fdund for acetonltrile and uetrahydrofuran
mobile phases. ;

| Sampl'e velocity pxoﬁlea were observed directly using the velocity profile technique |

" based on injeeting dyes. The profiles were found to change depending upon how the ,‘,
mobile phase exited the column. When the mobile phase outlet flow left in a constricted
manner, the sample velocity profile was fastest in the center and slowest at the walls.

When the outlet flow uniformly left the column, the sample velocity was now slowest in
the center and fastest at the column walls This phenomenon of a changing velocity profilg

| shape with changing outlet endfitting conﬁgurauon. was not observed with a C18 packing.

: Rega}less of the moblle phase outlet conﬁguratmn the sample velocxty on Cl18 was

always fastest in the center and slowest at the walls. Also, the sample velocny profiles on

C18 were more uniform and not as exaggerated as those viewed on PRP- 1.

Based on these results, it was concluded that the PRP-1 columns had unstable N
- packing structures whicheshifted in response to the outlet endfitting configuration. An
_ unstable packing structure coulcl be partially responsible for the large plate heights obtained

on PRP-1 by oausiog a uneven transcolumn velocity distribution. Although this could

. explain the generall\f low efficiency of PRP-% relative to the boné%'d-phase columns, it
would not explain tl'le sample-speclﬁc bandbroadening observed for some non-polar,
highly conjugated compounds.

| One possible solution to the problem of the unstable packing structure would be the
use ol' mobile phase solvents which would better wet the PRP-I stationary phase. Work in
this area has been done by Bowers and Pedigo [6.17]. He found that peak shape improved
and plate height decreased when methanol-water mobile phases containing 5% to 10%
tetrahydrofuran were used. Another possible solution would -be to bond a small quantity of |
polar substituent groups onto the PRP-1 surface. This could improve the wettability of the
PRP-1 by typical reversed-phase mobile ohases and increase particle coherence. If only a

A
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small percent of the surface were modified, the adso:pﬁon properties of the PRP-I would

| prob : bly not change substantially. This has been mempted by Yang and Verzele (6.18] for

I.

et polystymm-dlvmlybenzcne copolymer. They used 7 pm diameter pamclcs which

i’j\avcrage pore diameter of enher 3nmor 17 nm( PRP-l has an average porc
v rof 7.5 nm) and the mobile phases used by Yang and Verzele were

‘ not possiblc. Howcvcr, their mo%iﬁcd polymers did produce ldwcr plate
PRP-1. Yang and Verzele measured H values of approximately 0.2 mm for a \
series of small, polar samples. Iti is not known what effect this modified polymer would
have on non-polar, highly conjugated aromatic samples.
The H(WS) calculation showed that plate height should increase only slightly as the
distribution coefficient increases, indicating that bandbroadening due to a non-uniform
o phasc ratio is minor. This agrees with what was found using elution chromatography as

dlscusscd in Sectmn 3.2.2, where H was found to be 1ndependcnt of kj'.
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Cbnclugions and Future Work

-

The work p>;semed in th;s thesis was dndertaken in order to determine the origin of
anomalous bandbroaﬂemng observed on polystyrene-divinylbenzene adsorbents uscd in

| rcvcrscd~phasc liquid chromatography. I'he adsorbent choen for this study was Hamilton

"+ PRR-1. There appears to be two sources of bandbroadening on these stationary phases. A

‘ gcnoral}y low column cfﬁéicncy is observed for all samples, as compared to silica-based
| bc;nded phase columns, and a sample dependent bandbroadening is observed for
| hon-polar, highly conjugated aromatic compounds. The general bandbroadening apocars
to be responsible for plate heights on PRP-1 which are about 5x larger than Bl“atc heights
obtained on bonded phase columns. The.samplc dependent handbroadening is responsible
. for plate heights which are about 25x larger than those-obtained on bonded phase columns.
The source of the general bandbroadcnin g appears to be a transcolumn non-uniform
"vclocxty profile caused by a non;umform packing density distribution across the column.
This varying packing density occurs because the PK{ 1 particles are not wetted well by the
aqueous-methanol mobile phases commonly used in reversed-phase liquid chromatography
and therefore, they do not c_olfcrc well. One possible solution to this poor cohesiveness is
addition to the mobile phase of organic solvents which wet the PRP-1 more efficiently.
It would be of great interest mj;"foat the velocity profile studies on PRP-1 using such a i
mobile phase to see the effect on the sample zone profile. Another possible solution is _
modifying a small percent of the PRP-1 surface by bonding h;'dmphiﬂic substituents which
might improvo the wetting characteristics of PRP-1in Jh¢ aqueous-methanol mobile
phases. : \‘
The origin of the sample-spetific bandﬁroademng was not found. Measurement of -

an adsorption isotherm for a sample (naphthalene.) which exhxbltcd this excessive

bandbroadening showed the 1sothcnn to be hneark the sample concentration region of )

\ S
\

\
\
\
Y
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interest. 'I'herefore. isothem: non-linearity was not the cause of the sample dependem '
- bandbroadening. ‘
| Thedewrpdonmteofnaphthalémwualsomeamredmdfoundbbetoofakttohe
responQible for the excessive bandbroadening. It would be interesting to repeat the .«
desorption rate expcﬁmﬂ( for another sample Which does not produce péaks on PRP-1 |
with cxccssivcly large plate hcights’(such asa parabcn compound) and compare these ..
results with the naphthalcnc rcsults This could provide some clucs to the source of the
sampl:‘:%cpgldent bandbroadcnmg Also, repeating the desorption rate experiment on C1 8
with a highly conjugated aromatic could be useful for future direction in discovering the
source of ‘this ban‘dbroadening. ‘

The shallow bed technique was modiﬁ.ed for measurement of the‘naphthalene .
dcsorpt-ion rate. The general technique works well by allowing measurement of first order
desorption rate constants of about 5 sec-1 or less, under-irreversible conditions. Some
refinements could be made to the appa}atus to improve the accuracy of the measutement >
and ease of operation. These include detreasing the hold-up volu?mc, Vm', so that it is
appr;)ximatcly equal to the bed void volume, Vi, This would rcduéé the amount of ﬁmplp
presentin Viy'. Alternatively, if the mobile phase could enter and exit the bed in a stream
which has the same diameter as the bed, the hold-up volume in the frits and other dead
pockets would be swept more efficiently by the mobile E}xasc. v.Tl'\liS would also decrease
the amount of sample present in the hold-up volume.

| Also, use of a gas to propel the mobile phase is not ideal because ilt causes some
drying of the stationary phase and even evaporation of thg sample under some ¢onditions.
A better method would be to use a syringe pump which could 6bcratc at prcssurcs: of at
- least 300 psig. |
' The peak simulation program discussed in Chapter 4 and Appendix I is useful for

predicting peak shape from isotherm curvature. Future work suggested in this area

/
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includes running simulations for samples which preduce asymmetrical elution peaks caussd “
solely by.isotherm non-linearity, in order to further evaluate the accuracy of this simulation..
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. APPENDIX I

Peak Simulation Program
-
X
A1 Basic Algorithm -t
The algorithm used in this ﬁrogram will be described in a stc ner. Thc

basic pringiple in the calculation is the discreeg, stepwise move of a sample band down

a "column”. The column is diviged axially intq increments and thc sample zone occupxes a

certain number of these increments dcpe‘ndin g upon how much the zone has been

broadened by non-ideal chromatographic effects.
X

1. Initally the sample is injected into the first few column positions as shown in
step 1 of Figure Al.1. | |

2. The band is moved downterrpositions ( Step 2 of Figure A1.1).

3. The sample band profile is convol\’/efi\»'vith a Gaussian distribution to simulate
bandbroadening ( Step 3 of Figure Al.1).

4.  The equilibrium mobile phase con:entration is calculated for each column
position using the quadratic formula to sdlvc‘cquation A.52. From this
concenuaﬁon, the distribution coefficient and the velocity of sample in each position
can be calculated from equations A.54 ~A_56. Next, the distance tha: sample in each
posmon will move ( Xj ) during a specified time period, DT is determined using
equauon A.57.

5.  The sample at each column position is moved the distance Xj to its new column
position farther down the column ( Stép 4 of Fig:n‘c Al.l1). If the isothermis
non-linear then the distance, X, moved by the solute at its various positions will nqt
all be thc same and the sample dastnbutmn will assume an asymmetric shapc as seen

“in stcp4ofF1gure All.

6.  All positions past the column outlet are checked for sample. If sample is present

\4/ in these positions, it has eluted and the amount plus the time of elution is stored.
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1. Iniially, the sample is injected into the first three positions.

>

5 6 7 8 9 10 11121314 15 16 1718 1920 21 22 23 %4

.

2. It is moved down the column 10 positions.

»

23 456 78 910MN1213 1415 16 17 1819 20 21 22 23 24 25 26

{

~

1 2 3 4

- 3. The sample distri butiog is convolved with a Gaussian plate height function.

>

5.6 7 8.9 10 1 1213 14 1516 17 18 19 20 21 22 23 4
¢ P I

o4

ghal

é

£

1 2 3 4 5 6 1

"a

4. Tne new sample distribution is moved another step down the column,

AN

Rt

.
- Figyre ALl Diagram of the steps which occur in the peak simulation program.

8 9 10 1112 1314 15 16 17 18 19 20 21 2223 24
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7. Steps 3 through 6 are repeated until all sample has eluted from the column.

This program was optimized to calculate results for the elution of naphthalene in 90%
methanol(aq) on PRP-1. The algdrithm calculates the effect on peak shape produogd By
cither a linear isotherm or onevthat can be described by the Langmuir isotherm equad%.
although it could be used wnh any shape isc_)thexm by slightly altering the current program

One dimensional arrays which contain 256 points are used to monitor the sample as it
migrates down the column. Most of these points represent positio‘ns on the column and the
number of on-column positions is selected by the operator. The rcmainidg points represent |
positions past the column outlet and are used to monitor eluted sample.

Most numbers must be entered in exponential form.

(ex) 1.0e-3 1.5¢l
The few variables which are entered invintc.ger form are the number of steps ( STEP ), the
number of column positions ( NPOS ), the number of injection positions ( HsIJl;OS ) and
the minimum number of positions to be moved. in each step ( MINPOS ). ‘

There is a glossary of terms used in the progfam at the end of this appcxidix.

"A.2 Selection of Operator-Entered Values

Several of the parameters which are entered by the operétor at the start 04; program
have obvious meanings and their values are easily chosen. The initial sample
concentration, CINJ, is the concentration. of sample solution which is injéctcd. The Elate
height, PLTHT, is an experimental plate height measured from an elution chromatogram
run on the real column which is being modelle;i in the simulation pr(')gram. The column
length (LENGTH ), void volume ( VM ) and weight of stationary phase ( WS ) are also
measured values from the real column. The void volume should be only the inter- and

imraparticlé volumes and should not includc extracolumn void volume. The weight of
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mﬂonm'y phase can be emd by multiplying the packing dcnsity by the empty oolumn

geometric volume. .
The two isotherm coefficients, A and B, are calculated from the experimental - L
| adsorption isotherm of the sample whose oludﬁis being simulated. The average mobile |
phase linear velocity, UAVE, is also megsured during an experimental elution
chromatogram of the sample.

Three parameters which are ot sclf-‘\:vndent are the numbcr of column positions
( NPOS ), the number of injection positions ( INJPOS ) and the mlmmum number of
positions to be moved per stcp (MINPOS ). In this program the total number of both
column and post-column positions is 256. The total nu\-nber of positiops must be a power
of 2 for the FFT and convolution subroutines. The greater the number of positions, the
more a;ccurate the peak simulation results will be but the time required for calculations
increases in a non-linear manner with an increasing number of positions. The value of 256
was chosen as a cqnmonﬁx since fairly good accuracy was acheived with tﬂe simulations
talcihg a masonét;ic time ( 30t0 45 minutes ).‘

The number of column positions must, be less than 256 but should be as large as

possiblg( The number of post-column positions is the remainder and is calculated using

equation A.1.

Post-column positions = 256 - Column positions _ Al
. )

There must be a sufficient number of post-column positions to store all of the eluted

sample. If not, both the convolution operation and the number of moles eluted will be -

incorrect. The number of post-column posiu'ons needed is dependent on the plate height.

As the plate height increases, the simulated sample zone will become wider and more S

post-column positions will be necessary. The number of post-column positions necessary

\
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 can be roughly calculated by assuming a Gaussian shape for the nmplemeak and solving

for the baseline width. - _ \
Baseline width = 6 ox | ' A2

A -
The o is related to plate height (PLTHT ) and the column length ( LNGTH )by equation

A3 \ '
"6, = YPLTHT LNGTH A3
Substituting gives equation A .4
Baseline width = 6 YPLTHT LNGTH . A4
o - . : .
- To change this to positions it is divided by the number of centimeters per position
(DX) using equafion AS.
Postcolumn positions = 256 - NPOS = 6 YPL LNGTH
. DX A5

Since DX is dependent on NPOS, this is an iterative calculation which is repeated until the
maximum value for NPOS is found which allows for a sufficient number of post-column
positions.

INJPOS is the number of column positions the sample is jnjected into. It is calculated
M.,v.szh errwTTus 22z ,J

assuming the sample is injected from an injection loop of known volume. First, the void

volume in each position is found using equation A.6.

VM

VPOS = Rpos AS



VM is the mter- and mu'apamcle voxd volume m lrters. Ihe number alch

calculated usmg equatmn A 7 INJPOS must be an mteger S ” o

N

L mJecuon loop volume
“g”’os = vPOS

¥

A

RS

' The number of steps, STEP is. chosen by trial and error. Inmally, a small number is
- selected for STEP suclyas 10 or 20. The program is run and the printout of the results -
w1ll list the sample concentranons, CM(J) and thexr respecuve positions, J, on the column

“‘w_:‘? ’

" for the last step. From this information the number of steps necessary to completely elute ‘7

-

| the sample can be esnmated.

: Tlus sectlon is meant to cornespond with each’ secnon of the program and is listed in

‘ the same order that each calculauon appears in the program. The vanables are deﬁned in 5 K
o the glossary at the end of th1s appendlx |

S Cal(:ulatxon of the phase ratio ( PHASE )

PHASE = L . : - - _
Ty Calculati'pn of the leng_th'of each column position (in ycr'n_):
Y0 ¢ _LENGTH et T

C_alculation of the void volume of each column postion‘ ( 1h li:tuers_)‘ :

VM } B
NPOS - A.10 ¢




' e o o
. Calculation of the weight of stationary phase in each column jposition : ’

NPOS | " All
Calculanon of A2 the coeffiment of nm2 in the second order polynormal ( equanon A 52 ),
* which is used to detenmne the number of moles present in the mobxle phase,at equlhbnum

for each column position. -

B o .

: Calculation of the v minator, ROOT3 of the quadranc formula Wthh is used to solve ‘

A2

for nm in equauon A. 52

ROOT3 =2 A2, A o A3

"A32 Calculate plug injection profile
' Column positions J = 1 through INJPOS have CM(J) set equal to }.he injected -
sample concentratlon CINJ to simulate a umform square wave mjec'tmn CM(J) for the

" restof the posmons is set equal to zero.

A33  Calcy gggn gf'I‘MINIT (the in gal DT) |
The mmal time mcrement, TMINIT is the time reqmredﬁ move the mJected sample j
10 column posmons The mmal mUVe of 10 column posmons s necessary because the
sample band will be convolved with a Gaussmn plate hexght function, H(), and there: must
be posmons on both sides of the sample band center of gravity in order to perform the
convolunon o , »
) . To calculate TMINIT the initial sample veloclty, UINIT for. the mJected sample
solutﬁn must determmed First; the equﬂxbnum sample concenuauon in the mob,lle phase '
is calculated by usmg the quadratlc formula to solvc equauon A 14. |

Y



THR, =

B % WPOSAB B NINIT] - ,
0= Vposn +[1 ol o nm-NINITI e

:;Equauon A.l4i isa rea.rrangemcnt of the Langmuxr 1sothexm equatnon The term nm is thc

number of moles of sample present in the moblle phase at equilibrium. The total moles of i |
samplc present in both phases is NINIT., LT
;NINrr=ns+nm S A.15

~ The term ng in equation'A.15is the number of molcs present in the&stanonary phase at

equlhbnum For an 1sothcrm-wh1ch is dcscnbed by the Langmulr equatlon, the relation

‘betwcen thc mobile phasc equilibrium concentrauon M]NIT and the total moles present

can be derived as follows. The isotherm equauon is ngen in equation A.16.

B A MINIT i
CSINIT = B MINTT B MINIT -  Als

- CSINIT is the initial equilibrium concentrauon in the statlonary phase Rewrmng cquatlon :

A.16in terms of moles glvcs

n, B““vpos
WPOS =

1+B

Ny _ ' : :
VPOS ‘ , , A.17

Elumnaung ns by subsututmg cquatlon A.15 into A.17 gives:

NINIT-n, BAvpos
WPOS

1+B

Rearrangmg equanon A.18 gives the second order polynomlal listed in cquanon A.l4,

The cocfﬁcwnts in the quadranc formula are :

| B2 S : S |
. A2_»VPOS‘ - \ A.19
“ Bp=14WPOSBA BNNT - | .
| , VPOS VPOS ' A0
€2 = -NINIT - S ] A2l



Solvmg the quadrauc formula gives the number of moles present m the moblle phase at

and this is converted from seconds to minutes to give TMINIT.
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equxhbrmm for each i mjecuon postlon To get the equllbnum moblle phase concentranon
MINIT nm is dlvxded by the voxd volume of a column postlon VPOS i
The next step is to determine the initial stanonary phase ethbnum concentrauon, B
CSINIT. This is done uslng equation A.16. Next, the initial dlstnbuuon coeffiment

DISTO is found by takmg the ratlo of CSINIT to MlNIT

L

P
£ i
SN
B j Ta

CSINIT - |

DISTO = ' . “ Y . ) '
" MINTT | B A2

The initial sample velcity, UINIT, is obtained using equation A.23 :

" UAVE | B
' \

UNIT = 15 DISTO PHASE S a3

Fmally, the inital time mcrement is found by d1v1d1ng the distance moved ( 10DX ) by the ° O

x‘i

initial sample veloony
&

-~

_ 10 DX . A
"UINIT - : A24.

/ ’ | \

por O~ |

60 | | A25

A34Cal&ulmzmm1mum..a!ue.all1_ed_£onﬂmm -

CM(J) is equal  $o the total number of moles in each column posmon divided by
VPOS Itis thlS quantity Wthh is moved and convolved in the program '

During convolution spurious. values are génerated due to round-off error. These ‘
values are very emall numoers and should actually be zeroes. In order to make the
pr’intoutsvof the results shorter and easier to reed, these spurious values are set 1o zero by
comparing them with a parameter called CUT OFF To determine CUTOFF the Gaussian ,
plare »-heightkfunction for the entire length of colurnn is bcalculated. CUTOFF is equal tothe |
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maximufn value of the Gausslan funcnon mulnphed by CINJand a factor whxch sets the |

‘lower concentrauon hrmt. Cm'rently this factor i is 10-6,

* curorr < | 427 1B =L LENGTH ] CINI 10°

' ' - ' A.26
' 4 o

Any value of CM(J) which is less than this is set to zero. This value is valid for the plate
“height used for the naphthalene calculanons ( about O 4mm). Ifthe plate hcxght is larger
than this CUTOFF should be decreased by decreasmg the factor. .

A3.5  Initidlize elution chromatogram |
This section sets the values to zero for the three arrays used to store the moles eluted
and elution times. The three arrays are NTOTAL( ), CHROM( ) and T( ).
A3.6 vg one time in nt down lumn
~— v =
Thls loop s1mu\gtes sample tmgrauon down the*column using dlscreet stepw1se

1ncxements which occj.lr during a time period, DT STPNUM is the- mdex variable which

1nd10ates what step number the loop isin.

A3.7

This sections calculates the Gaussian distribution used in the convolution to simulate
.bandbroademng due to non-ideality. The general equauon for a Gaussian curve is glven in

'equauonA27[A11] U o ; . ,

F(x‘)'= — exp | —— S ' »
o2 20, | A
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The: standard devrauon of the funcnon is ox and it has the same umts as x. The term x is

the dJstance from the average value , AVE, of the, function. In the program the Gaussian
| Amsmbunon was calculated by first. ﬁndmg the center of grav1ty, FM of the sample profile,
CM(). Tbe first moment is- equal to the average X va]ue, AVE of the Gaussmn distribution,

AVE = FM - IR - A28

| The standard dev1anon SIGMA was calculated using the plate height and the distance the

sample band moved during the step, DLNGTH. .
| SIGMA = YPLTHT DLNGTH - - A

* . The standard deviation in units-of cm, SIGMA must be changed to the standard dev1anon in

Then, the exponential term was calculiedw ’

number of colurhn posmons, SIG.

SIGMA

SIG = JIGMA |
‘ o - A.30

The pre-exponennal term and the denormnator of the expongrt in the Gaussmn equatlon are

calculated next
Ql = ____l__ﬁ ’ ' ! o ‘
. SIGV2 1 ‘_ Al
Q3 =2 (8IG)2 - - A2

In order to calculate the numerator of the exponennal term ‘a lodp was used:- Flrst, the

difference between each column position, J and the’ average sample posmon AVE was N '

taken. o = . ‘
Q2_-(J AVE)2 | o ' : . A.33

: 2
v - 2 v
& Q3 | | s C A34

)
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o Finally, the value for the Gaussnan dlsmbuuon, H(J) could be calculated for each column

posmon , ' ‘
HO) = Q1 exp(Q4) S | . A3S
If Q4 was less than - k 1-(l H(J) wus set to zero to prevent exponent underﬂow from
occumng This functmn H(J) represents the bandbroademng due to non- -ideal phenomena
such as diffusion. : '
A.3.8 volve n n-l'n nd non-i

The sample distribution, CM(), and the Gaussxan dlstnbuuon H( ), ane convolved to -

produce a new sample distribution whxch has lower concentratmns at each column position

- and a broader shape. The convoluuon subroutine, CONVL, is called by the folloévmg

command. : A
CALL CONVL(REI IM1,RE2,IM2, RES POWER INVERS) _
| RE1 and RE2 are the distributions CM( ) and H( ) expanded from thexr orlgmal 256 pomts
| to 512. This is necessary because the convolution process will generate 2n 1 pomts for.
functions of n points and RE1 is used to store the results of the convoluuon The
addxuonal 256 data points in the arrays are filled with zeroes prior to the convoluuon
’ RES is the number of points in RE1 and RE2 (512 ) Both REl and RE2 must have

the sarne number of data points. POWER is calculated using equation A.36.

| R
POWER = antilog( log Z”Ei) A 36

IN VERS equals 0 for a convolutlon and 1 fora deconvoluuon
The Founer transforms of CM( ) and H( ) are substituted i mto REl IM1 and RE2
IM2. The convolution is done by solving the following equations’ for each data poinL ‘

First, the real part of the convolved function is solved :



-

TEMER - " [RE1(0) RE3{]]+ . A 223
[RE2() RBz(J) [IMZ(J) (J) o A37
- Next, the i lmagmary part of thc convolved functlon is solved using equauon A. 38 »

™M = Lz(n IMl(J)] [RE1() IM2(D)] |
. [RE20)) RE20)[+ [IM2() M2(D)] T " A38

Once the imagmary part is calculated the real value in the temporary file TEMPR ‘can be

substituted into RE1(). _
'~ REK) = TEMPR = . - : e A39
By subsntutmg the convolved values back into RE1 and IM1, computer mem(;ry space is
saved by eliminating the need for two micre arrays to hold the convolved values

This process is repeated for,each of the 512 data pomts A reverse Fourier transform |
is then performcd on REl( ) and IMl( ) to obtain the new sample dxsmbuuon
TEMPCM().

~ The fast Fourier transform ( FFT ) algorithm requires the number of data paints in

. each function be a power of 2.

Number of positions (# of J) = 2X o " A.40
For this pmgx'arh"256'points were used ( 175 column positions and 81 positions past the

column outlet ). As mentioned earlier, a greater number of positions would improve the

| accuracy of the peak shape but would i increase the time of the calculatxon

The FFT subroutmc, FOURI [A1.2] qcalled wnhm the convoluuon subroutme by
the followmg command. .

CALL FOURI(RELIM1,RES,POWER DX,INVERS) |
RE1 is either the sample array, CM( ) or the plate' height function, H( ). IM1 is the

_imaginary part of eitht;r/o?’ﬁ:ese functions and is an array filled with zeroes. RES is the |
-number of data pomts (512 ) and POWER is calculated as shown in equation A.36. DX

has a different meaning in the convoluuon and fast Fourier transform subroutmes than it

does in the main body of the program and it is calculated by usmg equation A.41.



oy R | 224
DX = R | :
~RES . | A4
Again, a value of zer0 for INVERS indicaties a forward Fourier transform and a value of

one indicates a reverse.Fourier transform,

G

A39 " Qm&mmmgmmmgmﬂmmg_ﬂm

The convolution proccss moves the center of gravity of the samplc distribution to a
new posmon farther down thé column. Howcver in this simulation, this is undesirable.
Any movement down the column Is to be due only to the sample migration velocity, U(J),
and is related to the dxstnbuuon coefficient. The results of Lhe convolution should show
broadening of the samplc zone w1thout movement. 'I'herefore after the convoluuon the
center of gravity of the new sample dlstnbunon must be moved back tok thc‘ cqlumn position
that it occupied before the convolution. - d

The first moment, AVE, of the pre-convolution samplc/ﬁstribution is already
known. In this section the first moment, FM, of the post-cofivolution sample distribution &‘
is calculated and the difference between the two is taken. ‘ | |

MOVE = FM - AVE | A 42 >
Each point in the convolved dlstnbunon 1s moved back by the value MOVE. First, the-
convolved values, TEMPCM( ), are put mrga temporary file, TEMPH( ).

Y
- TEMPH(QJ) = TEMPCM()) A43
The values in TEMPH( ) are moved back to their correct positions. '
TEMPCM(J - MOVE) = TEMPH()) ' Ad4

The values in TEMPCM( ) are then substltuted into CM( ). The area of the convolved

function and the number of moles present in the e convolved fu funcuon CONMOL are

calculated for use in the next step in the s1mu1at10n ~ y
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A.3.10  Calculate correct concentrations of convolved function

The convolution process gives results-which are lower than the true value.

225

* Therefore, the convolved cdncc?trations. CM(J), must be multiplied by a scale factor,
RATIO to correct them. RATIO is cqual to'the total moles injected, NINJ, divided by the

moles present in the convolved function, CONMOL.

~ CONMQL A.45
//
Each value in the array CM(J) is muluphed by RATIO (equation A.46).
CM(J) = CM(J) RATIO-"

by A46

" The value CM(J) is the to;al moles in both phases at position J divided by VPOS.
~ Therefore, the total moles. at posmon J, NQ)), is given by : 7
N() = CM(J) vpés - A4T
" In order to calculate the dxstnbunon coefficient, the moles present in each phase must Fe
calculatcd. y /’ . -
If the xsothermds lmca,r the distribution coefficient is equal to the stauonary phase
;conccntratwn d1v1ded by 1ﬁc mobile phase concentration. In tHis program, for a linear

isotherm, the dlsmbuum coefficient is equal to the parameter B and M(J) is the mobile

‘phase equilibrium concentration. The equilibrium mobile phase concentration can be found

using equation A.48.
ws ,
B = :
M@®D) , A48

The moies of sample in the stationary phase, ns, can be related to the total moles in position

© I, NQ).-
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ns = N(J) - (M(J) VPOS) ,

Substituting this into equation A.49 into A.48‘,"gives‘ :

[M) vPOS] |

B=NO-—For— ™

- Solving for M(J) gives equation A.51.

A9

A.50

A5l

226

For an isotherm déscribed by the Langmuir equation, M(J) is found by using th:q\uzm\

formula to solve equation A.52 for np, and then dividing nm, by VPOS.

‘0=_——-VPOSH"'+

The derivation of equation A.52 was given in Section A.6.3, except NINIT is replaced by

N@).

-A.3.12 Fin west M() V. late th

DT is the time increment necessary to move the slowest moving CMQ@) the muumﬁ)n

-

number of column positions, MINPOS. Therefore, in order to calculate DT for any step,
the slowest moving CM(J) ha_d to first be found This is the CM(J) with the lowest
b){e’ehase LOWM. To find LOWM it is easiest

equilibrium sample concentration in the

to find the highest ( HIM ) mobile phas

<
o A

HIM equal to M(1) and then comparing each subsequent M(J) value with HIM. If M) is

greater than HIM, then HIM is set equal to M(J). -

Once HIM is found, LOWM is set equal to HIM and each value of M(J) is compared
“with LOWM. IfLOWM is greater than M(J), then LOWM i is set equal to M(D M(J) »

values which are zero are not included in this comparison. LOWM is then used to calculate

"B 1+ WPOS AB B N(@J)
VPOS VPOS | 'm

AS2

,Wle concentration first. This is done by setting



[y

the corresponding CS and DISTCO values. The lowest sample velocity, LOWU, is found
in the same manner as UINIT ( equation A.23 ) and the time increment, DT, is obtained

using eqhation A53.

LOWU - AS3

A3.13

For éach,column position, J, the stationary phase concentration, CS, and the

distribution coefficient, DISTCO, are calculated using M(J) and the isotherm equation,

v

cs = B A MQ)
oo 1 + B M(®) ' A.54
ve - -

PISTCO = &1ty ! A.55

- Using the distribution coefficient and the average mobile phase linear velocity, UAVE, the

sample linear velocity, U(J), can be calculated.

UAVE .o ,
1 + DISTCO PHASE A.56

uQ) =

PHASE is the phase ratio. Once the sample velocit}}is known the distance, X, through
which the sample‘movcs?z)u'ing time DT is calculated.

X=U@® DT ' - AN
This distance is in centimeters and must bg converted to number of column positions,

DPOS. ‘
X

e

D ! DPOS = =<5

DX o A.58

X

227
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The total sample present at each position, CM(J), is moved by the appropriate value of-

DPOS to its new position. o

TEMPCM{ + DPOS) = CM() + TEMPC’M(J + DPOS) A.59
This process is done for each position. After moving all points, the values in the temporary
file, TEMPCM(J) are substituted into CM(J).

CM(J) = TEMPCM(J) ' ‘ A.60
A.3.14 Check for elution

Each time the sample band moves a step down thc'column,» there is a possibility that
some sample will have eluted past the column outlet ( position J = 175). Therefore, the ‘
moles of sample which are past the outlet position are monitored and quantified.

First, the moles of samplc in every post column posmon (J is greater than 175 ) are
added together to give the total moles eluted, NTOTAL(STPNUM). This number includes
moles eluted in previous steps as well as the present step. Therefore, the moles previously
eluted must be subtracted. The moles which elute in a single step are stored in an array

called CHROM( ).

- CHROM(STPNUM) = NTOTAL(STPNUM) - NTOTAL(STPNU M-l)‘. A.61

A.3.15 Calculate zeroeth and first moment for next AVE

Mid, CM( ), has moved farther down the column, it has a new

center of gravity which must be calculated for use in the plate height function for the next _

- step. The distance moved by the center of gravity, DLNGTH, is also calculated for the

plate height function.
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A.3.16 N R 73 Y “f
The elution time corresponding to each step is calculated apd stored fn #¥file,. "
' oo Aot 4
T(STPNUM ). o i _e X ”g ﬁ"" By
* » 5’.",- DT B N e \-r o
. By .J RSO ol ‘{
T(STPNUM =( -3 )+ T(STPNUM - 1) WSROI AN
( ) 60, ( ; e A.62. . ‘
DT is divided by 60 to convert the units to minutes from seconds and then it is added tothe 7 -, i
e
time of the previous step. For the first step T(1) is calculated usmg equation A63 : , '
DT a : . e ]
T(STPNUM) =( — )+ TMINIT _
60 A.63
. .
S
] 4

The calculauons in Sections A.6.6 through A.6.16 are repeated until alliampl'e hﬂ eluted '
frorn the column. This program prints a list of n&* eluted vs elution time:as 1ts outpu; 3 ' _.
The program is called PKLANG and is listed on thé%xt seven pages." ot

* Al

i



SER LI 230
" CPKLANG
* CPROGRAM T0 CALCULATE CHROMATOGRAPHIC PEAKSHAPE

. -C
5 REAL CINJ,BLTHT, LENGTH,CM,TEMPCM IMAGCM HIMAGH TEMPH ,
. REAL AVE.SIGMA ,SIG,DX,Q1,Q2.C ,Q4DT,CSINIT,DISTO . SRR
. REAL AREA,SUM,FM,CMX,CS, DISTC PHASEUINIT = = o

- 'REALU,UAVE,DLNGTH, CHROM LVM,WS MOVE JRATIO, CHROM T
" .. 'REAL PLTPOS,TMINITDLX o |
::;VREALVPOSNINITNNELUTEN’I‘OTAL w‘f’m L e e

~ # REAL SIGOFF,QOFF,CUTOFFE.MOLES RIS ST e
REALNINJCONMOLWPOS,LOWM,HIMLOWU T .
DOUBLE PRECISION ROOT4A;RO0T4B,ROOT5MINITM

- DOUBLE PRECISION ROOT1,RO0T2,RO0T3,A,B,A2,B2.C2
~ INTEGER STPNUM,J,K,STEP,NPOS,INJPOS, MINPOS .
.~ DIMENSION CM(256),MAGCM(512), TEMPCM(512)
- DIMENSION H(256),IMAGH(512), TEMPH(512)
- DIMENSION U(256), CHROM(ZOO) T(200) NTOTAL(ZOO)
DIMENSION M(256), N(256)
FORMAME(IS:3X E15.7) .. -
VA TR 5.7, 3X,E15 7, 3x E157 3X, E15 7)

.FORMAT(I4) ,
| FORMAT(E15.7) , o o
. WRITE(®,10) o , o
- 10 FORMAT(ENTER INTTIAL CONCENTRATION) T
'~ READO,CINJ R
... WRITEG,15) L
15 FORMAT(ENTER NUMBER CF ey UMN POSITIONS As A INTEGER) B
~ READ(9,6)NPOS = o |
- WRITE(9,20) :

©20 . FORMAT(ENTER NUMBER OF INJEC'I'ION

'~ 'READ(9, 6)INJPOS e '

.7 WRITE(9,25) .

25" FORMAT('ENTER MINIMUMPO mON __OVED

INTEGER') - e e 25
- READ(9,6)MINPOS . """ "‘ RN
. . WRITE(6,27)NPOS, INJPOs MIN o I -

27 . FORMAT(3X,NPOS JINJPOS, INPOS =" 14,,3,( 14

.. WRITE(,30) - AEEEIS
30 FORMAT('EN'I‘ERPLATE HEIGHTINCM) o e U

. READ(97)PL'I'H’T e S e

- .40 FORMAT('EN'I'ERCOLUMNLENQ;I‘I—IINCM) e R e
"~ READ(9,7LENGTH " .. T b

% WRITE(6,41)CINJ,PLTHT.LENG

41 FORMAT(3X'CINJ, PLTHT LEa, ,

1.

PO ITIGNS AS A INTEGER)

‘ "WRITE®,42) -
42 FORMAT('ENTER ISOTHERM MONOLAYER VAUUE A)
READ®,1)A -
- WRITE(9,44)- i
. a4 FORMAT('ENTER ISOTH RMMNEAR DIS IBUTION COEF B)
» ADOBB . T{R

WRITE(9,48) . - = "~ 'i ' wa' \

) M Y ""g; N \



a8 FORMAT('ENTERVOIBDVOLUINLITERS') I <) B
READO,)VM* . | | o
'WRITE(,50)

' 50 FORMAT(ENTER STAT. PHASE WT. INKG)

READ(9,7)WS . | , | |
. WRITE@M,52) ' L
- 52 - FORMAT(ENTER AVE MOBILE PHASE ‘VELOCITY IN CM/S)
" READ(9,7YUAVE
- PHASE=WS/VM
. WRITE(6,54AB .

54 FORMAT(3X I§OTHERM COEF. 'E17.9, sx E17. 9)
. WRITE(G, 56)VM,WS,UAVE

56 < FORMAT(3X,'VM,WS,UAVE = 'E15.7,5X,E15.7, 5X,E15.7)

~ WRITE(®9,57)

57 FORMAT(ENTER NUMBER OF STEPS)
. READ(9,6)STEP -

- DX = LENGTH/NPOS

VPOS = VM/NPOS
WPOS = WS/NPOS

: WRITE(6,59)DX,PHASE

59 FORMAT(3X,DX,PHASE = 'ElS 7, 1x E15.7)
A2 =B/VPOS , | '
- 'ROOT3=2*A2 | :
~ WRITE(6,60)VPOS,WPOS

60  FORMAT(3X,VPOS WPOS =E1517, 3X, ElS 7

.C ‘ , B
,CCALCULATE PLUG INJECTION PROFILE ’ e T
S C 5
’ NINIT VPOS*CINJ o D -w-"" ’ e
~ - NINJ = INJPOS*NINIT, & - : ‘
'+ DO61. J=1,256 . R '
- 61 CONTINUE '
«+ DO 62J=11, 10+INJPOS
: - CM@D) = CINJ o : o
62 CONTINUE . o o \
C. - \
C CALCULATEINITIALDT(TMINIT)
IF(A EQ. O)THEN
. DISTO B »
C2=-NINIT - P . R 4
B2 = (1+(WPOS*B*A/VPOS) (B*NINIT/VPOS)) ‘ o
A ROOTl -4*A2*C2
- ROOT2 = SQRT((B2**2) ROOT1) -
ROOTA4A =(-B2 +ROOT2)/ROOT3
ROOTS5 =-B2 - ROOT2 . S e L
- ROOT4B=ROOTSROOT3 Y
II*(ROOT4A LT.0)THEN : ' R .
: MINIT = ROOT4B/VPOS SRS I R o
]F(ROOT4A GT Nt'NYI‘)THEN "E" ‘ : ‘ '

e B

R
L S
¥

Dﬂ,-




' ‘-MINIT ROOT4B/VPOS T «'(«’
ELSE T
- MINIT = ROOT4A/VPOS S
_ENDIF

__ENDIF |

- CSINIT = (B*A*MINIT)/(I + (B*MINIT))

‘DISTO = CSINI'I‘/MI

ENDIF
- UINIT = UAVE/(l + (DISTO"‘PHASE))

DT = (10*DX)/UINIT -

TM]NIT =DT/60
FM = 12.0 .
DLNGTH = 10*DX
PLTPOS=PLTHT/DX ' ‘
. WRITE(6,67)CSINIT,DISTO, UINIT '
67  FQRMAT(3X,'CSINIT,DISTO, UINIT =.E15.7,3X,E15.7,3X,E15.7)
- WRITE(S, 68)DT.DLNGTH STEP
. 68  FORMAT(3X,INITIAL DT,DLNGTH, STEP ,E15 7.3X.E15. 7 3X,13)
WRITE(6,70)NINJ,NINIT,MINIT
70 FORMAT(3X,NINJ,NINIT, MINIT = E15.7,3X,E15.7,2X,E17.9)
WRITE(6,80)TMINIT o
80 FORMAT(3X, TMINIT = E15.7)
C

C CALCULATE, MINIMUM VALUE ALLOWED FOR CM CM < CUTOFF IS SET TO
ZERO. B . '

- C a . e
“ SIGOFF = (SQRT(PLTHT* ENGTH))/DX S
QOFF = 1/(SIGOFF*(SQRT{2*3, 141593)) . -
. CUTOFF = QOFF*CINJ*I 0E-6
C

. CINITIALIZE ELUTION CHROMATOGRAM ARRA V

L]

C. |
DO100J=1,200
NTOTAL(D=0 |
CHROM(J)=0
T(J)=0
100 CONTINUE: _‘ | S
%C ‘
CMOVEIT'HVIENCRENIENTDOWWTTIECOLUMN am o a
; C e )
DO 1000 STPNUM=1STEP - ' ‘
C 1

C CALCULATION OF GAUSSIAN DISTRIBUTION FOR PLATE HEIGHT
FUNCTION

- AVE=FM '
- SIGMA SQRT(PLTHT*DLNGTH)

C CONVERT SIGMA IN CMTO SIGMA IN #POSITIONS
&
" SIG = SIGMA/DX .
IF(SIG-INT(SIG).GE.0. 5)THEN | \-\3
- SIG=INTSIGr+1.0 |
.ELSE

. ’-,\g.
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0 o o

SIG = m'r(sm) , el 233
ENDIF R
Ql = I(SIG*SQRT.043.141593)) <# -
Q3 = 2.0%SIG*SIG) o -

DO 200 J=1,256
Q2 =-((J-AVE)*(J -AVE))
- Q4=0Q2/Q3
IF(Q4.LE.-10.0) | T
~H@)=0 ~ o D '
H(J) Ql*(EXP(Q4)) ' S

200 CONTINUE B | R N
C - " ’
C CONVOLVE NONLINEAR & NONIDEAL PEAK SHAPE

C
DO 250 J=1,512
TEMPCM() =0
TEMPH(J) = 0
IMAGCM(J) =0
IMAGH(J) = 0
250 CONTINUE
DO 300 J=1,25¢
TEMPCM(J) = CM(J)
- TEMPH(J) = HQJ)
CONTINUE ;

CALL CONVI, ‘CM,IMAGCM,TEMPH-;MAGH,S12,9',0)

C CALCULATE ZEROETH AND FIRST STATISTICAL MONIENT S'FOR MOVE
BACK R
C - - : : Co t
. AREA=0 ' ‘
. DO430J=1512
B AREA—AREA+(TEMPCM(D*DX)
430 CONTINUE
SUM=0 .
DO 440 J=1,512
SUM-SUM+(J *TEMPCM(J)*DX)
440 = CONTINUE
'~ FM=SUM/AREA :
IF(FM -INT(FM).GE.0.5)THEN" - e
=INTE?M)+10 : | .

i

R b o . | Ry | o

CMOVE CONVOLVED CM(}) BACK TO ORIGINAL POSITION - |

'MOVE =FM - AVE c ]

'DO 500 J=1,512

" TEMPH()=0 o ,

500. CONTINUE - =« | .
DO510J=1,512 . = SN




WTa

e

& N

TEMPHOWTEMECH®) B

" . 510  CONTINUE -

DO 520 J=512¥MOVE. JMOVE+1,-1
TEMPCM(J-MOVE)—TEMPH(J)

520 CONTINUE N

CONMOL=§ = » " -
DO 550 J=1,256 -
. CM()=TEMRCM(J)
IF(CI(va)a) LT TOFF)THEN
ENDIFE - .,
CONMOL=CONMOL + (CM(J)*VPOS)

550 = CONTINUE -
C

C CORRECT CONCENTRATION OF CONVOLVED CM(J)
C

RA'I'IO—NINJ/CONMOL
DO 559J=1,256
3 CM(J)=CM(J)*RATIO ’

559 CONTINUE
c

C CALCULATE EQUILIBRIUM CONCN IN THE MOBILE PHASE
C

‘DO 580 J=1,256
MJ)=0

- 580 CONTINUE L c s

DO583J=1,256 . |
NO)=CM(O)*VPOS . -~ R
IF(AEQO)THEN =

EI:IS(J) N()/(B*WPOS) + VPOS)

C2=-NQ)
B2=(1+ (WPOS*B*A/VPOS) (B*N(J)/VPOS))
ROOT1 = 4*A2*C2:
ROOTZ SQRT((B2**2) - ROOT1)
A =(-B2 + ROOT2)/ROOT3
R 5 =-B2-ROOT2
ROOT4B = ROOT5/ROOT3 ' N
IF(ROOT4A.LT.0)THEN = . ~ . _

*  MO-= ROOTA4B/VPOS

ELSE '
IF(ROOT4A.GT. CM(J))THEN
M(J) ROOT4B/VPOS

M(J) ROOT4A/V POS
. ENDIF

ENDIF \ ;
ENDIF | R }

583 CONTINUE .
c

CFIND LOWEST M(J) TO CALCULATE NEXT DT
C

HM=M1) .

DO 592 J =2,256



C

IF(M(J) GTHIM)THEN S I : 235
HM=M@) . - S =
ENDIF~ °

- 592 CONTINUE

LOWM =HIM
DO 595 J=1,256,
- IF(M(7).EQ.0)GOTO 595 o
"IF(M(J).LT.LOWM)THEN , | : |

LOWM = M()) ¢
. ENDIF . ~
595 CONTINUE

IF(A.EQ.0)THEN

DISTCO = B

ELSE

CS = (B*A*LOWM)/(1 + (B*LOWM))

DISTCO = CS/LOWM

ENDIF )

LOWU = UAVE/1 +(DISTCO*PHASE)) |

DT = (MINPOS*DX)/LOWU -
C

C CALCULATE U(I) AND DISTANCE MOVED BY CM ATEACH J BASED ON
DIST.COEF. FOR M@ - , -

DO 600 J=1,512
- TEMPCM())=0
600 CONTINUE
- DO 640 J=1,256
IF(A.EQ.0)THEN
- DISTCO=B
ELSE
CMX =M({) . v
CS = (B*A*CMX)/ (1+(B*CMX)) . $
DISTCO = CS/CMX ' :
ENDIF ‘ _ .
U(J) = UAVE/L + (DISTCO*PHASE))
X = DT*U(J)
DPOS = X/DX
IF(DPOS-INT(DPOS). GEYO 5)THEN
.~ DPOS = INT(DPOS)+10 ,,
ELSE
DPOS INT(DPOS)
NDIF

635 TEMPCM(J + DPOS) TEMPCM(J + DPOS) + CM(QJ)
C
C CHECK FOR ELUTION

C
IF((J+DPOS).GT. NPOS)THEN o
. NELUTE = TEMPCM(J + DPOS)*VPOS
NTOTAL(STPNUM) = NTOTAL(STPNUM) + NELUTE
ENDIF

640 CONTINUE ' : Q

IF(SYPNUM.GT.1)THEN
CHROM(STPNUM) NTOTAL(STPNUM) NTOTAL(STPNUM 1)
ELSE



CHROM(I)-NTOTAL(I) 236
ENDIF .

'IF(STPNUM.EQ I)THEN
T( l) = TMINIT + (DT/60)

(STPNUM) T(STPNUM D+ (DT/60)

660

C

END A
. DO 660 J=1,256 - S B
_CM()=TEMPCM(J)) =
CONTINUE
IF(STPNUM.EQ.STEP)THEN
DO 670 J=1,256 - '
-~ IF(CM(}).EQ0)GOTO 670 |
- - WRITE(6,665)],CM(J)
665 - FORMAT(3X,J,CM()) AFTER Ul ='I3,3X E15.7)
670 _ CONTINUE , \ .
'ENDIF - | \
-CCALCULATE ZEROETH AND FIRST STATISTICAL MOMENTS FOR NEXT AVE
C H . P
AREA=0 - - :
DO 700 J=1,256 ~
» AREA-AREA+(CM(J)*DX)
700 o CO NTINUE
W DO 710J=1,266
SUM—SUM+(J CM@)*DX)
710 _CONTINUE o
" FM=SUM/AREA .
~ IF(FM-INT(FM).GE.0. S)THEN -
FM=INT(FM) + 1.0
ELSE .
FM=INT(FM)
~_ENDIF
DLNGTH=(FM-AVE)*DX
1000 CONTINUE
C | | |
_C WRITE DISTRIBUTION VALUES AFTER FINAL STEP
C .
WRITE(6,1100)

1100 FORMAT(3X, TIME',3X 'MOLES)
DO 1200 J=1,STEP -
" IF(CHROM(J).EQ.0)GOTO 1200
WRITE(6,5)T(5),CHROM(J) - | :
1200 CONTINUE v | s
' WRITE(6,1300)NTOTAL(STEP) S
- 1300 FORMAT(3X, TOTAL MOLES ELUTED ='E15.7)
~ 'WRITE(9,1550) .
1550 FORMAT(CALCULATIONS FINISHED')
STOP o
. END' = Gl
C ~ - : : .
C CONVOLUTION BEGINS
cC »



| SUBROUTINE CONVL(REI IMlRE2[MZRES,POWER INVERS) o
' REAL RE1,RE2,]M1,M2,DENOMDX
. INTEGER RES,POWER,INVERS - |
 DIMENSION RE1(RES) RE(RES),IM1(RES) IM2(RES) _,
DX = 1.0/RES - o o
CALL FOURI(RE1,IM1,RES,POWER,DX,0) . e
- CALL FOURI(RE2, 1M2 RES POWER,DX 0 , o S
. 'DO100J=1,RES. ‘ - et
IFANVERS.EQ.0)THEN -
TEMPR = (RE1()*RE2(T) : AM20)IMIQD)) -
IM1(J) = (REI(J)*IM2(J)) *‘\(REZU)*IWD) ,
-t |

DENOM = (RE2(J)* 2(J»+(nv12<1>*nv12<n)
TEMPR (RETA)*RE2())) + IM1(D)*IM2()))
TEMPR = T(ERI\;PQ%B%\(I\E'?M .

IM1QJ) = (RE2(D)*IM1Y))) (REI(J)*IM2(J))
| IM1(J) = IM1(J)/DENOM"
| "RE1(J) = TEMPR
' . ENDIF v
100 CONTINUE oo
CALL FOURI(RE], M1 ,RES,POWER Dx 1)
RETURN
END Y.
C

_ .CFFTI - 1 DIMENSIONAL FAST FOURIER TRANSFORM

e S ' Ty
CFOURI(A,B,RES,POWER DX, INVERS) -
g -

CA = ARRAY OF REAL DATA (LENGTH S RES) '

CB = ARRAY OF IMAGINARY VALUES (SET TO ZERO IF ALL REAL DATA)

CRES = NUMBER OF DATA POINTS ..

C POWER = IS DEFINED BY RES=2**POWER (RADIX 2 FFI')

CDX = TIME BETWEEN SAMPLES (OR I/RES)

C INVERS = FLAG, FORWARD FFT=0, REVERSE FFT=1

C
- SUBROUTINE FOURI(A,B,RES POWER DX INVERS)
REAL A,B,DX,TEMP
INTEGER RES,INVERS,I,J,SPAN,POWER, REVBIN
- DIMENSION A(RES),B(RES)
C

CREORDER DATA
C

DO 100 I=1,RES

] « REVBIN(I,POWER)

IF(J.LE.I) GO TO 100

 TEMP=A(I) R .
AD=AQ) Il ,

&'. A()=TEMP ~ . R

"

TEMP=B(I)

B(D=B(J)_

B(J)=-TEMP
100 CONTINUE
C



“C~

A1

C
SPAN=] o
DO 110 I=1,POWER .
' CALI:TS'I'PFFI‘(A,B,RES,SPAN,I]‘IVERS)
.' SPAN=SPAN*2

é 10 CONTINUE

CSCALE ASREQUIRED
C

- IF(INVERS.EQ.1)THEN
" TEMP=1.0/(RES*DX)
ELSE
TEMP=DX
END IF
DO 150 I=1,RES
* A= A(D) * TEMP
" B(I) = B(I) * TEMP |
150 CONTINUE <
RETURN ‘
. END | S

C REVBIN = DETERMINES REVERSE BINARY NUMBER

INTEGER FUNCTION REVBIN(VALUE,LENGTH)
INTEGERJ,COUNT,LENGTH,RESULT VALUE
REALF | :

- RESULT=0
F=VALUE-1 .
DO 170 COUNT = 1,LENGTH
- F=F/f2. ‘
I=INT(F)
RESULT =2 * RESULT
IF(ILNE.F)THEN
RESULT =RESULT +1
F=I { :
« ENDIF \
170 CONTINUE b
REVBIN =RESULT + 1
END .
C STPFFT = PERFORM ONE STEP OF A FFT

C . . > .
SUBROUTINE STPFFT(A,B,RES,SPAN,INVERS)
REAL A,B :
INTEGER RES,SPAN,INVERS,I,J
DIMENSION A(RES),B(RES)
REAL TEMPI, TEMPR, TERMI, TERMR
REAL ANGLE,COSINE,DCOSSN,INCCOS,INCSIN, SINE
INTEGER TOSPAN

ANGLE = 3.141593/SPAN
INCSIN = SIN(ANGLE)

238
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' INCCOS = 2. * SIN(0.5*ANGLE) * SIN(0.5 * ANGLE) 2%

DCOSSN = -2, * INCCOS
COSINE = 1.
SINE=0.
TOSPAN = SPAN * 2
DO 220 I=1,SPAN_ |
DO 200 J=L,RES,TOSPAN .
IF(INVERS.EQ.1)THEN
~ TERMR=COSINE* A(J+SPAN) + SINE * B(J+SPAN)
TERMI=-SINE * A(J+SPAN) + COSINE * B(J+SPAN)
ELSE
TERMR=COSINE * A(J+SPAN) - SINE * B(J+SPAN)
- TERMI=SINE * A(J+SPAN) + COSINE * B(J+SPAN) o
END IF . .
‘TEMPR = A(J) - TERMR ' ;
* TEMPI = B(J) - TERMI
AQ) = A() + TERMR
B(J) = B(J) + TERMI
A(J+SPAN) = TEMPR
B(J+SPAN) = TEMPI .
200 CONTINUE |
INCCOS = INCCOS + (DCOSSN * COSINE)
COSINE = COSINE + INCCOS -
INCSIN = INCSIN +(DCOSSN * SINE)
SINE = SINE + INCSIN
220 CONTINUE ‘
RETURN
" END ’

o . -
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A | One of the empmczd constants used in the Langmuir equanon sometimes
refcrred to as the mnonolayer.coverage. The units are moles per kg and it
is entered by the operator as an exponent. If the adsorption isotherm is
linear, A is equal to zero.

A2 The coefficient for the npm2 term in the second order polynomial
('equation A.SQ‘ This equation is a rearrangemen} of the Langmuir

isotherm equation. {’
AREA The area or zeroeth moment of the sample distribution, CMD)..
AVE The average value or mean of the Gaussian plate height function‘, H(J).

AVE is equal to the first moment of the sample distribution, CM(J). -

‘B An embirical constant used in the Langmuir isotherm equetion sometimes
referred to as the distributiop coefﬁcmnt at low concentranons The units
are lxters per mole. If the isotherm is linear, B is the dlstnbuuon |
coefficient and has units of liters perkg. Bis entered by the operator as an
exponent. | | |

B2 The coeificient in the second order polynomial ( equation A.52 ) whieh

precedes the npy, tem.

c2 The constant in the second order polynomial (equation A.52). It is equal
- NQJ). '
CHROM() = The number ot: moles which have eluted from the column in one
step. )
CINJ The molar conceqtration of the solution which is injected onto the column.

~

This parameter is entered by the operatoi' as an exponent.
CM() This array is the sample distribution. For each column position J, the

total concentration present at that position is given by CM()). It is equal

e ———



CMX
CONMOL

CS

- CSINIT

CUTOFF

DISTCO

DISTO

DLNGTH

DPOS

DX -

a

10 the total number of moles in both phases at position J divided by the
volumse of a coluar position, VPOS. CM(Q) has units of moles per liter.
The ethbrmm concentratioﬁ of sample in the mobile phase at each |
co% |

The total nur

er of moles present in the convolved distribution. Tt is
different than NINJ and is related to NINJ by the term RATIO.
The equilibrium concentration of sampic in the stationary phase at each

column position. The units are moles per kg.

' The initial sample equilibrium concentration in the stationary phase for

- . . ‘ . . -
each injection position.* The units are moles per kg.
The minimum sample concentration allowed to be in exponential notation

fqr CM(J). Values less than CUTOFEF are set to zero to avoid exponential

The sample 1 utipn coefficient at each column position. It has units

of liters perkg, | ‘ |
The initial sample distﬁbutio&_befﬁcient for each injection position, It

has units of liters per kg. | |
The distance in cm which the center of gravity of the peak ( the first moment
of the sample distribution ) moves in any step. ‘ 9 BT

The number of column positions moved by CM(.T) during each

step. This value can be different for different CM®D) depending on the
isotherm shape and the sample concentration. |
The time in seconds required to move the entire s:ctmplc distribution, CM( ),
one step dbwn the column. DT can change for each step.

The length of each column position in cm.

The first statistical moment ( or center of gravity ) of the sample

distribution, CM( ).

241



H()

IMAGCM() The file which stores the imaginary part of the sample distribution,

IMAGH()

242

colunin ) ' \
The Gaussian plate height function which is convolved with the sample \
distribution, CM( ), ta simulate bandbroadening due to non-ideal ) \
processes. H(J) represents the value of the Gaussian plate helght funCIIOIll 7

at each column position J.

(qf

CM(). These values are necessary for the convolytion operation. Each
~value in IMAGCM( ) is zero prior to convolution.

The file which stores the imaginary part of the Gaus51an plate height
functmn H(). These values are necessary for the convolunon operatlon

Each value in IMAGCM( ) is zero prior to convolution® -

»s".

INJPOS T,

: l&c '
‘3 Aparamgtq is entened bysﬁé o&wor as an mtegcr

% The column e

Thc nq;nber of column posmons into which the sample is mjected. This

5 caﬁccnﬁ‘aggn @Wnoblle phase with the lowest

t}l

ﬁbvcs*déxx'h the &

Erocny of the im ! w\gm«g CM(J) dunng a particular step of

et gth m cm. Th:s parameter is entered by the operator as an

Y ‘exponem

e

The mmal sample equxhbnum concentratxon in the mobile phase. Units

are moles per hter ¥

o3
"_~ Ja T - bt

T A——



MINPOS

MQ@)

MOVE

NELUTE

NINIT
.
NINJ

'N@)

NPOS

-

NTOTAL()

PHASE
PLTHT

PLTPOS

" operator as an integer.

- I
The minimum number of column positions which will be moved per step by

the slowest moving CM(J). This variable is entered by the operstor as an
integer. - ; o ‘
The equilibrium concentration of sample in the mobile phase at each
column position J. The units are moles per liter.

When the sample distribution, CM( ), is convolved with the Gaussian

plate height function, H( ), the resulting distribution has a ocntcr of

gravity which is digplaced from the center of gravity of the original;CM( )

by many column positions. MOVE is the difference, in column positions,

between the two centers of gravity.

243
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4

- 1w ‘;ﬁ.f ;M; \\ . N ‘ g
.> ! ’ R . e . o
The number of moles & injected into each iﬁjcction position. R

The total number of moles injected onto the column

Tlré total number of moles of sample present at each column position J.

The number of on-column positions. This variable is entered by the

) [ ]

The total number of moles which have eluted in a step and in all N
the previous steps. It is calculated by keeping a running sum of all moles
of sample which have moved past the last column position.

The ph;SC ratio in units of kg per liter.

The column plate height in cm. This paré.%e;er is entered by the operator in

exponential form. p

‘ Thc plate hcxght which corresponds to the distance ( DLNGTH ) moved by

the center of gravity of the sample dxsmbunon CM( ) moved in one stcp
It is the fraction of the total column plate height ( PLTHT ), which resultsf-
from moving the distance, DLNGTH. |



. o

(e ROOTI to
3 'ROOT5

SIG

‘ f',terms to make the\program eas1ertofollow Q1 throughQ4ai-e e ‘k o

o t S

cl

.‘k_ .

A The Gaussian plate helght functlon, H( ) is broken down mto sever%l

'theseterms ST " SR

l)_l

Tlus isa parameter used‘to calculate the minimum concentrauon value,
CUTOFF, Wthh Is allowed for CM( ). It 1s used in the calculatlon of

‘the Gaussxan plate hefght functron H( ), whtch represents the

bandbroadenxng whlch occurs in one step.

. .When the sample dlstnbutlon CM( ) is convolved w1th the Gaussxan

,plate hexght functton H( ) the resultmg dlstnbutlon has values which are ,

too small Tlus occurs because the values in CM( ) and H( ) are less than E

one The convoluuon operanon has a step in whlch the nun’%a;s from

both funcuons are multtplled together resultmg m a smaller number

- ‘These convolved values do not Tepresent the true concentrauons at each

column posuon J because the total moles of the convolved dlstnbuuon is

less than the moles m_]ected whxch is phys1cally unpossrble Therefore

the convolved values of CM() must be muluphed by a correcnon. factor so-
 the total moles m the convolved dlstnbutlon is equal to the total moles |

: 1nJected The correcnon factor, RATIO is equal to N INI / CONMOL

The quadrauc formula i 1s used to solve equatlon A 52 for Nm. It is broken

K o
E down into a senes of tenns in order to make the program easier

~ tofollow. 'ROOT! through ROOTS‘ are these terms,

The umtless standard devratlon of the Gaus31an plate hexght functlon

°

. 'H( ). SIG is the. number of column posmons in one standard dev1at10n Its ;o
value depends on the d1stance moved by the center of gravny of the sample

’ dlstnbutlon



© SIGMA

_ " SIGOFE -

5 vgravny of,the sample dtstnbutton o

The standand devtatton of the Gaussmn plate hexght funcuon H( ), in-

" umts of cm. Its value depends on the dlstance moved by tbe center of

I

: .

" Thisisa parameter to calculate the rmnunum concentrauon value

¥ "CUTOFF allowed f;i CM( ). Ttisthe standard deviation of the-

STEP

_ Gausswn plate hetght funcuon, H( ). which is calculated for the

" bandbroademng wh1ch occurs in one step.’ SIGOFF is umtless itis the .

" minimum number of column posmons allowed i in on€ standard devxatton.

The number of steps that the sample dJstnbutlon wxll move down the

column Th1s parameter is operator entered as an mteger

suM

- STPNUM
| 'T‘E.MPCM()

TEMPH()

"UAVE

UINIT
uQd)

tempbranly after a calculauon :

: A value used in the calculauon of the first moment ( or center of grav1ty ) _

- of the sample dlsmbutlon CM( )

The index parameter whxch 1nd1cates the step number

A ﬁle whlch is used to store values of the sample dJstnbunon, CM( ),
0 , .

-

Afi f/le’ which i is used to store values of the Gaussran plate helght functlon,\ ‘

H(), temporanly afteracalculauon e RS & e

The nme requtred to move the sample dlstnbutton CM( ), the ﬁrst ten

po?hons down the column The units are mlnutes

The ‘average mobﬂe phase linear veloc1ty 1n cm per second UAVE is the

_average of both the inter- and mtx‘apartxcle velocmes It is calcttlated by

measunng the elunon nme of an unretained sample from an elunon

chromatogram and d1v1d1ng th1s by the length of the column ThlS

'parameter is entered ‘by the operator in exponenual form. ‘
: The mmal sarnple veloc1ty in cm per second

| ’The sample veloc1ty correspondtng to the sample concentratton CM( ) at -

each column posmon 1. Th,e umts are cm per second

T



e
W' )

© VPOS.
. WPOS
- WS

- the’ operator in exponenua,l fonn

. The vord volume of each colume posnion in liters.

The column vord volume in hters Thxs is the mter- and mtraparncle

‘ volume only, not extracolumn void volume Thrs parameter 1s entened by

 The wexght of stauonary phase present in each column posmon inkg.

3 fThe welght of stat[onary phase m the ennre column The units are kg and

tlns parameter is entéred: by the operator asan exponent
The.drstance incm moved by the sample, CM(J), present ate‘acli‘ column
. X 3 . ~ (b . Lo o . ¢ . .

position J during a step. o AR e




. i \.;;
3 An mtermedmte reSult in the convolutlon operauon

term has a d1ffemnt meamng in the fast Founer transform subroutmetthan :

it does in the mam program

47

DX This parameter DX has a different meamng m the convoﬁttton subroutine
w ’than it has.in the main program but is h‘ . he same meamﬁ§.as DX in the |
fast Founer transform subroutme In the co volutton subrouttne itisthe
_ sampling frequency and is equal to 1/RES. ?’
| IMl,‘Il_V.I'Z '+ Thei unagmary parts of the two arrays whxch to be ooni'olv”cd
' INVERS A flag vartable whxch is used to uidtcate whet{er the operation 1s
| A 'convoluuon (\PNVERS 0) or deconvolutton VERS =1 ). o -
. POWEK ' Thc power of 2 which gives the number of data pomts ' \) . |
! REI,REZ . Thé real parts of the two arrays which are to be convolved v ’: .
%S . _The number of data points in RE1 and RE2. There must be the same d
e v - number of data pomts in both arrays and it must be a power of 2 i}g '
- TEMPR - An mtermedlate result in the convolutron operatton o ﬁ
| Glossg_Jx of Vanablgs Used in thg Fast Fgungr Trangform Submu[ ing . | v '- 13& .
A 3 | Thé tesl part.of me-array)\‘;'hivch is going to be gransformed. Thrs ten‘h:has
a drfferent meamng in the fast Founer transforrn subroutme thén it goe.: in
the mam program )
B ¢ The unagmary part of the array whxch is gomg to be transformed ’I'hls
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DX _ Thc samplmg frequcncy It 1s equal to I/RES T}us parameter DX has a
B different meamng m the fast Fourier transform subroutmc than it has i in
the main program but is has the same meamng as DX in the convoluuon |
subroutme e | . : ?:h )
IM1 o ThlSlsthe ameasB RERTE R L : B | .
"INWERS :Thls isafl vanable Whlch mdlcates whethe,r the operauon isa forward
: uFFI‘(INVEAﬁS 0)orarevcrseFFI‘(INVERS—l)
- POWER | The power of 2 which glves the numbcr of data points ( RES ). ‘ ; g

REl - This is the same as A. _
RES ° The number of data points in RE1. This must be a powcr of 2.

=

S A
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, Table A2 1 “This table lists tht: parametcrs used in the validation of the peak s1mulanon

| program. The two test samples used were naphthalene, assuming a lmear fit
thmu' gh the isotherm data and p-tohudmc, which had a, non-lmear isotherm,

| 'The s ulated elunon peaks are shown in ﬁ;gure 4. 6 in Secuon 4,1.3,

Parameter o Naphthalene = p—Tolmd1> <:
S ' Value  Value *i,
Y= _
Concentration jnjected (M) =~ * 1.0x 104 0.3
~ Plate height (cm) x0T 0.038 °  0.038
~ . Columnlength (cin) . * R |
Void volume (L) S x 1.3x 10-3 1.3x 103
Stationary phase welght (kg) 84x104 g4x104
‘Mobile phase velocity (cm/sec)  * 0.365° 0365
Number of steps ‘ 100 ‘ 38
Isotherm coefficients o linear isotherm ~ non-linear
A 20 083409
B . Jr1e12 59.9226
NPOS e s 175
INJPOS | . | S 3
© MINPOS o R
Injecnon Proﬁlc S - - o ' Uniform - Uniform
: o - Square Wave Square Wave

An asterisk ( * ) indicates the parameter was obtained experimentally.

g .
Q LY



Tqble A2 2 These are the parameters used in peak sxmulanon program for calculatmg
naphthalene elution peaks based on the expenmental adsorption isotherm
results presented in Section 4.2.2. The adsorptxon isotherm results were fit to -
.the Langmmr eqpauon These parameters were used for the sunulated peaks

N shown in Flgure 4.11. »
Parameter 1.0x 10-4 M 1.3x103M
Naphthalene ‘Naphthalene
Plate height (cm ) * 0.038 ©0.038
~ Column length (cm) * 15 15"
Void volume (L) * 1.3 x 10-3 1.3x 103
Stationary phase weight ( kg ) * 8.4 x 10-4 8.4x1074
Mobile phase velocity (cm/sec) * 0.365 0.365
_ Number of steps ° 100 100
Isotherm coefficients , | S
A 0.11925 011925 ¢
: B 159.8 159.8 .
- NPOS ) 1754 175" ‘
., INJPOS 3 3 o
. MINPOS 2 2 =3
. ijcétion Profile Uniform Uniform ;- |
wo ‘ Square Wave ' Square Wave
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Table A23 ’I‘he are the parameters used in peak simulation program‘& calculating

‘ naphthalene elution peaks usmg uniform and non-umform injection profiles.

The shapes of the injection profiles gre shown in Figure 4 12. The same .

ke

parameters were used in the simulations for all three i injection profiles. Two - -~
A types of adsorption isotherms were used - a linear fit to the shghtiy curved
expenmental isotherm data anda Langmuxr 1sothe1m ﬁt to the same data,

ates the parameter was obtained experimentally.

Parameter Linear . Langmuir N
: " Isotherm Tsotherm R
]
Concentration injected * 1.0x 10-4 1.0x 104 .
Plate height (cm ) * 0.038 . D.038
Column length (cm ) * 15 15 4
Void volume (L) * 1.3x 103 " 13x103
Stationary phase weight ( kg ) * 8N 104 - 8.4x104
- Mobile phase velocity ( cm / sec ) * ‘0;% " . 0365
Number of steps 100 * 100 '
- Isotherm coefficients ‘ -
| A - 0 0.11925
ﬁ B . 16.72 159.8
~ NPOS R VA 175
INJPOS dor . 5 T3
MINPOS | 2 | 2
Injection Profiles Uniform Square Wave, Increasing Ramp and .
| - Decreasing Ramp
I
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" APPENDIX I

The Possibility of a Secon’d, Slower Reaction

A

: Thc possibility of a second slbwe.r rcactidn Was mentioned in Section 5.3.1, | This
was based on the’ observanon that a line could be drawn through the last three data pomts in
| Figure 5.6 which had a sma.llcr slope than the line extending from t=0 to t=1.45 seconds.
Although the standard deviations of the data points in Figure 5.6 are too harge 10 conclude a
- second reaction is definitcl_yl occurring, the desorption rate constant for 'sﬁch areaction will
be calculated to de;crmine the plate height which wqultl result from it. _

Consider the possibility of two irfevcrsible dcsorptioﬁ reactions occurring in
parallel Teaction 1, where desorption occurs qulckly and reaction 2, where desorption is

slow The two desorption reactions are described by equations A3.1 and A3.2.

| ©
i'ads . isoln A3.1
1"ads ~ lsoln , A3.2

The prime (') is used for reaction 1 (fast desorption from adsorption siteS) and the double
.prime (") is used for reaction 2 (slow desorption from adsofption sites). The rate of”cach
o : -

reaction is;

— s _ |
des ~ads A33

dcads o

— % = kg, C
dt des Tads A34

254



The Cags terms refer to the adsorbed concentration for each reaction and kdeg is the

desorptibn rate constant for each. The shallow bed experiment described in Chapterv‘S

measured the total adsorbed concentration; which was the naphthalene adsorbed due to

255
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both reactions. The quantity of naphthalene adsorbed due to gagh reaction must be knovin ”

*"in order to calculate accurate valuesfor k'des and k"des.

If reaction 1 (the fast reaction) is assumed to be much faster than reaction 2, then at

long contact times reaction 1 is essentially complete and only reaction 2 is occurring.

: ’l"herefore, for long contact times, a plot of In n"ads ¢ vs t will give k"des [A3.1]. This

relation is obtained by integrating equation A3.4 which gives A3.5.
In C"ads,t = -k"dest + InC"ads,0 A35
As previously discussed in Chaptei' 5, moles can be used rather than concentrations.

In n"ads,t = k'dest + Inn"ads,o i A3.6

. Aplotof In (n"ads,t) vs t has a slope equal to the apparent first order desorpnon rate

constant, k"des. The moles of sarnple adsorbed due to reaction 2 at t=0 can be calculated

by taking the anti-In of the y mtcrcept Equauqr;w 6is thcn used to calculate the amount
of sample adsorbed due to reaction 2 for all contact times. These values are subtracted

from the total moles adsorbed, as measured by the shallow bed experiment, to give n ‘ads

( moles of sample adsorbed due to reaction 1).'

N'ads,t = nNads,t - N"ads,t | _ A37

e,

The apparent first order desorption rate constant for reaction 1, k'des, is the slope of a, plet

of In (n'ads,0 / n'ads,t ) vs t. They intercept of this graph should equal zero. The initial
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assumpuon that reaction,} is ln'_ ol

vy T ¢ ' o . . ‘
TRt ; ' ! ; . ' &+ . .
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r than reaction 2 can be tested by calculaung the

e

values of n ads t for t=l‘e45 thmug i :9 seconds If n 'ads,t is neghg1ble compared to

n"ads.t then the assumpnon is valid. Thxs was found to be true for the data obtained from

 the shallow bed experiment. ,

The data listed in Table 5.3 was treated in this manner and the two In plots are
shown in Figure A3.1a and 3.1b. The slope of the plotafor reaction 1 (the fast reacnon)
was 3.6 + 0.6 sec-1 and the y intercept was‘;o 16 + (0. 28) The + values are equal to two
| standard deviations. The slope of the plot for reaction 2 was -0.5 + 0.1 sec-! and the y
' mtercept was -19.8 + 0.4.

Plate heights were calculated using the pore diffusion model (see Chapter 5), but s ; N

not the surface adsorption-desorption model. The surface adsorption- desorgtmn model ,:; ' :‘

would assume there were two types of adsorption sites on the PRP 1 -»a weak sne th fa,st 4

desorption and a strong site wuh slow desorption [A3.2]. Smce only 9% Qf the u@al : f. o

sample undergoes slow desorpuon there would be relatively few” stmng sxles as compareq,

to weak sites. The strong sites would preferennally adsorb the sample and the'llhcar' ‘ , ; i
3

capacity of the strong sites would be exceeded before much samplé-adsorbed onto the w/eak' -
sites. This would result in non- lmeanty of the adsorption 1sotherm Smce the 1sothefm

was linear, it can be assumed that this process is not responsible for the slow desbrp!ian
S . L
i o n*o e

and restricted diffusion through some type of narrow, tortuous channel 8. 5 o 2L
Table A3.1 lists the calculated values of H at various mob;lrpﬁase lxhear Vplog:mes "

(up) for reactions 1 and 2. These are the plate heights which would be expe&ed 1f g__l_ the

sample desorbed solely by reaction 1 or by reaction 2. Therefore, the calculated plate

heights for reaction 2 are overestimated since only 9% of the sample desorbs slowly The

actual plate height due to the two parallel desorption reactions would be somewhere in”

between the H values given for the two reactions. : o L -
The plate helghts calculated for reaction 1 are just shghtly smaller than the plate °

hexghts presented in Table 5.4, which were calculated assurmng only?a single desorption -

2
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A3.1 First order plots for (A) reaction ‘1, fast desorption and (B) reaction 2, slow
desorption. Sample was 5 x 10-4 M na

phthalene, stationary phase was PRP-1 and
mobile phase was 90% methaglfl(aq). | o ’

s
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‘ .";»‘. detefmmm whemh;_a second slower reactton is occurnng A techmcal dxfﬁculty whrch,

-
i mac&on was occurnng Thrs is as: expected smce 91% of the total sample desorbs v1a
' reacqon 1 and only 9% by reactlon 2 The calculated plate hetghts for reactton 2 are stlll
about 4x to 40x smaller than expenmental pl‘ate hexghts measured from elutton R .‘
. | chromatograms However since it 1s alneady lmown that atrnbn-umform veloc1ty proﬁle

exrsts whxch causes some bandbroadenmg, the combtnatton oPa slow deserptlon process o

B wrth a non-umform velocrty proﬁIe could possrbfy account for all of the bandbroademng W’

A slow desorptlon process could also explam the sample dependent bandbroademng on ;
PRP-1; Ttherefore, the desorpuon rate expenment éhould be repeated w1th emphas1s on. .

wxll ave w T ve?cbme is that there is only a very small quanttty of sample adsorbed at
long contact t1mes maklng detechon and accurate Quanuﬁcanon dxfﬁcalt One p0551bte :?1?1 -, :
method Wthh mrght overcome thls problem is the use of a radxoactwe sample wh1ch allows

X3

detectlon ar loWer concentratmns Fluorescence detectxon would be another poss1bthty

>

‘v.‘ O.,“ -

I3 ";
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10 REM PROGRAM H(WS) CALCULATES THE CAPACITY FACTOR AND -

:12. REM RETENTION TIMES ACROSS A CQLUMN WHICH HAS AN UNEVEN

°

. "15 REM DISTRIBUTION OFSTA'I‘IONARY HASEAND A NONUNIFORM L '{ \

. VELOCITY PROFILE

19 REM

20 REM MNSION AND INITIALIZE ARRAYS |

21 REM .
30 DIM AREA(SO),VOL(SO),MOLE(50)

40 DIM WS(50),PD(50) &

50 ‘DIM VPORE(50), VINT(50), EINT(SO),ET(SO) |

- 60 -DIM U(50),TM(50), K(SO) TR(SO) TRMIN (50)

170 D =0

. 210 NEXTI _
220 REM ENTER VARIABLES
260 INPUT "ENTER LENGTH OF COLUMN ’

150 EINTM) =0

190 KMH=0 s

70 FORI=1TO 50

80 AREA(D) =0

9 ‘VOLM=0 o

100 MOLE®) =0 ._ -

110 WS@ =0 . b |
120. PDAO)=0 - v o
130 VPORED=0 =+ _ . o St S
140 VINTD=0 e o

160 ET(D=0 -
180 . TM(D=0 "
200 TR(D)=0

219 REM

221 -REM

270 INPUT "ENTER COLUMN RADIUS INCM "R~ '
280 INPUT g ll\ilTER NUMBER OF SECI'IONS COLUMN SHOULD BE DIV IDED
INT

290 INPUT "E’NTER TOTAL NUMBER OF MOLES INJECTED " NINJ
-~ 300 INPUT "ENTER PARTICLE DIAMETER INCM ";,DP  _ .

310 INPUT "ENTER PRESSURE DROP ACROSS COLUMN IN PSI " P N '
> 320 INPUT "ENTER VISCOSITY OF MOBILE PHASE IN POISE "; VISC . 3

. 339 REM'

.

330 INPUT "ENTER THE DISTRIBUTION C@EFFICIEN‘T IN L/KG ", DI&T

340 REMCALCUL.ﬁT\l-:CON JA:N:{S S . S e
341 REM S B
350 RI=R/N 5 ) ;, o L
360 PRESS = P*68947.6 ~ o . B |
369 REM SURAEY S
' 370 REM CALCULATE AREASAND VOLUMES OF SECI'IONS AND MOLES

" INEACH | |
371 REM

4

380 AT=3.14150 ¥[RAY - B

390 . AREA(1) =3. 14159 * (Rl A 2)

200 Al = AREA(l) , o

402 VOL(1) = AREA(1) * L v
404 MOLE(l) = (NINJ/ AT) * AREA()* %

410 FORI=2TON

420 A2 -3.14159 * ((Ri * I) A 2)




450 MOLE(I—)- (NI]\IJ/AT')*AREA(I),\ / |

460 Al =A2

‘462NEXTI_\" ' ,
464 AVEWW = 37 *VOL(Nyr . .

" 465 MAXWW = 1.07 *VOL(N)

471 PRINT "MAXWC = “"MAXWC ' o A
472 INPUT "ENIKERWT OF STATIONARY PHASE AT WALL "; WW

- 474 INPUT"

" 461 REM

. 490 M= (WW - WCf/ (N - n, ' L R

" 500 B=WW-(M*N) "* - S e
510 WS(1) = WC I | -

520 WS(N)=Ww ¢ . -

524 WST = WS + WSN) » - . .

600 NEXT |
609 REMc  \

- -210 REM CALCULATBP?RBVOWME N EACH SECI‘ION

611 REM |

~ .615 VMPOR=0. . - ‘ MY R SRS '

-620 FORI=1TON - T N,, .\ .

. 650 REMCALCULATE IN'J‘ERP.?RTICI "VQLUME IN EACH SECTJ#N -
651 REM - B :

466 AVEWC = .37.* VOL(1)’
467 MAXWC = 1.07 * VOL(l)
468 PRINT "AVEWW =

470 PRINT "AVEWC-‘ s AVEWC o o

NTER WT OF STATIONARY PHASE AT CENTER" WC
479 REM e

DISTRIBUTION .

530 FORI= 2 N-1 %

540 wsm=M+*D+B
* 550 WST WS’I‘+WS(I) SRR e

560 'NEXTI' B o e
569 REM . ‘ ,
- 570 REM CALCULATE PACKING DENSITY N EAGH SECTION -

< 5T1REM | [
© 580 : |

S1ZPN R
220 V&%I) / VOL(I) | i’"* v ;‘ :

’h"

630 - VPORE() = 79*ws<1) Tl -\

635 VMPOR.=VMPOR + VPORE(D).-

640NEXTI ‘ : o~

655 VMINT =0 . RV

660 EOREI=1TON

670 Z=WS()/1.07

680 VINT(I) = VOL(I)- Z - VPORE(I)

. 685 VMINT = VMINT+VINT2 S o
699’ NEXTI: - L R
- §95 VMTOT = VMPOR+VMINT ﬁ e

699 REM |

e
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| 700 ‘REM SOLVE FOR NTERPARTICLE AND TOTAL POROSITIES IN EACH S

~ __SECTION | v

“. 701 REM . - LT o e
" 710 FORI=1TON ¥ - o S R

© 720 "EINT() = VINT() 7 VOL() - L R ST M

730 ETQ) = (VINT(I)+VP0RE(I))/V@L(I) : IR S

740 NEXTL .. B |
749 REM ' .
750 REMCALCULATELmEA\RVELOCI'I'YmEACHSECTION S e T
751 REM - B

760 Xl—(mPAZ)*PRESS)/@*ISQ*WSC) R AR do

* 770 FORI=1TON 4 IR ST o

780 X2 = (EINT() A 3) /((1 - EINT(D) A 2) P
" 790 JI(D) = X1 * X2 * ET(D R TR R

g 200 SL/UO

o T FORI-ITON

- "840 VM= VINT(D) + VPORE(D) O
850 -K(D =DIST * (WS@)/VM) S e

.860  TR(I) = (TM() * KI)) + TM(D) . - ” S .
‘864 TRMIN(I) TR(I)/60 , - Tt . e
870 NEXTI - L L |
879 REM ‘ ’ ' ) ’ B . 4 ’
880 REM PRINT RESULTS o " * : ‘

881 REM : }L\

920 LPRINT "COLUMN LENGTH" L . e

930 LPRINT "COLUMNRADIUS ="R. - - L T
- 940 LPRINT "NUMBER OF SECTIONS ="N = o o Lo
1950 LPRINT "MOLES INJECTED =";NINJ o Co T
960 LPRINT "PARTICLE DIAMETER =",DP o B : X

-~ »970 LPRINE "COLUMN PRESSURE DROP :

-980 LPRINT "MOBILE PHASE VISCOSITY = '*VISC

~'990 LPRINT "DISTRIBUTION COEFFICIENT DIST -

992 IPRINT "TOTAL VM =";YMTOT . N
- 994 LPRINT "TOTAL WEIGHT OF STATIONARY PHASE =" WST

- 996 LPRINT "WS AT COLUMN WALL = ";WW

998 LPRINT"WSATCOLUMNCENTER-"WC S A
‘1000.LPRINT * ° | S
1010 LPRINT "SECTION" ; TA1§(15) "PD" ; TAB(30) "TR(MIN)" TAB(SO)

- "MOLES";TAB(70);" M:P. VELOCITY 4
1020 LPRINT - |
1030 FORI=1TON .
" 1040- LPRINT TAB(5); I; TAB(IS) PD(I) TAB(SO) TRMIN(I) TAB(5(5)

. um -

+ . MOLE(); TAB(70)

- 1050NEXTI - . s S R T -

- "H60END " o A S ‘ R
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