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SUMMARY 

The  differential  b r o a d e n i n g  p a t t e r n  o f  an  inert  solute  in jected cent ra l ly  in to  a 
regula r  (A) a n d  a rad ia l ly  c o m p r e s s e d  (B) c o l u m n  has  been  studied.  T h e  two  c o l u m n s  
exhibi t  ident ical  p roper t i e s  w h e n  ope ra t ed  in the infinite d i ame te r  m o d e .  

A m a r k e d  difference,  to the  a d v a n t a g e  o f  c o l u m n  B ,  deve lops  as the  solute  
b e c o m e s  app rec i ab ly  exposed  to  the wall  region.  A t  its fullest extent ,  the wall  effect  
accoun t s  for  a near ly  2 .5-fold  increase in p la te  height  fo r  c o l u m n  A c o m p a r e d  wi th  a 
1.5-fold increase  for  c o l u m n  B. 

This  b e h a v i o u r  is r a t iona l ized  in t e rms  o f  a semi- theore t ica l  mode l  tha t  t akes  
the  rad ia l  diffusivity,  the rad ia l  dependence  of  the la teral  p la te  he ight  and  the p e a k  
local  ve loci ty  in to  accoun t .  I t  is fu r the r  s h o w n  tha t  the solute  rad ia l  concen t r a t i on  
profi le  depa r t s  significantly f r o m  a t runca t ed  gauss ian  shape.  T h e  ac tua l  profi le  can  be 
expressed  as a Bessel func t ion  series. 

INTRODUCTION 

Despi te  the g rea t  a m o u n t  o f  a t t en t i on  devo ted  to  c o l u m n  p e r f o r m a n c e ,  the 
ex ten t  o f  the wall  effect is still p o o r l y  u n d e r s t o o d .  This  effect  causes  pack ing  he te ro-  
geneit ies and  dis tor ts  the  f low profile,  caus ing  the overa l l  axial  d i spers ion  to  increase.  
In c o m p a r i s o n  with  sho r t - r ange  effects (diffusion, a n a s t o m o s i s  etc.),  wal l - induced  
long- range  con t r i bu t i ons  are less a m e n a b l e  to adequa t e  model l ing ,  as this wou ld  in- 
volve func t iona l  re la t ionsh ips  be tween ac tua l  diffusivities a n d  ve loc i ty  wi th  rad ia l  
pos i t ion .  

As the na tu r e  o f  these re la t ionships  is u n k n o w n ,  an ana ly t ica l  so lu t ion  o f  the 
p r o b l e m  is no t  yet possible .  Hence  we are  still in u rgen t  need  o f  accu ra t e  expe r imen ta l  
d a t a  to refine a n d  p r o m o t e  new theories ,  and  the s tudy descr ibed  here or ig ina ted  f r o m  
this need.  This  is by  no  m e a n s  a new conce rn  if  we recall  the ear ly  con t r ibu t ions  by  
H u y t e n  e t  al. 1, Sie and  Ri jnders  z, F r i sone  3, Gidd ings  4, G i d d i n g s  a n d  Ful ler  5, 
L i t t l ewood  6"7, H u p e  et  al. 8, G o l a y  9 a n d  o thers  1°,11, which  h a v e  b e e n  reviewed by  
C o n d e r  lz. Howeve r ,  these studies revealed  some  con t rad ic t ions  a n d  are  difficult to  
t r anspose  to l iquid c h r o m a t o g r a p h y .  

In  this m o d e  o f  c h r o m a t o g r a p h y ,  the  w o r k  o f  K n o x  is m o s t  i m p o r t a n t .  O f  his 
va r ious  studies 1a-16, two  are o f  special  interest  in the p resen t  context .  In  the first, 
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Knox and Parcher t5 formulated a set of  operat ing conditions for minimizing the wall 
effect by confining most of the solute into the central core of  the column; they also 
showed how the plate height could be calculated from Giddings'  non-equilibrium 
theory 17 if the velocity profiles were known. In the second, Knox  e t  a l .  16 refined their 
previous findings and introduced the use of  a dual polarographic detector for the 
precise determination of  radial dispersion. Other pertinent details regarding the walt 
effect and radial mixing can be found elsewhere 1s'1°. In this paper, we consider the still 
puzzling facets o f  the problem:  the extent of  the wall effect, the angular symmetry of  
the packing network and the way and the extent to which the efficiency gradually 
deteriorates as the solute moves nearer the wall. Also, the potential  benefit of  using 
the newly introduced radially compressed columns z° has been investigated i~a terms of  
a less detrimental  wall effect. Because of  its unmatched capabilities, the dual polaro- 
graphic detector was used here, so that this study is similar to and complements the 
work of  Knox e t  al.  16. 

EXPERIMENTAL 

It was considered that the study of  an inert probe eluted through a glass bead 
column would reveal the most striking features of  the wall effect. In addition to allow- 
ing a comparison with existing data 14, such a system facilitates any subsequent theo- 
retical interpretation in that  it is free f rom chromatographic  secondary effects (mass 
transfer involving the stagnant mobile phase, etc.), which, by their action on the over- 
all result, might hide some intrinsic properties of  the main flow. 

Two 60 × 2.2 cm O.D. columns were considered. The first, an internally 
polished stainless-steel column, had an I.D. of  1.73 cm and the second, made o f  Teflon, 
had an I.D. of 1.58 cm. By adopting common standard conditions, the two columns 
can be compared regardless of  the small difference in inner diameter. Both columns 
were dry packed with glass beads according to the procedure described by Snyder and 
Kirkland 21. Microscopic measurements showed that  the beads has a mean diameter of  
76 #m with a standard deviation of  6 #m. Note that the ratio of  the column to the 
particle diameter is typical of  those encountered in analytical systems. 

After filling and testing the two columns several times, we were able to obtain 
two quasi-identical core packing properties;  this was a prime requirement for this 
study. Of  course, the Teflon column had to be radially compressed prior  to any test- 
ing; this was done by jacketing the column over 57 cm of  its length and by pressurizing 
the system with nitrogen. The radial pressure was usually kept at least 50 bar higher 
than the column operating pressure. The various other fittings and the dual polaro- 
graphic detector designs were taken from Knox e t  a l .  16 and need not  be described 
here. The only major difference is that the detection block was made to withstand 
pressures of  100-150 bar by replacing all O-rings (except that related to the movable 
eleetrode) by Swagelok fittings. For  the movable electrode, a hollow screw was used 
to compress the O-ring so as to ensure adequate water tightness. The platinum elec- 
trodes consisted o f  two spherical electrodes of  diameter 0.2 ram; they were held 0.1 
mm below the external surface of  the outlet frit. The procedure for measuring the radi- 
al concentrat ion profiles was also described by Knox  e t  al .  16. 

The tracer was injected centrally into the top o f  the column by means of  a 
syringe; the needle, which slid in a central guide, was allowed to penetrate 1 cm into 
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the packing.  The  volumes  injected var ied f rom 1 to 5/zl  so tha t  an  adequate  solute 
concen t r a t i on  within the de tec tor  c h a m b e r  was ensured.  The  movab l e  e lect rodes  
m o n i t o r e d  the  solute concen t ra t ion  in compar i s ion  with tha t  o f  a reference poin t ,  
usual ly  the centre  o f  the column.  The  two  currents  were s imul taneous ly  recorded ,  
thus  permi t t ing  the peak radial  concen t r a t i on  and relative veloci ty  and  the radial  
dependence  o f  the longi tudinal  plate height  to be obtained.  Successive exper iments ,  
with the movab le  e lec t rode located at different  posi t ions,  gave all o f  the necessary 
data .  The  suppor t ing  electrolyte  was 0.1 M potass ium chlor ide  solut ion kept  free 
f r o m  oxygen ;  the p robe  was p -n i t rophenol .  

A special a r r angemen t  was used in o rde r  to  investigate the de te r io ra t ion  o f  the 
co lumn  pe r fo rmance  as the solute became  more  exposed  to  the  wall. Only  two opera-  
t ing changes  favour  radial  dispersion,  each  o f  which is inconvenien t  in pract ice : e i ther  
the flow velocity is reduced  or the c o l u m n  is lengthened.  

The  first a l ternat ive should  be avoided  because it also changes  the extent  o f  the 
axial dispers ion;  the second should  also be rejected as it involves re -packing  the co lumn,  
which may  lead to significantly different  bed  structures.  Instead,  we chose to  increase 
the  distance t ravel led by  the solute artificially wi thou t  increasing the  co lumn  length.  
I t  suffices to  reverse the d i rec t ion o f  flow al ternately,  so tha t  the solute travels back  
and  fo r th  within the c o l u m n  unti l  it is a l lowed to leave. Adequa t e  t iming permi ts  the 
pa th  t ravel led to  be lengthened  at will ; the  vo lume  o f  eluent  col lected f rom the injec- 
t ion  t ime is measured.  The  a r r angemen t  is out l ined in Fig. 1. 

WASTE 

Fig. 1. Schematic diagram of the system. 

This  m e t h o d  has cer ta in  drawbacks .  As the flow profile is  no t  flat, reversing 
the d i rec t ion o f  flow mus t  d is tor t  the solute profile. I t  is conceivable ,  however ,  that ,  
a f te r  a while, the faster  mov ing  zones  regain their  posi t ion wi th  respect  to  the average 
peak  veloci ty so tha t  the zone overal l  second m o m e n t  is no t  great ly  affected;  this, 
however ,  has not  been proved .  However ,  no  significant changes  were found,  p rov ided  
tha t  the ampl i tude  of  the back  and  fo r th  movemen t  was sufficiently large. Hence  care  
was taken  to  reverse the flow as se ldom as possible;  fu r the rmore ,  the last t r a jec to ry  
was always greater  than  25-30 cm. 

RESULTS AND DISCUSSION 

Columns operated in the infinite diameter mode 
Al though  the ul t imate  a im of  this s tudy was to c o m p a r e  the two types o f  col- 

umns  in terms o f  their  overal l  axial plate  heights, it is first i l lustrative to  consider  
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their  respect ive " 'core"  axial and  radial  plate heights.  The  first p rope r ty  is easily 
ob ta ined  by  moni to r ing  the solute concen t ra t ion  at the centre  o f  the co lumn  outlet .  
The  la t ter  was calculated f r o m  the radial  concen t ra t ion  profile by  assuming that  the 
co lumns  were opera ted  in the infinite d iameter  mode .  This  a s sumpt ion  will be justified 
lat ter ;  for  n o w  it is sufficient to say tha t  it held fair ly t rue for  v ~ 15 (v = reduced  
velocity).  

P r io r  to  describing the results, it m a y  be worthwhi le  reviewing some o f  the 
basic differences between radial  and  longi tudinal  dispersion.  T h e  radial  plate height 
(H,) and  the axial  plate height  (Ha) can be defined as the increase in var iance measured  
in the radial  (a2,) and axial (a~) direct ions,  respectively,  per  uni t  co lumn  length:  

d a  z , da .  z 
H ~ - -  dl  Ha ~ dl  (1) 

Divid ing  the two quanti t ies  by the  mean  par t ic le  d iameter  (dp) leads to the 
co r re spond ing  reduced  plate heights,  hr and  ha, which will be used here.  Assuming tha t  
the b roaden ing  occurs  as the  results o f  a diffusion-like process,  the plate heights are 
re la ted to  the apparen t  or overall  diffusivities, D,  and  Da, t h r o u g h  the  classical rela- 
t ionships 14,17 

2 D~ 2 Da 
H ,  -- H .  --= - - - -  (2) 

u u 

where u is the linear veloci ty o f  the  carrier.  No te  tha t  the diffusivity unde r  carr ier  
m o v e m e n t  is an iso t ropic  in na tu re  so tha t  D r and  D,  always differ, even for  an ideal 
i so t ropic  co lumn.  F o r  glass bead  columns,  the re la t ionship  be tween the reduced  plate 
height and  the carr ier  veloci ty  takes the simplest f o rm  as vir tual ly no  mass t ransfer  
occurs  be tween the mobi le  and s ta t ionary  phases.  

Hence  the simplest equa t ions  are expected to descti4oe the exper imenta l  re- 
s u i t s  14,22 : 

B B 
h, - -  + C  h ° = - - + A ~  d (3) 

where • (the reduced  veloci ty)  is defined as r = udJD, , ,  where  Dm is the probe  molec-  
u lar  diffusion coefficient within the carrier .  It is easily recognized tha t  the B/v term,  
which is c o m m o n  to bo th  equat ions ,  accounts  for  the molecu la r  diffusion. As the 
lat ter  is somehow impeded  by  the packing,  B is always less than  2, as implied by  eqn.  
2. 

The  C t e rm arises f r o m  " s t r eam spli t t ing",  the mechan i sm o f  which has been 
descr ibed in the chemical  engineer ing l i terature za'z+ and  by L i t t l ewood  7 and H o m e  
et aL 14 f r o m  the c h r o m a t o g r a p h i c  poin t  o f  view. Typica l  values o f  C range between 
0.05 and  0.2. On  the o ther  hand,  the  Av ~ t e rm accounts  for  the  coupl ing effect t7. 
Typica l  values o f  A and  d are 0.5-1 and  0.25-0.35,  respectively. 

In  spite o f  their  semi-empirical  na ture ,  eqns. 3 have p roved  useful for  fitting 
purposes  within the laminar  veloci ty range.  

Both  radial  and  centra l  axial plate heights fo r  the two co lumns  under  s tudy are 
given in Fig. 2. I t  should be no ted  tha t  the  two co lumns  are expec ted  to exhibit  the 
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Fig. 2. Reduced central axial plate height (upper curve) and radial plate height (lower curve). 
C?, Classical column; ~ ,  radially compressed column. 

s ame  core  p rope r t i e s  so t ha t  any  subsequen t  difference can be a t t r i bu t ed  on ly  to  the 
wall  effect. The  coefficients used fo r  the  ca lcu la t ion  o f  the solid lines are  A = 0.64, 
B = 1.5, C ~ 0.075 and  d = 0.21. 

The  resul ts  c o m p a r e  fairly well wi th  those  descr ibed b y  K n o x  et al. 16, bu t  the 
axial  p la te  height  is slightly be t te r  a n d  the  radia l  p la te  height  is s l ightly worse  here,  as 
K n o x  et al. 16 r epo r t ed  a value o f  0.06 fo r  the C term.  Never the less ,  the grea tes t  in- 
teres t  o f  Fig. 2 is tha t  it i l lustrates  the s imilar i ty  o f  the bu lk  co lumns .  As p o i n t e d  out  
before ,  the two  co lumns  were a s sumed  to  be  ope ra t ed  in the  infinite d i a m e t e r  m o d e ;  
this is a g o o d  a p p r o x i m a t i o n  for  v ~ 15. The  next  sect ion is conce rned  wi th  the 
g r adua l  depa r tu re  f r o m  this  ideal ized s i tuat ion.  

Radial  dispersion in relation to the wall effect 
U n d e r  the a s s u m p t i o n  o f  infinite d i ame te r  opera t ion ,  n o  significant a m o u n t  o f  

solute  reaches  the wall,  bu t  we should  cons ider  wha t  h a p p e n s  when  this is no t  so. As  
rad ia l  dif fusion is obs t ruc t ed  by  the wall,  a bu i ld -up  o f  solute c o n c e n t r a t i o n  is l ikely 
to  deve lop  in the vicini ty o f  the wall.  The  new concen t r a t i on  profile,  which  depa r t s  
f r o m  its l imi t ing gauss ian  shape,  cou ld  be  calcula ted f r o m  the  mass  ba lance  equa t ion  
for  the  sys tem.  

A s s u m i n g  an  angu la r  s y m m e t r y  a n d  a s suming  tha t  Dr, Da a n d  u are funct ions  
D,(r),  Da(r) and  u(r) of  the radial  pos i t ion  r, t hen  

OC aC a ~ c  1 o o c  
O ~  - -  u ( r )  • a---f- q -  ~ " D a ( r )  . O ~  -~ ~ -  " O ~  " r D , ( r )  . O-----r- ( 4 )  

where  C is the  solute  concen t ra t ion .  Unless  the exact  na tures  o f  Dr(r), D,(r)  a n d  u(r) 
are  k n o w n ,  eqn.  4 c a n n o t  be  solved.  N o t e  t ha t  this lack o f  an a d e q u a t e  mode l  i l lustrates  
the need  for  studies such as tha t  descr ibed  here. Never the less ,  it is useful  to  cons ider  
the so lu t ion  o f  eqn. 4 unde r  the a s s u m p t i o n  o f  an  i so t ropic  m e d i u m .  A n y  d e p a r t u r e  
f r o m  this theore t ica l  prof i le  can  subsequen t ly  be a t t r ibu ted  to  the  wal l  effect. The  m a i n  
b o u n d a r y  cond i t ion  is 

OC 
- -  0 a t  r = R ( 5 )  

Or 
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where R is the radius o f  the co lumn.  Eqns. 4 and  5 have been solved by Kl inkenberg  
et  aL zs ; the radial  concen t ra t ion  profile t aken  at  the re tent ion  t ime when ha l f  o f  the 
peak has left the co lumn is 

C(r) ~- Co{ 
~o 1 ~ u R L  ~ Jo(at ,¢)] 

J s>,,) j 
a l  > 0  

(6) 

where Co is the initial t racer  concen t ra t ion  and 

(a~uR) ~ ] 
Q = (¼ + ~ ! 

The  reduced  diameter ,  f, is defined as r /R.  Jo is the ze ro th  Bessel funct ion  and at are 
the roo ts  of  the equa t ion  J l (a l )  = O. Eqn. 6 converges  rapidly  so tha t  the first few at 
values need  to  be considered.  I t  is interest ing to  c o m p a r e  how eqn.  6 gradual ly  de- 
par ts  f r om a purely  gaussian curve. As it depends  u p o n  the system parameters ,  it is 
convenien t  to express the co lumn  length by reference to an a rb i t r a ry  length, Lx, 
defined in such a way tha t  it normal izes  the system with respect  to  the radial  concent ra-  
t ion  funct ion.  Le t  Lt  be the length for  which the peak  variance is one quar te r  o f  the 
co lumn  radius. As the solute concen t ra t ion  at  the wall is very  small, the use o f  
the gaussian model  is justified. Hence,  by  combin ing  eqns. 1 and  3 we obta in  

R 2 1 

L t - -  dp 16[(B/~) q- C] (7) 

Then  the rat io L/L1 for  any  system fully character izes  the extent  o f  the radial  disper- 
sion. 

Fig. 3 shows the concen t ra t ion  profiles calculated f r o m  eqn.  6 for  several 
L / L j  ratios.  No te  that  the concen t ra t ion  is expressed on  a relat ive basis as 
C = C(~)/Co. I t  is observed tha t  eqn. 6 differs apprec iably  f rom the perfect  gaussian 
shape, par t icular ly  for  long co lumns ;  eventual ly  the radial  concen t ra t ion  becomes  
un i form.  This was not  a p rob l em in the work  o f  K n o x  et al. 16, as their  ac tual  con-  
cen t ra t ion  profiles depar ted  only  slightly f r om the gaussian dis t r ibut ion.  Fig. 3, i f  
val idated,  enables one to  visualize the extent  of  the gradual  exposure  o f  the solute to  
the wall effect, which is o f  p a r a m o u n t  impor tance  in l iquid c h r o m a t o g r a p h y .  As it was 
der ived with the  assumpt ion  o f  an isotropic  co lumn,  it is essential  to  investigate its 
abili ty to accoun t  for  real  co lumn  behaviour .  This was done  by  artificially increasing 
the co lumn  length,  as descr ibed previously.  Surprisingly,  mos t  o f  ou r  pre l iminary  
results val idate  the use o f  eqn. 6, even t h o u g h  the classical co lumn  exhibits  a s t rong 
wall effect. As a typical example ,  Fig. 4 shows the results ob t a ined  with the stainless- 
steel co lumn  opera ted  at  ~, = 100. I t  is not iceable,  tha t  no  significant devia t ion f rom 
the theoret ical  curve occurs  in the vicinity o f  the wall. A possible exp lana t ion  is tha t  
two oppos ing  effects roughly  cancel  out.  The  relat ively low densi ty in the region of the 
wall p romotes  an increase in bo th  axial and  radial  diffusivities; the fo rmer  tends to 
flatten the concen t ra t ion  profile while the lat ter  favours  a local enr ichment  t h rough  
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Fig. 3. Comparison of  the radial concentration profiles, expressed on a relative basis, as a function of 
the reduced column length and reduced radius. Solid lines, calculated from eqn. 6; broken lines, 
calculated assuming a truncated gaussian function (eqn. 12 from ref. 15). 
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Fig. 4. Peak height versus radial position for the stainless-steel column operated at  ~ = 100. Lx = 68.5 
cm. The solid lines give the best fit in term of  eqn. 6. 

t r a n s - c o l u m n  m a s s  t r a n s f e r .  H e n c e ,  u n t i l  f u r t h e r  d a t a  a r e  a v a i l a b l e ,  i t  c a n  b e  a s s u m e d  
t h a t  t he  a p p a r e n t  r a d i a l  d i f f u s i v i t y  is  n o t  g r e a t l y  a f f ec t ed  b y  t h e  d i s o r d e r  in  t h e  w a l l  
r e g i o n .  R e s u l t s  f o r  t h e  T e f l o n  c o l u m n  a r e  v e r y  s i m i l a r  t o  t h o s e  in  F i g .  4. A s  m e n t i o n e d  
b e f o r e ,  t h e  g r a p h  o f  r a d i a l  p l a t e  h e i g h t  versus  v e l o c i t y  in  F i g .  2 w a s  o b t a i n e d  b y  
a s s u m i n g  t h a t  t he  t w o  c o l u m n s  w e r e  o p e r a t e d  in  a q u a s i - i n f i n i t e  d i a m e t e r  m o d e .  T h i s  
a p p r o x i m a t i o n  w a s  f o u n d  to  be  r e a s o n a b l e  f o r  ~, > 15, a r a n g e  o f  v e l o c i t y  f o r  w h i c h  
t h e  r e d u c e d  c o l u m n  l e n g t h  ( L / L 1 )  w a s  a l w a y s  less t h a n  2. F ig .  2 a n d  3 c o n f i r m  t h a t  n o  
s i g n i f i c a n t  d e v i a t i o n  f r o m  t h e  g a u s s i a n  c u r v e  o c c u r r e d .  T h e  t w o  r a d i a l  p l a t e  h e i g h t s  
m e a s u r e d  f o r  ~ < 15 we re  c a l c u l a t e d  o n  t h e  b a s i s  o f  eqn .  6. 
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Radial dependence of the longitudinal plate height and column angular symmetry 
The results were obtained according to the method described by Knox  et al. 16, 

except that eight concentric directions were investigated and averaged in order to 
offset the angular column asymmetry. The results are now related to the actual column 
length (60 cm) as the direction of flow was unchanged during the experiments. Two 
properties are o f  interest: the axial plate height versus radial position and its cor- 
responding peak velocity compared with the average carrier velocity. Because of the 
heterogeneity of  the packing, the tracer transit time is expected to vary with the radial 
position. By monitoring the output  at different points of  the column exit it is there- 
fore possible to calculate the apparent  integrated peak velocity relative to the carrier 
velocity (u/fi). Results for the two columns operated at v = 100 are reported in Figs. 5 
and 6. Comparison of  the two sets of  results reveals some analogies and ~differences. 
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Fig. 5. D e p e n d e n c e  o f  the  axial  r educed  p la te  he ight  ( A )  a n d  pe a k  m a x i m u m  relative velocity ( O )  on  
the  r educed  radia l  pos i t ion  fo r  the  classical c o l u m n  opera ted  at  v z .100. 

Fig.  6. A s  Fig. 5, b u t  fo r  the  Tef lon  c o l u m n .  

In both instances, the reduced plate height gradually increases f rom the centre of  the 
column to the wall. A transition occurs at 20-30 particle diameters f rom the wall, in 
agreement with the finding o f  Knox et al. 16, and confirms that the wall effect extends 
further than was first thought  is. However, as the wall effect gradually smooths out, 
any geometric definition of  the disturbed zone is arbitrary. Although the two columns 
exhibit similar core properties, the stainless-steel column (A) is more disturbed than 
the Teflon column (B) by the wall. For  f = 0.9, column A exhibits a reduced plate 
height 30 % larger than that of  column B. In addition, there is a strong correlation 
between the reduced plate height and the apparent  velocity of  the solute. As pointed 
out by Knox  et al. ~6, it is important  to bear in mind that  the apparent  velocity of the 
peak maximum is not  the same as the velocity o f  the eluent at any distance along the 
axis because of  radial mixing. For  the same reason, (u/£Or is not  constant throughout  
the column;  it is an integrated quanti ty f rom the column inlet to the point  of  measure- 
ment. However,  the (u/£O, function must be related somehow to both  the local eluent 
velocity and column porosity. It is tempting to identify the increases in both  h and 
u/£1 in the vicinity of the wall as a reflection o f  the degradation of  the packing tightness. 
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In  a s imilar  m a n n e r ,  the c o l u m n  axis a p p e a r s  to be  the densest  p a r t  o f  the  n e t w o r k .  
A s s u m i n g  tha t  the overal l  t r acer  zone  m o v e s  at the average  ve loc i ty  o f  the carr ier ,  t hen  
(u/t~),=l can  be  es t imated  fo r  

1 

2 [ f (u / f t )d f  = 1 
0 , d  

Use o f  the t r apeze  rule leads to (u/z/),= 1 ~ 0.9985 for  bo th  co lumns .  The  decrease  in 
u/~ arises f r o m  two  oppos ing  effects : the de te r io ra t ion  o f  the pack ing  densi ty,  which  
would  con t r ibu te  to  an increase  in u/~t, a n d  the zero veloci ty  a t  the ca r r i e r -wa l l  inter-  
face,  which  offsets the fo rmer .  

As  po in t ed  ou t  before ,  the resul ts  in Figs. 5 and  6 were  o b t a i n e d  by  ave rag ing  
the p rope r t i e s  o f  e ight  concent r ic  di rect ions .  Such exper imen t s  p rov ide  va luab le  in- 
f o r m a t i o n  on  the angu la r  s y m m e t r y  o f  the  pack ing  ne twork .  As a rule,  the Tef lon  col- 
u m n  exhibi ts  be t te r  angu la r  s y m m e t r y  t h a n  c o l u m n  A. 

Typica l  resul ts  for  the  m o r e  d i s tu rbed  regions  of  c o l u m n  A are i l lus t ra ted in 
Fig. 7. The  s t rong  cor re la t ion  be tween  u/~ and  h is still obse rved  b u t  the m o s t  s tr ikif ig 
fea tu re  is tha t  this p lo t  shows the exis tence of  long- range  p a c k i n g  disorders .  F o r  ex- 
amp le ,  the pack ing  densi ty  in d i rec t ion A is cons tan t ly  be t t e r  t h a n  in di rect ions  D - E ,  
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Fig. 7. Variation of h (/X and u/~ (0) for several radial positions with the angular direction for the 
stainless-steel column. 

a l t h o u g h  this  pa t t e rn  g radua l ly  vanishes  fo r  smal ler  f values.  A t  any  given radia l  
d is tance,  the relat ive s t a n d a r d  dev ia t ion  o f  h over  the A - B - C . . .  G - A  range  can  be 
t a k e n  as an  index o f  rad ia l  s y m m e t r y .  The  resul ts  are s h o w n  in Fig. 8. T h e  larger  
sca t te r  for  the  classical  c o l u m n  is a fu r the r  ind ica t ion  o f  a h ighly  d i s tu rbed  wall  
reg ion  c o m p a r e d  with  the Tef lon c o l u m n ,  which  exhibi ts  a m o r e  regula r  pack ing  
s t ruc ture .  

I t  is l ikely t h a t  the quas i -per fec t  s y m m e t r y  o f  the  newly  i n t r o d u c e d  co lumns  is 
r espons ib le  for  thei r  g o o d  r ep roduc ib i l i t y  f r o m  p a c k i n g  to  pack ing .  Converse ly ,  the 
wall  effect a p p e a r s  to  be  the  m a i n  cause  o f  the p o o r e r  r eproduc ib i l i ty  o f  classical  
co lumns .  M o r e  da t a  are needed  be fo re  any  definite conc lus ion  can  be d rawn .  
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Fig. 8. Angular symmetry index for the classical column (~)  versus the radially compr¢ssed column 
( 0 ) .  

At this stage it may be appropriate to suggest a potential benefit of  obtaining 
more homogeneously packed large-diameter columns o f  the Teflon type. In addition 
to better performances, these columns might be used for differential refractive index 
detection under  gradient concentrat ion operating conditions. 

By analogy with the dual polarographic detector, the two refractive index de- 
tector circuits can be fed f rom two separate pick-up tubes, the location of  which is 
such that  (1) the corresponding plate heights are similar, and (2) one pick-up is virtu- 
ally free f rom solute while the other is coincident with the injection source. The diam- 
eter of  the pick-up zones should be as large as is allowed by the column heterogeneity. 
Preliminary experiments have led to a 150-fold reduction in the baseline drift; further 
experiments aimed at optimizing this system are being carried out. The results will be 
published separately 26. 

Ax ia l  and radial dispersion in relation to the overall band second moment  
All of  the preliminary findings advocate in favour 'of radially compressed 

columns. However, the extent of  the potential gain is unclear for  the analyst whose 
only concern is the overall axial diffusivity. It is therefore essential to have some in- 
dication of  how h,, h, and u/ft contribute to the overall column plate height. This 
raises the problem of  knowing the conventional plate heights for  the two columns as 
the solute becomes increasingly exposed to the wall. Experimentally, it was only 
necessary to use a classical conical-shaped terminator  to interface the detector to the 
column. A single "working"  plat inum electrode was used to moni tor  the concentrat ion 
o f  the solute f rom the terminator  exit. The reverse-flow technique was used in order to 
increase the radial dispersion by artificially increasing the equivalent length of  the 
column. The results are reported in Fig. 9. Again ~, : 100 was chosen for internal 
consistency and experimental convenience. It can be seen that h gradually increases 
with increasing equivalent column length, i.e., the solute concentra t ion in the wall- 
disturbed region (see Fig. 4). Eventually h reaches a plateau: the loss is significant and 
is much more pronounced for the classical column than for the Teflon column. 

It should be noted that, because the wall extends over 25-30 particle diameters, 
the first Knox and Parcher criterion (eqn. 10 from ref. 15) for virtually no wall effect is 
inadequate. Transposed to our nomenclature,  this would make the " t rans i t ion"  occur 
at L/L1 : 4. Fig. 9 disqualifies this rule. This situation was recognized by Knox eta/ .  t6, 
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Fig. 9. Co lumn reduced plate height  for  v = 100 as a funct ion of  the co lumn  (equivalent) length, 
(A) Classical co lumn;  (B) radially compressed column.  Broken lines, best fit obtained f rom eqn.  12. 
K - P  represents the K n o x  and Parcher  cri terion and K - L - R  represents the Knox ,  Laird and Raven  
criterion (see text). 

who  p roposed  a modif ied  cr i ter ion which  appears  to be m u c h  m o r e  realistic and  well 
adap ted  for  pract ical  c o l u m n  design. Fig. 9 shows that  it successfully predicts  the 
" t r ans i t i on"  range,  a l t hough  it should  be realized that  no  c o l u m n  is ever comple te ly  
free f r o m  any  wall effect. 

The  results in Fig. 9 also i l lustrate the difficulties encoun t e r ed  when compar ing  
c o l u m n  per formances .  F o r  example ,  it is difficult to decide which o f  the two co lumns  
is better .  C o l u m n  B is be t te r  t han  c o l u m n  A with long co lumns  whereas  the two 
c o l u m n s  exhibi t  equal ly  good  p roper t i e s  fo r  shor t  columns.  Also it is difficult to 
k n o w  how m a n y  publ ished da ta  and  compar i sons  are e r roneous  or  misleading as a 
resul t  o f  the  wall effect. It  should be po in t ed  ou t  tha t  the b e h a v i o u t  shown in Fig. 9 
can  hard ly  be ex t rapo la ted  to  o ther  velocities or  columns.  F o r  example ,  the dry  
pack ing  p rocedu re  used here  may  no t  lead to  op t imal  pack ing  in the vicini ty o f  the 
wall  c o m p a r e d  with tha t  ob ta ined  by  the  slurry technique,  in tha t  the par t ic le  size 
segregat ion m a y  be more  significanP. 

Never theless ,  we believe tha t  the gradua l  increase in h and  the a t t a inmen t  o f  
a p la teau  is a general  pa t t e rn  for  all co lumns  and  only  the  extent  o f  the loss o f  effi- 
c iency is expec ted  to va ry  f rom system to system. 

As expected,  the re la t ionship  be tween  results in Figs. 4, 5 and  6 and  the overal l  
p la te  height  is complex ,  main ly  because  o f  the ill-defined na tu re  o f  the ( u [ ~ ) ,  rat io.  All 
o f  the  results in Fig. 9 can be accoun ted  for  on  the basis o f  a semi- theoret ical  model .  
F r o m  the def ini t ion o f  the  cent red  second m o m e n t  m2, it is obv ious  that ,  at  any  fixed 
t ime a f te r  the inject ion 

f i g  f +  o0 m z  = 2 - ( l - - • t )  2 C ( l , e , t )  d ( l - - ~ t )  de (8) 
0 - -o0  

where  l is the longi tudinal  pos i t ion  with respect  to  the inject ion poin t .  Eqn.  8 assumes  
a doub ly  infinite co lumn  length for  ma themat i ca l  convenience  and,  o f  course,  it should  
be no rma l i zed  accordingly.  F o r  a given radial  posi t ion,  the peak  m a x i m u m  m a y  no t  
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coincide with the centre o f  g rav i ty  o f  the peak.  Le t  us define its pos i t ion ,  I ~ t h rough  
( r )  " 

a fac tor  a(~) such  tha t  

It? ;"  = ~t [1 + a( f ) ]  (9) 

A s s u m i n g  tha t  the axial  solute  n o r m a l i z e d  concen t r a t i on  profile,  C(f )  at a n y  given 
radia l  pos i t ion  can  be expressed  as a gauss ian  funct ion ,  then,  by  v i r tue  o f  eqn.  9, we 
ob ta in  

1 { r L f t t - - l + a f i t  ] J 2} c ( , ~ )  = • e x p  - ½ .  . ( l o )  
(ro(f)V'2zr ~a(e) 

T h e  axial  va r i ance  at any  radia l  dis tance is ob t a ined  f r o m  ha(J) (Figs.  5 and  '6) t h rough  

~o(e) = [ha(J) C, t d p W  2 (11) 

By c o m b i n i n g  eqns.  8, 9 and  10, the b a n d  overal l  second  m o m e n t  becomes  

FF/2 

o f '  ~ C(Tn~aX(ra(f)_oof +°° ( [ -  l i t)  2 • [l~, --/_-]- _a(f)lTtiz~ ~a(r)x/2zr exp  { - -  ½ tra(f ) I J " d(l  - -  t~t )df  
I 

f -c?== - r ;) cry(r) d f  
0 (12) 

where  the  d e n o m i n a t o r  is the  no rma l i z ing  factor .  C , ~  ~ is ca lcu la ted  f r o m  eqn.  6. I t  
should  be  no t ed  tha t  the middle  integral  

+ o o  

f - - -  d ( / - -  fit) ~- aa(,)'z (13) 
- -oo  

has  the d i m e n s i o n  of  a p seudo  var iance  cr~) ; it equals  tr~(~) ~v~hen a = 0. Because o f  
the  def ini t ion o f  r educed  p la te  height,  it is conven ien t  to  t ake  v/Ldp as the  uni t  o f  
length  fo r  express ing  l, ~t a n d  tr; this turns  m2 into  h. E v a l u a t i o n  o f  the  a(r) t e r m  can  
be  car r ied  out  as fol lows.  W h e n  the u/ft funct ion ,  for  a given c o l u m n  length,  is known ,  
as in Figs.  5 a n d  6, eqn.  9 implies  tha t  

a(e)  = (ul~)~ - 1 ( 1 4 )  

N o w  let us a s sume  tha t  the c o l u m n  is l eng thened  a t  cons t an t  veloci ty,  and  consider  
w h a t  the new a would  be. The  on ly  safe m e a n s  o f  ob ta in ing  the co r r ec t  answer  would  
be to  c a r r y  ou t  the exper imen t ,  bu t  as we are  deal ing  with  a semi -empi r i ca l  m o d e l  a 
cer ta in  degree  o f  a p p r o x i m a t i o n  can  be to lera ted .  The  va r i a t ion  o f  radia l  veloci ty  
wi th  rad ius  causes  the pulse to sp read  axia l ly ;  however ,  radia l  d i f fus ion coun te rac t s  
this by caus ing  the  t racer  tha t  has  been  car r ied  a h e a d  in the fas te r  f low to diffuse 
radia l ly  in to  the  s lower flow, and  likewise the t racer  tha t  has  been  held b a c k  in the 
s lower  f low diffuses in to  the fas ter  flow. This  resul ts  in a sha rper  zone  tha t  wou ld  be 
ob t a ined  i f  a was  cons tan t .  Hence  a is dependen t  on  length.  

I t  seems  r easonab le  to a s sume  tha t  a var ies  in such a way  t h a t  aa(,)'z-, f r o m  eqn.  
13, is p r o p o r t i o n a l  to the c o l u m n  length,  as only  this a s s u m p t i o n  leads to a cons t an t  
value o f  h at  large enough  L. Hence  it is on ly  necessary to k n o w  a f t )  at  a cer ta in  given 
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length in o rde r  to be able  to  solve eqn.  12. A final difficulty ar ises  in eva lua t ing  try(f), 
t ha t  is ha(f),  over  the range  0-1.  I t  was  f o u n d  imposs ib le  to ob ta in  mean ing fu l  measu re -  
men t s  a t  a c loser  d is tance  to  the wall  t h a n  those  r epor t ed  in Figs. 5 and  6. The  lack 
o f  values  in the m o s t  d i s tu rbed  reg ion  o f  the pack ing  is i n fo r tuna t e  for  two  reasons  : 
firstly, h(f)  increases  sha rp ly  in the vic ini ty  o f  the wall,  and  secondly ,  the in tegra t ion  
over  the c o l u m n  cross-sec t ion  tu rns  f in to  a weight ing  fac tor  (see eqn.  12). Hence ,  the 
p rope r t i e s  o f  the very first layers  m a y  significantly affect the  overa l l  second m o m e n t  
mz. Because any  e x t r a p o l a t i o n  wou ld  be haza rdous ,  it was  chosen  to r ega rd  the  re- 
duced  plate  height  a t  the b e d - w a l l  interface,  h(1), as an ad ju s t ab l e  p a r a m e t e r ,  the 
value o f  which  could  be ca lcu la ted  f r o m  a leas t -squares  fitting o f  Fig. 9 with the he lp  o f  
eqn.  12. The  in tegra t ion  were  car r ied  ou t  us ing S impson ' s  rule. T h e  goodness  o f  the 
fit, which  can  be app rec i a t ed  f r o m  Fig. 9, va l ida tes  the prac t ica l  use  o f  eqn.  12. The  
ad jus ted  h(1) va lues  are 14.8 :k 1.5 uni ts  for  the classical c o l u m n  a n d  3.8 zk 0.4 uni ts  
for  the  radia l ly  c o m p r e s s e d  co lumn.  Unless  the mode l  is phys ica l ly  meaningless ,  it 
can  be conc luded  tha t  the use o f  a rad ia l ly  compres sed  flexible wal l  cons ide rab ly  im-  
p r o v e s  the p a c k i n g  o rder  o f  the reg ion  ad jacent  to  the wall, p r e s u m a b l y  because  the 
wall  ad jus t s  its f o r m  to t ha t  o f  the bed.  

The  exceedingly  large h values  a t  the wall interface o f  the  classical c o l u m n  
p r o b a b l y  indicates  tha t  a h igh degree  o f  b r idg ing  occurs  as a resul t  o f  the p resence  of  
the wall. 

CONCLUSIONS 

I t  has  been  shown that ,  wi th  cent ra l  injection,  the p la te  he ight  var ies  wi th  the 
c o l u m n  length.  The  efficiency is o p t i m a l  for  very  shor t  c o l u m n s  and  g radua l ly  de- 
t e r io ra tes  as the c o l u m n  length  increases.  Even tua l ly  the p la te  he ight  reaches a p la teau ,  
which  indicates  t ha t  the wall  effect is a t  a m a x i m u m .  The  loss o f  efficiency exper ienced  
in this s tudy is significant,  a l t h o u g h  hopefu l ly  it will be  smal le r  for  the best  ana ly t ica l  
c o l u m n s  ava i lab le  t o d a y  as it should  depend  on  the p a c k i n g  p rocedure .  Never theless ,  
the d e p e n d e n c e  o f  the efficiency on  the c o l u m n  length raises ser ious  doub t s  a b o u t  the 
mean ing fu lnes s  o f  some  pub l i shed  p la te  height  coefficients.  

On a m o r e  prac t ica l  basis ,  this  s tudy  a lso  revealed  t ha t  the use  o f  radia l ly  c o m -  
pressed  co lumns  a p p r e c i a b l y  a t t enua te s  the  wal l - induced de t e r io r a t i on  o f  efficiency. 
The  i m p r o v e m e n t ,  which  is significant,  justifies fu r the r  studies on  the capabi l i t ies  o f  
rad ia l ly  c o m p r e s s e d  sof t -wal led  co lumns .  

ACKNOWLEDGEMENTS 

I a m  gra teful  to D. V a c h o n  fo r  technical  assis tance.  I a lso  a c k n o w l e d g e  the 
C a n a d i a n  Resea rch  Counci l  for  par t ia l  s u p p o r t  o f  this w o r k  u n d e r  g ran t  A 0523. 

REFERENCES 

1 F. H. Huyten, W. van Beersum and G. W. A. Rijnders, in R. P. W. Scott (Editor), Gas Chromato- 
graphy 1960, Butterworths, London, 1960, p. 224. 

2 S. T. Sie and G. W. A. Rijnders, Anal. Chim. Acta, 38 (1967) 3. 
3 G. J. Frisone, J. Chromatogr., 6 (1961) 97. 
4 J. C. Giddings, J. Gas Chromatogr., 1 (1963) 12. 



42 C . H .  E O N  

5 J. C. G idd ings  a n d  E. N.  Ful ler ,  at. Chromatogr., 7 (1962) 255. 
6 A. B. Li t t l ewood,  in  A.  G o l d u p  (Edi tor) ,  Gas Chromatography 1964, Ins t i tu t e  o f  P e t r o l e u m ,  

L o n d o n ,  1964, p. 77. 
7 A. B. Li t t lewood,  Anal. Chem., 38 (1966) 2. 
8 K. P. Hupe ,  U.  Busch  a n d  K.  Winde ,  J. Chromatogr. Sci., 7 (1969) 1. 
9 M. J. E. Go lay ,  in  H. J. Noebe ls ,  R.  F. Wal l  a n d  N.  B r e n n e r  (Edi tors) ,  Gas Chromatography, 

Second International Symposium, 1959, A c a d e m i c  Press,  New York ,  1961, Ch.  2. 
10 J. C. S t e inbe rg  a n d  R.  E. Pou l son ,  Anal. Chem., 36 (1964) 58. 
11 C. E. Schwar tz  a n d  J. M. Smi th ,  Ind. Eng. Chem., 45 (1953) 1209. 
12 J. R. C onde r ,  in  H.  Purne l l  (Edi tor) ,  New Developments in Gas Chromatography, Wiley,  N e w  

York ,  1973, p. 137. 
13 J. H.  K n o x ,  Anal. Chem., 38 (1966) 257. 
14 D.  S. H o m e ,  J. H.  K n o x  a n d  L. M c L a r e n ,  Separ. Sci., 1 (1966) 531. 
15 J. H.  K n o x  a n d  J. F. Parcher ,  Anal. Chem., 41 (1969) 1599. 
16 J. 14. K n o x ,  G.  R.  L a i r d  a n d  P. A. Raven ,  J. Chromatogr., 122 (1976) 129. 
17 J. C. Gidd ings ,  Dynamics o f  Chromatography, Part 1, Marce l  Dekker ,  N ew  York ,  1965. 
18 J. J. de S te fano  a n d  H.  C. Beaehell ,  J. Chromatogr. Sci., 10 (1972) 654. 
19 J. J. de Stefano,  in  L. L. Snyder  a n d  J. J. K i rk l and ,  Introduction to Modern Liquid Chromatography, 

Wiley, N e w  York ,  1974, Ch.  12. 
20 J. N.  Litt le,  R.  L. Cot ter ,  J. A.  P rende rgas t  a n d  P. D.  M c D o n a l d ,  J. Chromatogr., 126 (1976) 439. 
21 L. L. Snyder  a n d  J. J. K i rk l and ,  Introduction to Modern Liquid Chromatography, Wiley,  N e w  

York ,  1976. 
22 J. 14. K n o x ,  J. D u r a n d  a n d  G.  R. Lai rd ,  Proc. Soc. AnaL Chem., 11 (1974) 310. 
23 P. G.  Saffman,  J. Fluid Mech., 6 (1959) 321. 
24 P. G .  Saffman,  J. Fluid Mech., 7 (1960) 194. 
25 A. K l inkenbe rg ,  H.  J. K r a j e n b r i n k  a n d  14. A.  Lauwer ier ,  Ind. Eng. Chem., 45 (1953) 1202. 
26 C. Eon ,  to  be  publ i shed .  


