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DATA ACQUISITION A N D  PROCESSING 
FOR H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

J .  M .  Ander son  
A l l t e c h  A s s o c i a t e s  
2051 Waukegan Road 
D e e r f i e l d ,  I L  60015 

S U M M A R Y  

The e f f e c t  o f  s a m p l i n g  r a t e  and d i g i t a l  s m o o t h i n g  
on d a t a  a c q u i r e d  f rom h i g h  s p e e d  l i q u i d  c h r o m a t o g r a p h y  
(HSLC) i s  e x p l o r e d .  The amount  o f  d a t a  r e q u i r e d  p e r  
p e a k  i s  d e t e r m i n e d  from t h e  p r e c i s i o n  o f  a r e a ,  h e i g h t ,  
and r e t e n t i o n  time m e a s u r e m e n t s .  The c o r r e c t  s a m p l i n g  
r a t e  i s  r e l a t e d  m a t h e m a t i c a l l y  t o  co lumn c h a r a c t e r i s t i c s  
and o p e r a t i n g  c o n d i t i o n s .  The e f f e c t  o f  a m o d i f i e d  
moving  a v e r a g e  d i g i t a l  s m o o t h i n g  r o u t i n e  on peak  w i d t h  
and h e i g h t  i s  i n v e s t i g a t e d .  D i g i t a l  s m o o t h i n g  f u n c t i o n s  
a r e  shown t o  b e h a v e  s i m i l a r l y  t o  a n a l o g  n o i s e  f i l t e r s .  
The mer i t s  o f  r aw d a t a  s t o r a g e  and p o s t  a n a l y s i s  
p r o c e s s i n g  a r e  d i s c u s s e d  i n  l i g h t  o f  t h e  s h o r t  a n a l y s i s  
t imes i n  HSLC and  t h e  d e c r e a s e d  c o s t  of c o m p u t e r  memory. 

I N T R O D U C T I O N  

S h o r t  HPLC c o l u m n s  f i l l e d  w i t h  3 m i c r o n  p a r t i c l e s ,  

when o p e r a t e d  a t  h i g h  f l o w  r a t e s ,  a r e  c a p a b l e  o f  

p e r f o r m i n g  many s e p a r a t i o n s  5 - 5 0  times f a s t e r  t h a n  

w i t h  c o n v e n t i o n a l  HPLC c o l u m n s ,  w i t h  l i t t l e  o r  no l o s s  

of r e s o l u t i o n .  S p e c i a l i z e d  o r  m o d i f i e d  HPLC e q u i p m e n t  

h a s  b e e n  d e v e l o p e d  t o  t a k e  f u l l  a d v a n t a g e  o f  t h i s  

t e c h n i q u e .  The h i g h  e f f i c i e n c y  and l o w  vo lume  o f  t h e  
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2810 ANDERSON 

p e a k s  g e n e r a t e d  i n  h i g h  s p e e d  l i q u i d  c h r o m a t o g r a p h y  

(HSLC) r e q u i r e  r e d u c e d  volume i n  i n j e c t o r s ,  c o n n e c t i n g  

t u b i n g ,  and d e t e c t o r  f l o w  c e l l s . ( l )  D e t e c t o r  

e l e c t r o n i c s  m u s t  a l s o  b e  m o d i f i e d  t o  c o p e  w i t h  t h e  

s h a r p ,  r e l a t i v e l y  h i g h  f r e q u e n c y  p e a k s .  Noise f i l t e r i n g  

n e t w o r k s  m u s t  h a v e  l o w  time c o n s t a n t s  so a s  n o t  t o  

d i s t o r t  peak  s h a p e  and t h e r e b y  d e c r e a s e  r e s o l u t i o n .  (1-3) 

I n  a s i m i l a r  f a s h i o n ,  t h e  d a t a  h a n d l i n g  s y s t e m  employed  

f o r  HSLC m u s t  b e  c a r e f u l l y  d e s i g n e d  t o  a c c u r a t e l y  

r e p r e s e n t  t h e  c h r o m a t o g r a p h i c  d a t a  i n  a d i g i t a l  format  

w i t h o u t  s i g n i f i c a n t l y  d i s t o r t i n g  peak  s h a p e .  

T h i s  p a p e r  d e s c r i b e s  a d a t a  h a n d l i n g  s y s t e m  f o r  use 

w i t h  HSLC b a s e d  on t h e  App le  I1 c o m p u t e r .  The e f f e c t s  

o f  s a m p l i n g  r a t e  and d i g i t a l  s m o o t h i n g  r o u t i n e s  on  

c h r o m a t o g r a p h i c  d a t a  a r e  i n v e s t i g a t e d .  The u s e  o f  l ow 

c o s t  RAM memory f o r  r aw d a t a  r e t e n t i o n  i s  d e s c r i b e d .  

E X P E R I M E N T A L  

C H R O M A T O G R A P H Y  

A G i l s o n  Model 303 Pump ( G i l s o n  M e d i c a l  

E l e c t r o n i c s ,  M i d d l e t o n ,  W I ,  U S A )  i n  c o n j u n c t i o n  w i t h  an 

LDC Mark I11 P u l s e  Dampener ( L D C ,  R i v i e r a  B e a c h ,  FL, 

U S A )  was u s e d  a s  t h e  s o l v e n t  d e l i v e r y  s y s t e m .  S a m p l e s  

were i n j e c t e d  w i t h  a Rheodyne 7410  i n t e r n a l  l o o p  

i n j e c t o r  f i t t e d  w i t h  e i t h e r  a 2 o r  5 u l  s a m p l e  l o o p  

( R h e o d y n e ,  C o t a t i ,  C A ,  USA). S e p a r a t i o n s  were p e r f o r m e d  

on  100mm x 4.6mm c o l u m n s  p a c k e d  w i t h  3 m i c r o n  RoSiL C 1 8  
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DATA A C Q U I S I T I O N  AND PROCESSING 281 1 

DA ( A l l t e c h  A s s o c i a t e s ,  D e e r f i e l d ,  I L ,  USA). T u b i n g  

u s e d  t o  c o n n e c t  t h e  co lumn t o  t h e  i n j e c t o r  and d e t e c t o r  

was 1/16' '  OD x .004"  I D  ( A l l t e c h  A s s o c i a t e s ,  D e e r f i e l d ,  

IL, U S A ) .  A K r a t o s  773 UV-Vis ib le  Detector ( K r a t o s  

A n a l y t i c a l  I n s t r u m e n t s ,  Westwood, NJ, USA), e q u i p p e d  

w i t h  a 0 . 5  ul f low c e l l ,  was u s e d  t o  m o n i t o r  co lumn 

e f f l u e n t  a t  254  nm. The s q u a r e  wave r ise  time for  t h e  

d e t e c t o r ' s  n o i s e  f i l t e r  was s e t  a t  100 msec. S a m p l e s  

and m o b i l e  p h a s e s  were  a s  n o t e d  w i t h  e a c h  f i g u r e .  

D A T A  SYSTEM 

An App le  I1 P l u s  w i t h  48K RAM memory was u s e d  as  

t h e  h o s t  p r o c e s s o r .  P e r i p h e r a l s  c o n s i s t e d  o f  a s i n g l e  

f l o p p y  d i s k  d r i v e  w i t h  c o n t r o l l e r  and an Apple  DOT 

M a t r i x  P r i n t e r  ( A l l  o b t a i n e d  f rom A l l t e c h  A s s o c i a t e s ,  

D e e r f i e l d ,  I L ,  USA). Ana log  t o  d i g i t a l  ( A / D )  c o n v e r s i o n  

and d a t a  i n t e g r a t i o n  was d o n e  w i t h  an A n a l y t i c a l  

C o m p u t e r s '  Chromcard  ( A n a l y t i c a l  C o m p u t e r s ,  E l m h u r s t ,  

I L ,  USA) s u p p l i e d  w i t h  an o p t i o n a l  128K RAM memory 

e x p a n s i o n  c a r d .  

The Chromcard  c o n s i s t s  o f  a p r i n t e d  c i r c u i t  b o a r d  

t h a t  f i t s  i n t o  o n e  o f  t h e  empty  s l o t s  i n  t h e  b a c k  o f  t h e  

App le  and r e c e i v e s  t h e  a n a l o g  s i g n a l  f rom t h e  d e t e c t o r ' s  

r e c o r d e r  o u t p u t .  The accompany ing  s o f t w a r e  d i g i t i z e s  

i n c o m i n g  d a t a  w i t h  12  b i t  p r e c i s i o n  a t  u p  t o  20  Hz. The 

c h r o m a t o g r a m  i s  d i s p l a y e d  i n  r e a l  t ime on t h e  A p p l e ' s  

C R T ,  u s i n g  t h e  h i g h  r e s o l u t i o n  g r a p h i c s  mode. 
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2812 ANDERSON 

The i n c o m i n g  d a t a  i s  smoothed  u s i n g  3 ,  5 o r  9 

p o i n t s  and i s  f i t t e d  t o  a q u a d r a t i c  c u r v e .  The f i r s t  

and s e c o n d  d e r i v a t i v e s  a r e  c a l c u l a t e d  t o  d e f i n e  t h e  

o n s e t  of t h e  p e a k ,  t h e  p o s i t i o n  o f  v a l l e y s  b e t w e e n  

p e a k s ,  and t h e  p r o p e r  peak  end  p o i n t .  User d e f i n e d  

v a l v e s  f o r  s l o p e  s e n s i t i v i t y ,  minimum p e a k  h e i g h t  and 

minimum peak  a r e a  a r e  u s e d  t o  d i s c r i m i n a t e  a g a i n s t  n o i s e  

and o t h e r  a r t i f a c t s .  Raw d a t a  p o i n t s  a r e  s t o r e d  i n  RAM 

memory for  s u b s e q u e n t  r e - a n a l y s i s  or  for  t r a n s f e r  t o  

d i s k  f o r  p e r m a n e n t  s t o r a g e .  

Once a l l  p e a k s  h a v e  b e e n  d e f i n e d  and r aw a r e a s  

c a l c u l a t e d ,  r e t e n t i o n  times a r e  compared  w i t h  e x p e c t e d  

v a l u e s  s u p p l i e d  by t h e  o p e r a t o r .  I f  e x p e r i m e n t a l  v a l u e s  

m a t c h  e x p e c t e d  v a l u e s  w i t h i n  a u s e r  d e f i n e d  window,  peak  

names a r e  a s s i g n e d .  Raw p e a k  a r e a s  a r e  t h e n  n o r m a l i z e d ,  

compared  w i t h  an  i n t e r n a l  s t a n d a r d  ( i f  d e s i r e d ) ,  and  

m u l t i p l i e d  by  r e s p o n s e  f a c t o r s  p r i o r  t o  g e n e r a t i o n  of 

t h e  f i n a l  r e p o r t .  

The f i n a l  r e p o r t  l i s t s  a l l  c h r o m a t o g r a p h i c  

c o n d i t i o n s ,  t o g e t h e r  w i t h  o p e r a t o r  name, d a t e ,  and 

s a m p l e  i d e n t i f i c a t i o n .  Each  p e a k  i s  l i s t e d  w i t h  

r e t e n t i o n  t ime ,  a r e a ,  a r e a  % ,  n o r m a l i z e d  a r e a  and 

c o n c e n t r a t i o n .  A t y p i c a l  r e p o r t  i s  shown i n  F i g u r e  1. 

The c h r o m a t o g r a m  may t h e n  b e  r e p r o d u c e d  on t h e  l i n e  

p r i n t e r  i n  a d o t - m a t r i x  f o r m a t ,  a s  shown i n  F i g u r e  2 .  
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DATA ACQUISITION AND PROCESSING 

UH I E  O h / 2 % i H J  OPkHAlDH USB SAMPLE EXPrl 
ht.ltiUD N 1 . M  ME1 H(I1) I.)ESCRIPT I U N  NUCLEOTI DES 

uiI..wiN I IES( :HIP~ I O N :  
I:OL.IJrlN I U  a MM OD PACt:INti  C IS REVERSE TYPE RADIAL PAC: 
M~JB1l.E PtieSF. XI MN Ht'IM/PHI'IS PH6 FLOW RATE 1 NL/MIN PRESSURE 5 O C I  PSI 

PI 4 CCINF'OUND NkME 

.. .. .. .. 

TEMF' RATE 
DETELTOR IEMF 

TIME H T  WlGTH AREA AREA% NORM CONC 

5.18 7.48 14.38 9472 14.88 0. 

5.67 10.90 21.b.88 17709 27.82 0 . 
1.51 1 / . 7 V  23.06 ,3467 97.29 0 . 

FIGURE 1 

DOT MATRIX REPRODUCTION 
OF CHROMATOGRAM 

FIGURE 2 
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2814 ANDERSON 

RESULTS AND DISCUSSION 

The e x t r e m e l y  n a r r o w  p e a k s  g e n e r a t e d  by  HSLC p r e s e n t  a 

u n i q u e  p r o b l e m  t o  c h r o m a t o g r a p h y  d a t a  s y s t e m s .  T h e s e  

n a r r o w  p e a k s  a r e  a r e s u l t  o f  t h e  h i g h  e f f i c i e n c y  of  HSLC 

c o l u m n s ,  c o u p l e d  w i t h  t h e  s p e e d  a t  wh ich  p e a k s  e l u t e .  

The s p e e d  a r i s e s  f rom t h e  u s e  of s h o r t  c o l u m n s  ( 3 0  - 150 

m m )  and o p e r a t i o n  a t  h i g h  m o b i l e  p h a s e  v e l o c i t i e s .  A 

c o m p a r i s o n  o f  HSLC w i t h  c o n v e n t i o n a l  H P L C  i s  shown i n  

F i g u r e  3 .  Th.e c o n v e n t i o n a l  co lumn (150  m m ,  5 m i c r o n )  

s e p a r a t e s  s e v e n  c o m p o n e n t s  i n  j u s t  u n d e r  9 m i n u t e s .  The 

HSLC column (100  m m ,  3 m i c , r o n )  s e p a r a t e s  t h e  same 

m i x t u r e  i n  j u s t  u n d e r  50 s e c o n d s ,  w i t h  l i t t l e  or  no l o s s  

of  r e s o l u t i o n .  The amount  o f  i n f o r m a t i o n  a v a i l a b l e  from 

b o t h  c h r o m a t o g r a m s  i s  t h e  s a m e ,  b u t  t h e  time b a s e  h a s  

b e e n  d e c r e a s e d  a l m o s t  t w e l v e f o l d .  The d a t a  s y s t e m ,  t o  

m a i n t a i n  t h e  same i n t e g r i t y  o f  i n f o r m a t i o n ,  m u s t  

d i g i t i z e  t h e  c h r o m a t o g r a m  t w e l v e  t imes f a s t e r ,  r e q u i r i n g  

h i g h e r  s a m p l i n g  r a t e s .  S i m u l t a n e o u s l y ,  t h e  p e a k s  s h i f t  

t o  a h i g h e r  f r e q u e n c y ,  i n c r e a s i n g  t h e  e f f e c t  of d i g i t a l  

s m o o t h i n g  r o u t i n e s  on t h e  peak  s h a p e .  

A c o m p a r i s o n  may b e  made b e t w e e n  t h e s e  d i g i t a l  

e f f e c t s  and t h e i r  a n a l o g  c o u n t e r p a r t s .  F a s t e r  s a m p l i n g  

r a t e s  c o r r e s p o n d  t o  f a s t e r  s t r i p  c h a r t  r e c o r d e r  s p e e d s .  

Improved  d i g i t a l  s m o o t h i n g  r o u t i n e s  p a r a l l e l  a n a l o g  

n o i s e  f i l t e r s  w i t h  s h o r t e r  time c o n s t a n t s .  
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DATA ACQUISITION AND PROCESSING 2815 

CONVENTIONAL 

HIGH SPEED 
HPLC 

vs. 

HIGH SPEED 
COLUMN 

(10cm x 4.6mm) 

INJECT 80 SECONDS 

CONVENTIONAL 
COLUMN 

(15cm x 4.6mm) 

INJECT 9 min. 

FIGURE 3 
High Speed Column lOcm x 4.6mm P/W RoSiL C18 HL 3 micron. 
Phase 75/25 Acetonitrile/Water. 
3.0ml/min for High Speed Column. Sample - Anilides. 

Conventional Column, 15cm x 4.6mm P/W RoSiL C18 HL 5 micron. 

l.Oml/min for Conventional Column, 
Mobile 
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2816 ANDERSON 

SAMPLING R A T E  

The s a m p l i n g  r a t e  d e t e r m i n e s  t h e  i n t e r v a l  be tween  

c o n s e c u t i v e  e x a m i n a t i o n s  o f  t h e  a n a l o g  s i g n a l .  The 

s p e e d  of  t h e  a n a l y s i s  and t h e  s h a p e  of  t h e  p e a k s  

d e t e r m i n e  t h e  s a m p l i n g  r a t e  r e q u i r e d - - t h e  s h a r p e r  t h e  

p e a k s ,  t h e  g r e a t e r  t h e  s a m p l i n g  r a t e .  The s a m p l i n g  r a t e  

s h o u l d  be  f a s t  enough  t o  p r o v i d e  an a d e q u a t e  d i g i t a l  

r e p r e s e n t a t i o n  of t h e  p e a k  p r o f i l e .  On t h e  o t h e r  h a n d ,  

e x c e s s i v e  s a m p l i n g  r a t e s  w i l l  g e n e r a t e  l a r g e  q u a n t i t i e s  

of  d a t a .  I f  r a w  d a t a  i s  b e i n g  s t o r e d ,  t h i s  r a p i d l y  

f i l l s  t h e  c o m p u t e r ’ s  memory. 

The s a m p l i n g  r a t e  r e q u i r e d  f o r  a g i v e n  peak  c a n  b e  

r e l a t e d  t o  c h r o m a t o g r a p h i c  p a r a m e t e r s  u s i n g  E q u a t i o n  

( I ) .  

4 Vo (1 + kl) 
Q N4 

( 1 )  w = 

W = Peak  Wid th  ( a t  B a s e )  

Vo = Column Void Volume 

Q = Volume Flow R a t e  

N = Column E f f i c i e n c y  

k l  = C a p a c i t y  F a c t o r  

I f  t h e  peak  d u r a t i o n  ( W )  i s  known, it i s  s i m p l e  t o  

c a l c u l a t e  t h e  s a m p l i n g  r a t e ,  u s i n g  E q u a t i o n  ( 2 ) .  

( 2 )  F = Q ’’ 
4 Vo (1 + ki) 

F = S a m p l i n g  R a t e  

C = The Number of Da ta  P o i n t s  D e s i r e d  p e r  Peak  
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DATA ACQUISITION AND PROCESSING 2817 

I n s p e c t i o n  o f  E q u a t i o n  ( 2 )  r e v e a l s  t h a t  s a m p l i n g  

r a t e  i n c r e a s e s  w i t h  i n c r e a s e d  f l o w  r a t e  (Q), i n c r e a s e d  

e f f i c i e n c y  (N), and d e c r e a s e d  co lumn v o i d  volume (Vo) .  

A l l  t h r e e  of t h e s e  o c c u r  i n  HSLC. S m a l l e r  p a r t i c l e s  

r e s u l t  i n  h i g h e r  e f f i c i e n c i e s ;  s h o r t e r  c o l u m n s  h a v e  

smaller  v o i d  v o l u m e s ,  and s h a l l o w  H / U  c u r v e s  f o r  s m a l l  

p a r t i c l e s  a l l o w  o p e r a t i o n  a t  h i g h e r  f l o w  r a t e s .  

C h o o s i n g  t h e  c o r r e c t  v a l u e  f o r  C d e p e n d s  on t h e  

p r e c i s i o n  r e q u i r e d  f rom s u b s e q u e n t  c a l c u l a t i o n s .  I n  

m o s t  c a s e s  a r e a ,  h e i g h t ,  and r e t e n t i o n  t ime a r e  

e x t r a c t e d  f rom raw p e a k  d a t a .  Examin ing  t h e  p r e c i s i o n  

o f  a r e a ,  h e i g h t ,  and r e t e n t i o n  t ime a t  v a r i o u s  s a m p l i n g  

r a t e s  may b e  u s e d  t o  d e t e r m i n e  t h e  c o r r e c t  v a l u e  f o r  C .  

The Chromcard  s y s t e m  a l l o w s  A / D  c o n v e r s i o n  r a t e s  o f  

20 Hz, 10 Hz, 2 Hz, 1 Hz, and 0 .5  Hz. For  t h e  h i g h  

s p e e d  s e p a r a t i o n  shown i n  F i g u r e  4 ,  A / D  c o n v e r s i o n  r a t e s  

o f  20 Hz, 10 Hz, and 2 Hz were e x a m i n e d .  Ten r u n s  were 

c o l l e c t e d  a t  e a c h  r a t e .  The e a r l i e s t  e l u t i n g  p e a k  

( p h e n o l )  i s  t h e  s h a r p e s t  o f  t h e  f i v e ,  h e n c e  p r e s e n t i n g  

t h e  most demand ing  c a s e  t o  t h e  d a t a  h a n d l i n g  s y s t e m .  

The mean v a l u e s  f o r  a r e a ,  h e i g h t ,  and r e t e n t i o n  t i m e ,  

a l o n g  w i t h  t h e  r e l a t i v e  s t a n d a r d  d e v i a t i o n  ( R S D )  f o r  

e a c h  q u a n t i t y  a r e  shown i n  T a b l e  1 .  

The mean v a l u e s  for  r e t e n t i o n  t ime,  peak  h e i g h t  and 

p e a k  a r e a  a r e  n e a r l y  i d e n t i c a l  when c a l c u l a t e d  from d a t a  

c o l l e c t e d  a t  10 Hz and 20 Hz. A s  e x p e c t e d ,  t h e  p r e c i -  

s i o n  o b t a i n e d  f rom d a t a  c o l l e c t e d  a t  20 Hz i s  s l i g h t l y  
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2818 ANDERSON 

FIGURE 4 Column lOcm x 4.6m P/W RoSiL C18 HL 3 micron. Mobile 
Phase 75/25 A c e t o n i t r i l e / W a t e r .  Flow 3.Oml/min 3000 PSIG. Peak 1, 
Phenol; Peak 2, Benzaldehyde; Peak 3, N,N-Diethyl-m-Toulamide; 
Peak 4, Toluene; Peak 5, E t h y l  Benzene. 

TABLE 1 

I n t e g r a t o r  P r e c i s i o n  a t  Var ious  A / D  Convers ion  Rates* 

Mean Value/% R S D  
Sampling Rate  R e t e n t i o n  Time Peak Peak 
( P o i n t s / S e c .  1 (Seconds )  Area Height  - 

20 

10 

2 

21.83 1522.55 2712.108 
(0.771)  (1 .329)  (1 .271)  

21.84 1536.92 2622.113 
(0.418) (1 .512)  (1 .497)  

21.95 1623.90 1901.200 
(1.293)  (16 .38 )  (12.34)  

"10 r u n s  a t  each  r a t e .  Data f o r  Peak 1 ,  phenol .  
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DATA ACQUISITION AND PROCESSING 2819 

b e t t e r ,  a l t h o u g h  t h e  maximum R S D  f o r  10 Hz i s  o n l y  

1 .512%. T h i s  i s  a c c e p t a b l e  p r e c i s i o n  f o r  most a p p l i c a -  

t i o n s .  When t h e  s a m p l i n g  r a t e  i s  d r o p p e d  t o  2 Hz, 

h o w e v e r ,  t h e  mean v a l u e s  f o r  peak  h e i g h t  and peak  a r e a  

d i f f e r  g r e a t l y  f rom t h o s e  o b t a i n e d  a t  10 and 20  Hz. The 

p r e c i s i o n  a t  t h e  2 Hz r a t e  a l s o  becomes  u n a c c e p t a b l e  

(RSD>12$). 

T h i s  i n f o r m a t i o n  s u g g e s t s  t h a t  t h e  number o f  p o i n t s  

c o l l e c t e d  a t  t h e  10 Hz and 20 Hz r a t e s  p r o v i d e s  an  

a d e q u a t e  d a t a  b a s e  f o r  i n t e g r a t i o n  w i t h  good p r e c i s i o n .  

T a b l e  2 d i s p l a y s  t h e  number o f  d a t a  p o i n t s  o b t a i n e d  

e x p e r i m e n t a l l y  a t  e a c h  s a m p l i n g  r a t e ,  a l o n g  w i t h  t h e  

t h e o r e t i c a l  v a l u e  o b t a i n e d  by s o l v i n g  E q u a t i o n  ( 2 )  f o r  

TABLE 2 

Number o f  D a t a  P o i n t s  C o l l e c t e d  a t  V a r i o u s  A / D  
C o n v e r s i o n  R a t e s  

S a m p l i n g  R a t e  
( P o i n t s / S e c o n d )  

Number o f  Data P o i n t s  
E x p e r i m e n t a l *  C a l c u l a t e d * *  

20 1 9 . 6  16 .4  

10 10 .1  8.2 

2 3.2 1 . 6  

* A v e r a g e  v a l u e s  for 10  r u n s .  D a t a  for Peak  1, p h e n o l .  

** C a l c u l a t e d  u s i n g  C = "O(l + ''1, from Eqn (2). 
N = 1 1 , 3 0 0  p l a t e s .  Q N 4  
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2820 ANDERSON 

FIGURE 5 Phenol Peak P r o f i l e  

The l a c k  of c o r r e l a t i o n  b e t w e e n  t h e  e x p e r i m e n t a l  

and c a l c u l a t e d  v a l u e s  may b e  e x p l a i n e d  by  t h e  

n o n - G a u s s i a n  s h a p e  of t h e  p h e n o l  p e a k .  The e f f i c i e n c y  

v a l u e  u s e d  i n  c a l c u l a t i n g  C b y  E q u a t i o n  ( 2 )  was o b t a i n e d  

u s i n g  b a n d w i d t h  a t  50% of  p e a k  h e i g h t .  T h i s  method 

a s s u m e s  a G a u s s i a n  p e a k  s h a p e ,  and a s  F i g u r e  5 r e v e a l s ,  

t h e  p h e n o l  p e a k  h a s  a s i g n i f i c a n t  t a i l .  T h i s  l e a d s  t o  

an i n f l a t e d  v a l u e  f o r  N and a r e d u c e d  v a l u e  f o r  C .  

N o n e t h e l e s s ,  E q u a t i o n  ( 2 )  p r o v i d e s  a r e a s o n a b l e  method 

for  c h o o s i n g  s a m p l i n g  r a t e .  T h i s  d a t a  i n d i c a t e s  t h a t  a 

C v a l u e  of 10 - 20 p o i n t s / p e a k  (minimum) w i l l  p r o v i d e  

a c c e p t a b l e  p r e c i s i o n .  
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FIGURE 6 Sampling Rate VS. Flow Rate 

For a t y p i c a l  3 m i c r o n  HSLC column 100 mm l o n g  w i t h  

12,000 p l a t e s  and a Vo of 0 . 6  m l ,  t h e n  s u b s t i t u t i n g  i n  

E q u a t i o n  ( 2 )  w i t h  C = 2 0 ,  y i e l d s  E q u a t i o n  ( 3 ) .  

A peak  e l u t i n g  a t  t h e  v o i d  volume (kl 0 )  w i l l  

r e q u i r e  t h e  f a s t e s t  s a m p l i n g  r a t e .  For  HSLC w i t h  4.6mm 

c o l u m n s ,  f l o w  r a t e s  of up t o  6 ml/min may be 

e n c o u n t e r e d .  F i g u r e  6 d i s p l a y s  t h e  p l o t  of s a m p l i n g  

r a t e  v s .  f l o w  r a t e ,  f o r  a peak e l u t i n g  a t  t h e  v o i d  

volume.  For a f l o w  r a t e  o f  6 m l / m i n ,  s a m p l i n g  r a t e s  o f  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2822 ANDERSON 

c l o s e  t o  100 Hz may b e  r e q u i r e d  t o  g e n e r a t e  20 d a t a  

p o i n t s .  C h r o m c a r d ' s  c u r r e n t  maximum s a m p l i n g  r a t e  o f  20 

Hz s h o u l d  b e  a d e q u a t e  f o r  m o s t  HSLC and f o r  a l l  

c o n v e n t i o n a l  HPLC. However ,  t o  p r o v i d e  a d e q u a t e  

p r e c i s i o n  and a c c u r a c y  f o r  t h e  f a s t e s t  a n a l y s e s ,  a 

s y s t e m  w i t h  h i g h e r  s a m p l i n g  r a t e s  would b e  d e s i r a b l e .  

D I G I T A L  S M O O T H I N G  

Most c o m m e r c i a l  L C  d e t e c t o r s  i n c o r p o r a t e  some t y p e  

o f  a n a l o g  n o i s e  f i l t e r  a s  p a r t  o f  t h e  s i g n a l  e l e c t r o n -  

i c s .  The p u r p o s e  o f  t h e s e  f i l t e r s  i s  t o  e l i m i n a t e  n o i s e  

a t  f r e q u e n c i e s  h i g h e r  t h a n  t h a t  o f  t h e  c h r o m a t o g r a p h i c  

p e a k s .  Most o f  t h e s e  f i l t e r s  c a n  b e  c h a r a c t e r i z e d  by 

t h e i r  t ime c o n s t a n t .  The time c o n s t a n t  s h o u l d  b e  h i g h  

enough  t o  remove  s h o r t  term n o i s e  w i t h o u t  d i s t o r t i n g  t h e  

peak  s h a p e .  If a 5% i n c r e a s e  i n  b a n d w i d t h  d u e  t o  n o i s e  

f i l t e r s  i s  deemed a c c e p t a b l e ,  t h e n  t h e  t ime c o n s t a n t  

s h o u l d  n o t  e x c e e d  32% o f  t h e  p e a k ' s  b a n d w i d t h . ( 3 )  

Haddad,  e t  a l . ,  q u a n t i f i e s  t h e  e f f e c t s  o f  R C  f i l t e r s  on 

c h r o m a t o g r a p h i c  e f f i c i e n c y  and r e s o l u t i o n .  ( 2 )  A s  t h e  

p e a k ' s  b a n d w i d t h  d e c r e a s e s ,  t h e  e f f e c t  o f  t h e  n o i s e  

f i l t e r s  on t h e  peak  s h a p e  i n c r e a s e s .  Ana log  n o i s e  

f i l t e r s  f o r  HSLC h a v e  been  d e s i g n e d  w i t h  s m a l l  time 

c o n s t a n t s  "0 a s  n o t  t o  s i g n i f i c a n t l y  d e g r a d e  peak  s h a p e .  

C h r o m a t o g r a p h y  d a t a  s y s t e m s  u s u a l l y  i n c l u d e  

s o f t w a r e  € o r  s m o o t h i n g  d i g i t i z e d  d a t a .  The p u r p o s e  is  

s i m i l a r  t o  t h a t  of a n a l o g  n o i s e  f i l t e r s - - t o  remove  
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s p u r i o u s  s i g n a l s  from c h r o m a t o g r a p h i c  d a t a .  The 

s i m p l e s t  o f  t h e s e  n u m e r i c  n o i s e  s u p p r e s s i o n  m e t h o d s  i s  

t h e  moving  a v e r a g e .  The v a l u e s  o f  s e v e r a l  c o n s e c u t i v e  

d a t a  p o i n t s  a r e  summed and d i v i d e d  b y  t h e  number o f  

p o i n t s  c o l l e c t e d .  T h i s  a v e r a g e  i s  u s e d  f o r  t h e  v a l u e  o f  

t h e  m i d d l e  p o i n t  i n  t h e  a r r a y .  The o l d e s t  p o i n t  i s  

d r o p p e d ;  a new p o i n t  i s  a d d e d ,  and t h e  p r o c e s s  i s  

r e p e a t e d  f o r  t h e  new a r r a y .  I n  t h i s  m a n n e r ,  a "window1t 

moves t h r o u g h  t h e  d a t a ,  a s s i g n i n g  a v a l u e  f o r  t h e  m i d d l e  

d a t a  p o i n t  i n  t h e  window b a s e d  on  t h e  p a s t  and f u t u r e  

p o i n t s  i n  t h e  a r r a y .  The number o f  p o i n t s  u s e d  i n  t h e  

a v e r a g e  ( t h e  s i z e  o f  t h e  window) d e t e r m i n e s  t h e  e x t e n t  

o f  t h e  s m o o t h i n g .  The l e n g t h  of  t h e  s m o o t h i n g  a r r a y  c a n  

b e  q u a l i t a t i v e l y  compared  w i t h  t h e  m a g n i t u d e  of  t h e  time 

c o n s t a n t  u s e d  i n  a n a l o g  f i l t e r s .  The more  p o i n t s  u s e d  

i n  t h e  s m o o t h i n g  f u n c t i o n ,  t h e  g r e a t e r  t h e  d i s t o r t i o n  o f  

p e a k  s h a p e .  A s  t h e  p e a k l s  b a n d w i d t h  becomes  s m a l l e r ,  

t h e  e f f e c t  of  t h e  moving  a v e r a g e  on t h e  peak  s h a p e  

becomes  more s i g n i f i c a n t .  

The s o f t w a r e  u s e d  w i t h  Chromcard  u s e s  a m o d i f i e d  

mov ing  a v e r a g e  as  d e s c r i b e d  by  S a v i t s k y  and G o l a y .  (4) 

The s o f t w a r e  o p e r a t e s  on a 3 ,  5 ,  o r  9 p o i n t  window. 

I n s t e a d  o f  c a l c u l a t i n g  a s i m p l e  a v e r a g e  of t h e  d a t a  

p o i n t s ,  t h e  d a t a  i n  t h e  a r r a y  is  f i t t e d  t o  a q u a d r a t i c  

c u r v e  ( y  = axZ+bx+c)  u s i n g  a l e a s t  s q u a r e s  approx ima-  

t i o n .  A q u a d r a t i c  c u r v e  f i t  i s  s u p e r i o r  t o  a s i m p l e  
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moving  a v e r a g e  i n  t h a t  t h e  q u a d r a t i c  f u n c t i o n  c a n  b e  

f i t t e d  more c o r r e c t l y  t o  a r a p i d l y  c h a n g i n g  s i g n a l  s u c h  

a s  a c h r o m a t o g r a p h i c  p e a k .  The r e s u l t  i s  b e t t e r  

s m o o t h i n g  w i t h  less  d i s t o r t i o n .  

The e f f e c t  o f  t h e  s i z e  o f  t h e  window on peak  s h a p e  

i s  shown i n  T a b l e  3 .  U s i n g  a 3 ,  5 ,  o r  9 p o i n t  window, 

d a t a  from t h e  p h e n o l  peak  ( F i g .  4 )  was a c q u i r e d  and 

smoo thed  w i t h  a q u a d r a t i c  curve  f i t .  Peak  h e i g h t  and 

peak  b a n d w i d t h  ( a t  50%)  were m e a s u r e d  f o r  t h e  smoo thed  

d a t a .  E f f i c i e n c y  was c a l c u l a t e d  u s i n g  t h e  1/2 h e i g h t  

m e t h o d .  

I n s p e c t i o n  of b a n d w i d t h  and peak  h e i g h t  v a l u e s  i n  

T a b l e  3 d e m o n s t r a t e s  t h a t  d i g i t a l  s m o o t h i n g  a f f e c t s  peak  

s h a p e  i n  a manner  s i m i l a r  t o  a n a l o g  n o i s e  f i l t e r s .  If 

t h e  s m o o t h i n g  f u n c t i o n  b e g i n s  t o  a f f e c t  s i g n a l s  i n  t h e  

same f r e q u e n c y  r a n g e  a s  t h e  c h r o m a t o g r a p h i c  p e a k s ,  t h e n  

t h e  a p p a r e n t  b a n d w i d t h  w i l l  i n c r e a s e ,  d e c r e a s i n g  

e f f i c i e n c y .  Peak  h e i g h t  w i l l  d e c r e a s e ,  a f f e c t i n g  

T a b l e  3 

E f f e c t  of D i g i t a l  S m o o t h i n g  on Peak  Wid th  and H e i g h t  

P o i n t s  Used i n  Peak  Peak  E f f i c i e n c y  
S m o o t h i n g  R o u t i n e  H e i g h t  Wid th  (50%)  ( P l a t e s )  

3 3529 6.750 12,100 

5 3526 6.750 12,100 

9 3385 7.125 11,000 
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s e n s i t i v i t y .  I n  t h e  c a s e  o f  t h e  q u a d r a t i c  c u r v e  f i t  

p rog ram a p p l i e d  i n  t h i s  work ,  no  d e c r e a s e  i n  p e r f o r m a n c e  

d u e  t o  d i g i t a l  s m o o t h i n g  o c c u r r e d  f o r  t h e  3 o r  5 p o i n t  

windows.  Us ing  9 p o i n t s ,  h o w e v e r ,  r e d u c e d  m e a s u r e d  

e f f i c i e n c y  by 8.5% and p e a k  h e i g h t  by  4 . 1 % .  

U n l i k e  a n a l o g  n o i s e  f i l t e r s ,  whose c h a r a c t e r i s t i c s  

a r e  f i x e d  by  t h e  v a l u e  and n a t u r e  of  t h e i r  e l e c t r o n i c  

c o m p o n e n t s ,  d i g i t a l  s m o o t h i n g  f u n c t i o n s  may t a k e  on 

a l m o s t  a n y  c h a r a c t e r i s t i c .  The v i r t u a l l y  u n l i m i t e d  

a b i l i t y  t o  m a n i p u l a t e  d a t a  t h r o u g h  s o f t w a r e  makes  t h i s  

so .  The S a v i t s k y - G o l a y  p r o c e d u r e ,  f o r  e x a m p l e ,  may b e  

m o d i f i e d  t o  f i t  t h e  r aw d a t a  t o  v i r t u a l l y  a n y  mathema- 

t i c a l  f u n c t i o n .  I n  t h e  f u t u r e ,  it may b e  p o s s i b l e  t o  

d i s p e n s e  c o m p l e t e l y  w i t h  a n a l o g  s i g n a l  p r o c e s s i n g  i n  

f a v o r  o f  more  p o w e r f u l ,  v e r s a t i l e  d i g i t a l  m e t h o d s .  

When a p p l y i n g  d i g i t a l  s m o o t h i n g  t o  c h r o m a t o g r a p h i c  

d a t a ,  c a r e  m u s t  be  t a k e n  t o  a v o i d  d i s t o r t i o n  o f  p e a k  

s h a p e .  When t h e  f r e q u e n c y  of t h e  p e a k s  becomes  c l o s e r  

t o  t h a t  o f  t h e  n o i s e  t o  b e  e l i m i n a t e d ,  s u c h  a s  i n  H S L C ,  

t h e  d e s i g n  o f  t h e  d i g i t a l  s m o o t h i n g  becomes  i n c r e a s i n g l y  

i m p o r t a n t .  

R A W  DATA STORAGE 

C h r o m a t o g r a p h y  d a t a  s y s t e m s  may b e  c a t e g o r i z e d  

a c c o r d i n g  t o  t h e  way t h e y  t r e a t  r aw d a t a .  So c a l l e d  

l l o n - t h e - f l y l l  s y s t e m s  p r o c e s s  d a t a  a s  i t  i s  r e c e i v e d  f rom 

t h e  A / D  c o n v e r t e r ,  d e t e r m i n i n g  when p e a k s  o c c u r  and 
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2826 ANDERSON 

p e r f o r m i n g  i n t e g r a t i o n  a s  t h e  a n a l y s i s  t a k e s  p l a c e .  Raw 

d a t a  v a l u e s  a r e  d i s c a r d e d  a f t e r  t h e y  a r e  p r o c e s s e d .  

Small  m i c r o p r o c e s s o r  b a s e d  d a t a  s y s t e m s  u s u a l l y  h a v e  

been  l i m i t e d  t o  o p e r a t i o n  i n  t h i s  mode d u e  t o  t h e  h i g h  

c o s t  o f  s o l i d  s t a t e  memory and t h e  l i m i t e d  a d d r e s s i n g  

c a p a c i t y  o f  8 b i t  p r o c e s s o r s .  I n  some c a s e s ,  r a w  p e a k  

d a t a  c a n  b e  s t o r e d  i n  a s m a l l  s o l i d  s t a t e  memory b u f f e r ,  

t h e n  t r a n s f e r r e d  t o  d i s c  when t h e  b u f f e r  i s  f i l l e d .  The 

b u f f e r  is  t h e n  f i l l e d  w i t h  new d a t a  u n t i l  t h e  b u f f e r  

o n c e  a g a i n  r e q u i r e s  t tdumpingl t  t o  d i s c .  U n f o r t u n a t e l y ,  

t r a n s f e r  o f  d a t a  t o  a t y p i c a l  f l o p p y  d i s c  c a n  t a k e  up  t o  

o n e  f u l l  s e c o n d ,  d u r i n g  wh ich  t ime d a t a  a c q u i s i t i o n  m u s t  

be i n t e r r u p t e d .  T h i s  p l a c e s  a s e v e r e  l i m i t a t i o n  on 

s a m p l i n g  r a t e .  

L a r g e r  c o m p u t e r s  w i t h  i n c r e a s e d  memory c a p a c i t y  

h a v e  n o r m a l l y  b e e n  employed  for  p e a k  p r o c e s s i n g  w i t h  

r e t e n t i o n  o f  r aw d a t a .  The m a j o r  a d v a n t a g e  of  r aw d a t a  

r e t e n t i o n  i s  t h e  a b i l i t y  t o  r e a n a l y z e  t h e  d a t a  u n d e r  an 

a l t e r n a t e  se t  o f  c o n d i t i o n s .  Peak  p r o c e s s i n g  p a r a m e t e r s  

may b e  m o d i f i e d  a f t e r  t h e  a n a l y s i s  t o  c o p e  w i t h  u n f o r e -  

s e e n  c h a n g e s  i n  t h e  i n c o m i n g  d a t a .  Fo r  e x a m p l e ,  p e a k  

t h r e s h o l d  and minimum a r e a  p a r a m e t e r s  c a n  b e  a d j u s t e d  t o  

e l i m i n a t e  an u n e x p e c t e d  peak  from c a l c u l a t i o n s .  

I n  1980 Reese p r e d i c t e d  t h a t  d a t a  s y s t e m s  would be  

d e v e l o p e d  t o  o p e r a t e  w i t h  r aw d a t a  r e t e n t i o n  a s  t h e  c o s t  

o f  memory d e c r e a s e d . ( 5 )  S i n c e  t h a t  t i m e ,  a d v a n c e s  i n  
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s m a l l  p e r s o n a l  c o m p u t e r s  h a v e  made f a i r l y  s o p h i s t i c a t e d  

c o m p u t i n g  power a v a i l a b l e  a t  m o d e s t  c o s t s .  R e l a t i v e l y  

i n e x p e n s i v e ,  h i g h  v o l u m e ,  s o l i d  s t a t e  memory h a s  a l s o  

been  d e v e l o p e d  mak ing  i t  p o s s i b l e  t o  r e t a i n  a f a i r  

amount o f  r aw d a t a  w i t h  a m i c r o p r o c e s s o r  b a s e d  s y s t e m .  

HSLC i s  an  i d e a l  c a n d i d a t e  for  s y s t e m s  o f  t h i s  

n a t u r e  s i n c e  t h e  amount  o f  d a t a  g e n e r a t e d  is  r e l a t i v e l y  

sma l l .  A l t h o u g h  t h e  amount  of d a t a  p e r  u n i t  time is  

h i g h  i n  HSLC d u e  t o  t h e  h i g h  s a m p l i n g  r a t e s ,  t h e  

a n a l y s e s  t h e m s e l v e s  a r e  t y p i c a l l y  q u i t e  s h o r t .  I n  most 

c a s e s ,  t h e  e n t i r e  s e p a r a t i o n  t a k e s  p l a c e  i n  l e s s  t h a n  

t e n  m i n u t e s .  

The d a t a  s y s t e m  employed  i n  t h i s  work was e q u i p p e d  

w i t h  a 128K RAM memory e x p a n s i o n  c a r d  for  t h e  p u r p o s e  o f  

T a b l e  4 

D a t a  S t o r a g e  C a p a c i t y  a t  V a r i o u s  S a m p l i n g  R a t e s *  

S a m p l i n g  Rate ( H z )  C a p a c i t y  ( M i n u t e s )  
A p p r o x i m a t e  S t o r a g e  

100 10 

75 

50 

13.34 

20  

40 25  

20 50 

10 

*Based  on  128K s y s t e m .  

100 
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r aw d a t a  s t o r a g e .  T a b l e  4 shows  t h e  amount  o f  r aw 

c h r o m a t o g r a p h i c  d a t a  ( i n  m i n u t e s )  t h a t  may be s t o r e d  

w i t h  128K memory a t  v a r i o u s  s a m p l i n g  r a t e s .  Even a t  

s a m p l i n g  r a t e s  o f  100 Hz, t en  m i n u t e s  o f  r aw d a t a  may b e  

s t o r e d  i n  a 128K b u f f e r .  T h i s  i s  c e r t a i n l y  a d e q u a t e  f o r  

even  t h e  m o s t  demand ing  HSLC. 

C O N C L U S I O N  

Wi th  t h e  a d v e n t  o f  HSLC,  t h e  c o m p o n e n t s  o f  t h e  L C  

s y s t e m  h a v e  b e e n  c r i t i c a l l y  r e v i e w e d  and m o d i f i e d  t o  

c o p e  w i t h  t h e  n a r r o w ,  h i g h  s p e e d  p e a k s  p r o d u c e d  by  HSLC 

c o l u m n s .  The d a t a  s y s t e m  m u s t  b e  v i ewed  i n  t h e  same 

l i g h t .  S a m p l i n g  r a t e s  s h o u l d  be  a d j u s t e d  t o  p r o d u c e  a 

minimum of  10 - 20 p o i n t s  p e r  p e a k .  D i g i t a l  s m o o t h i n g  

p r o g r a m s  s h o u l d  b e  c a r e f u l l y  e v a l u a t e d  t o  i n s u r e  t h a t  no 

a r t i f i c i a l  d e c r e a s e s  i n  p e r f o r m a n c e  a re  i n t r o d u c e d .  

Wi th  t h e  a d v e n t  o f  low c o s t  RAM memory t o  complemen t  

m i c r o c o m p u t e r s ,  d a t a  p r o c e s s i n g  w i t h  r e t e n t i o n  o f  raw 

d a t a  i s  p o s s i b l e .  
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