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CONCENTRATION GRADIENT DETECTOR 
IN CAPILLARY SEPARATION TECHNOLOGY 

Janusz Pawliszyn 
Assistant Professor 

Utah State University 
Lagan, Utah 84322-0300 

Abstract 

The physical principle and properties of the concentration gradient 

method based on Schlieren opt ics  are described and discussed. 

volume and inexpensive sensors can be designed based on t h i s  principle. 

This technique i s  applied as a detection scheme in high efficiency capi l lary 

separation technology. The advantages of frontal analysis compared to  the 

elution method in high efficiency separations are discussed. 

Simple, low 

Recent advances i n  capi l lary separation technology have produced 

dramatic improvement i n  efficiency o f  these methods (1). 

capi l lary l iquid chromatography (2) or capi l lary zone electrophoresis (3) 

are  known t o  achieve eff ic iencies  close t o  a million of theoretical plates. 

I n  these methods, due t o  favorable geometry o f  the capillary system, the 

injected sample i s  not dispersed s ignif icant ly  during the migration process. 

Therefore, "sharp" peaks characterized by high concentration gradients are  

produced a t  the detector (See Figure lb). 

For example, 
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Figure 1 

Results o f  h igh and low e f f i c i e n c y  separation(N,,/N,=25) under same 

cond i t ions  : 

(a)  low e f f i c i e n c y  method 

(b )  h igh  e f f i c i e n c y  method 

The concentrat ion p r o f i l e  detected a t  t he  end o f  the  column can be 

descr ibed i n  the  l i nea r - i dea l  case by t h e  Gaussian d i s t r i b u t i o n :  

where M I s  the  t o t a l  mass in jec ted ,  F i s  the  f l o w  ra te ,  0 , i s  the  standard 

dev ia t i on  o f  the  d i s t r i b u t i o n  i n  ttme u n i t s  and t, is the re ten t i on  time. 
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CONCENTRATION GRADIENT DETECI’OR 3379 

The e f f i c i e n c y  o f  the column i s  represented by a number of t heo re t i ca l  

p la tes  N=(t,/o, ) 

band broadening. 

i s  p ropor t iona l  t o  the concentrat ion o f  the  so lu te  a t  t = t ,  

and describes, p r imar i l y ,  the  k i n e t i c  con t r i bu t i on  t o  the  

The s e n s i t i v i t y  o f  small volume chromatographic de tec t ion  

(F igure  2b): 

Therefore, the de tec tor  w i t h  a l i n e a r  reponse t o  concentrat ion w i l l  produce 

a s igna l  p ropor t iona l  t o  the  mass o f  any component o f  the sample. The 

s e n s i t i v i t y  improvement o f  N t  i s  expected w i t h  e f f i c i e n c y  increase (Figure 

1). 

On the o ther  hand, s e n s i t i v i t y  o f  the de tec t ion  method based on the  

concentrat ion grad ien t  measurement w i l l  be p ropor t iona l  t o  the grad ien ts  a t  

two i n f l e c t i o n  po in ts  a t  t,+< and t,-& (Figure 2a): 

Therefore 

where $ i s  a l i n e a r  f low ra te .  The de tec t ion  method based on t h i s  

p r i n c i p l e  w i l l  a lso  g i ve  a s igna l  p ropor t iona l  t o  the t o t a l  mass o f  so lu te  

i n jec ted .  However, improvement i n  de tec t ion  i s  now propor t iona l  t o  column 

e f f i c i ency ,  N, which has a l a r g e r  enhancement than the magnitude o f  

concent ra t ion  method. 

The r a t i o  o f  these two sens i t i v i es  (4) and (2)  may be expressed as a 

func t i on  o f  chromatographic parameters: 
-I 

e l  = = B, (dC/dx)max 

C- 4 W d t )  ( 5 )  

i n d i c a t i n g  t h a t  the s e n s i t i v i t y  advantage o f  the concet ra t ion  grad ien t  

method becomes l a r g e r  f o r  very  narrow peaks ( i f  6* becomes small B, becomes 
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Figure 2 

(a) Der i va t i ve  o f  a Gaussian peak 

( b )  A Gaussian. peak 

( c )  I n teg ra l  o f  a Gaussian peak 

(continued ) 

l a rge ) .  

s e n s i t i v i t y .  

I n  o ther  words, increased reso lu t i on  r e s u l t s  i n  enhanced 

The s igna l  produced by the concentrat ion grad ien t  de tec tor  has the  

shape o f  a Gaussian d e r i v a t i v e  ra the r  than the  Gaussian peak. N a t u r a l l y  

i n teg ra t i ng  t h i s  s ignal  w i l l  provide the Gaussian peak. 

w i l l  o f f e r  more accurate in fo rmat ion  about the re ten t i on  s ince it w i l l  

correspond t o  the  t ime when the  chromatographic t race  w i l l  cross the  base 

But the de r i va t i ve  
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Figure 2 (continued) 
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l i n e .  

measured ins tead o f  the s ing le  peak value. 

o f  t he  method by the  f a c t o r  o f  2. The d i f f e rence  between the optima i n  

v e r t i c a l  "x" d i r e c t i o n  w i l l  correspond t o  2 gt. 

Also the d i f f e rence  between the p o s i t i v e  and negative optima can be 

This increases the s e n s i t i v i t y  

Any de tec t ion  scheme t o  be useful  i n  c a p i l l a r y  separat ion techniques 

needs t o  be o f  low volume. 

method (Figure I b )  requ i res  smal ler  sample volumes i n  order t o  c o r r e c t l y  

descr ibe i t s  shape compared t o  broad bands produced i n  low e f f i c i e n c y  

techniques (Figure l a ) .  Schl ieren Optics, a concentrat ion grad ien t  method 

(4), appears t o  be an i dea l  choice s ince i t  requ i res  on ly  a s ing le  probing 

l i g h t  beam t o  propagate through the  de tec t ion  volume i n  order t o  measure the 

concentrat ion gradients present.  

Sharp peaks produced i n  the h igh  e f f i c i e n c y  

Physical  P r i n c i p l e  o f  Schl ieren Opt ics 

The op t i ca l  e f f e c t  associated w i t h  Schl ieren Opt ics i s  wel l  known and 

I t  i s  c a l l e d  "a streak" i n  Eng l ish  o r  i s  observable on an everyday basis.  

"sch l ie re"  i n  German. A t yp i ca l  example i s  when sugar i s  dissolved i n  water 

producing streaks. 

Figure 3 ou t l i nes  the  physical  process behind the Schl ieren Opt ics 

method. 

the r e f r a c t i v e  index o f  the  mix tu re  (5). Th is  i s  a physical  p r i n c i p l e  of 

wide ly  used r e f r a c t i v e  index detectors (6).  S im i la r l y ,  concentrat ion 

gradients formed by the so lu te  w i l l  generate corresponding r e f r a c t i v e  index 

gradients:  $= 2 
which passes through the de tec t ion  volume encounters the r e f r a c t i v e  index 

grad ien t  associated w i t h  a so lu te  a t  a given time t. The d i f f e r e n t  sections 

o f  t h i s  wavefront experience d i f f e r e n t  r e f r a c t i v e  indexes. Therefore 

var ious pa r t s  o f  the  probe beam w i l l  propagate through the  grad ien t  w i t h  

I t i s  we l l  known t h a t  the presence o f  a so lu te  i n  a medium changes 

. The wavefront I o f  the probing l i g h t  beam 
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CONCENTRATION GRADIENT DETECTOR 3383 

dt 

Figure 3 

Physical principle of the Schlieren optics method 

different velocities since the l igh t  velocity v i s  inversely proportional 

t o  the refract ive index V = *  , where c is  the velocity of l i g h t  in a 

vacuum (n.1). After the time increment d t ,  the p a r t s  of the beam which 

experience a lower refractive index will propagate fur ther  than other 

regions. This will resu l t  in a wavefront I1 formed a t  time t + d t ,  being 

t i l t e d  relat ive t o  the wavefront I .  The net effect  will be a deflection of 

the probe beam towards higher refractive indexes since l ight  similar t o  

other waves always propagates perpendicular t o  i t s  wavefront. 

The quantitative relationship between the deflection angle 8 and the 

detector cel l  dimention d (Figure 4)  can be derived from the Fernat 

Principle ( the l igh t  path th rough  the medium i s  such t h a t  the time necessary 

f o r  i t s  traversal i s  a minimum). Assuming a uniform refractive index 

gradient 2 , normal t o  the probe beam direction and small d and 8 this 

relationship can be expressed simply as: e*$& 
index of the medium. 

d 

, where n i s  a refractive 
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Figure 4 

Modern experimental arrangement associated wf th  Schl ie ren  op t i cs .  

Experimental Arrangement 

Schl ieren op t i cs  techniques have been known f o r  over a century (8 )  bu t  

have no t  been w ide ly  accepted as an ana ly t i ca l  too l ,  due t o  t h e i r  low 

s e n s i t i v i t y  i n  low e f f i c i e n c y  app l ica t ions ,  d i f f i c u l t y  i n  q u a n t i t a t i v e  
ana lys i s  and h i g h l y  non-select ive responce (7 ) .  

scheme w i t h  c a p i l l a r y  separat ion methods (h igh  concentrat ion grad ien ts )  w i l l  

increase s e n s i t i v i t y .  Add i t iona l  improvement i n  s e n s i t i v l t y  and p rec i s ion  

i n  q u a n t i t a t i v e  ana lys is  can be achieved by rep lac ing  t r a d i t i o n a l l y  used 

incandescent l i g h t  sources and photographic p la tes  w i t h  new developments i n  

o p t i c a l  and comnunication technologies such as lasers,  w i t h  t h e i r  co l l imated  

beams (Figure 4), N I R  l i g h t  sources (LED'S and lase r  diodes) and s i l i c o n  

p o s i t i o n  sensors ( 9 ) .  These components a l so  a l l ow  

in teg ra ted  devices. 

Combining t h i s  de tec t i on  

design o f  low cost 

Proper t ies  o f  the Concentration Gradient Detector 

The l a s t  l i m i t a t i o n  o f  t h i s  method associated with i t s  un iversa l  

response i s  i n  f a c t  a s i g n i f i c a n t  asset i n  separat ion app l ica t ions .  The 
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CONCENTRATION GRADIENT DETECTOR 3385 

sample i s  devided i n t o  i t s  s ing le  components dur ing  the  migra t ion  process i n  

the  c a p i l l a r y  tube. The idea l  de tec tor  should have a non-select ive response 

s ince  i t  i s  on l y  then t h a t  a l l  components o f  t he  sample mix tu re  can be 

detected. 

A number o f  i n t e r e s t i n g  proper i tes  o f  t h i s  de tec tor  are associated w i t h  

i t s  response which i s  p ropor t iona l  t o  the  r e f r a c t i v e  index grad ien t  and no t  

t o  the  absolute value of t he  re f rac t i ve  index as i n  the  r e f r a c t i v e  index 

de tec tor .  

"sharp" peaks associated w i t h  the sample components, bu t  broad va r ia t i ons  

due t o  d isso lved gas, temperature changes, and most impor tan t ly  due t o  the  

grad ien t  e l u t i o n  cond i t i on  common i n  l i q u i d  chromatography, a re  n o t  e a s i l y  

detected (10). The basel ine slope present dur ing  grad ien t  e lu t i on ,  l i m i t s  

the  app l i ca t i on  o f  the  r e f r a c t i v e  index de tec tor .  However. i n  concentrat ion 

grad ien t  de tec t i on  t h i s  s lope I s  "seen" as an o f f s e t  from the " t r u e  

baseline' ' by a constant value which i s  e a s i l y  corrected t o  "zero" before 

i n t e g r a t i o n  and analysis.  Also, the temperature va r ia t i ons  which can be 

expected i n  c a p i l l a r y  zone e lec t rophores is  methods do n o t  e f f e c t  the  

response o f  the concentrat ion grad ien t  de tec tor  dur ing analysis.  

"sharp" temperature changes, which are present j u s t  a f t e r  the h igh  vo l tage 

i s  turned on, are observed. Temperature gradients become undetectable f o r  

longer  times due t o  l a rge  heat d i f f u s i v i t i e s  ( t h e  heat d i f f u s i v i t i e s  are 

about a hundred times l a r g e r  than mass d i f f u s i v i t i e s  i n  l i q u i d  media). 

The d e f l e c t i o n  o f  t he  prob ing  beam i n  the  Sch l ie ren  method i s  

For example, t h i s  method e x h i b i t s  h igh  s e n s i t i v i t y  towards 

Only 

p ropor t iona l  t o  the  concentrat ion gradient by over f o u r  orders o f  magnitude. 

The de tec t ion  l i m i t s  o f  t he  method fo r  a given de tec tor  design are  c o r r e c t l y  

expressed i n  the  u n i t s  o f  t he  concentrat ion gradient:  mol/(L. m). However, 

i n  separat ion app l i ca t i ons  i t  can be expressed i n  the  concentrat ion u n i t s  

s ince the concentrat ion grad ien t  a t  the i n f l e c t i o n  p o i n t  o f  the  Gaussian 

peak i s  p ropor t i ona l  t o  i t s  he igh t  (see Formula 5). The experimental 

de tec t ion  l i m i t  i s  below lO-'M f o r  few n a n o l i t e r  volume detectors.  
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Figure 5 

A concentrat ion grad ien t  s igna l  produced by i n j e c t i n g  4nL o f  ld'M 

L- lys ine  so lu t i on  (about 100 pg o f  L - lys ine) .  

Therefore, the  t o t a l  amount o f  the  sample i n j e c t e d  can be a few picograms o r  

l e s s  (10). 

o f  l ys ine .  

Figure 5 shows the  s igna l  produced by i n j e c t i o n  o f  about 100 pg 

The s i m p l i c i t y  o f  o p t i c a l  arrangements (a  s ing le  probe beam passing 

through the  de tec tor  volume) permits the design o f  robust, compact and 

inexpensive sensors. 

de tec tor  coupled t o  o p t i c a l  f i be rs  and chrometographic cross connection can 

be used t o  b u i l d  a de tec tor  f o r  a t o t a l  cost  o f  below $100 (10) .  

For example, a l i g h t  e m i t t i n g  diode and s i l i c o n  
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Appl ica t ions  

3387 

The concentrat ion grad ien t  method can f i n d  app l i ca t i on  i n  any system 

where h igh  concentrat ion gradients are present. 

i nves t i ga t i ons  these systems can invo lve  electrochemistry (11). f l ow  

i n j e c t i o n  ana lys is  ( l o ) ,  f i e l d  f l ow  f r a c t i o n a t i o n  and c a p i l l a r y  separat ion 

I n  ana ly t i ca l  

Y methods (12) .  

focussed on c a p i l l a r y  zone e lec t rophores is  (3 ) .  

e lec t rophores is  has s i g n i f i c a n t  advantages compared t o  the more establ  

I n  the l a s t  category, a l o t  o f  i n t e r e s t  has been recent 

Th is  type o f  

shed 

approaches. E f f i c i e n t  coo l ing  o f  the c a p i l l a r y  permits the  use o f  h igh  

vol tages which r e s u l t  i n  h igh  reso lu t i on  separat ion i n  a short  per iod  o f  

time. 

theo re t i ca l  p la tes  and there fore  generate narrow bands w i t h  high 

concentrat ion gradient.  Also, a recen t l y  reported, new d i f f e r e n t i a l  

m igra t ion  technique based on e lec t rophor t t i c  migra t ion  and s t rength  o f  

i n t e r a c t i o n  between neu t ra l  molecules and migra t ing  species (13) 

s i g n i f i c a n t l y  enhances the c a p a b i l i t y  o f  the  method. 

separat ion o f  neut ra l  molecules (13), but  a lso  DL-isomers o f  amino ac ids  

(14 ) .  

e lec t rophores is  app l i ca t i on  o f  t h i s  de tec t ion  method. 

E f f i c i e n c y  o f  these separations can reach i n  excess o f  a m i l l i o n  

This al lows no t  on l y  a 

Below I w i l l  l i m l t  my discussion t o  the  c a p i l l a r y  zone 

Figure 6a shows the  t yp i ca l  electropherogram obtained f o r  three 

The separation e f f i c i e n c y  i s  on l y  about 50.000 under iva t ized  animo acids. 

due t o  an experimental l i m i t a t i o n  pu t  on h igh  vol tage (10kV). 

f r a c t i o n  o f  ng o f  t he  sample introduced can be e a s i l y  detected. 

shows the i n t e g r a l  o f  the electropherogram from Figure 6a. 

converts the r e f r a c t i v e  index grad ien t  i n t o  the r e f r a c t i v e  index on the  

v e r t i c a l  scale. Now the r e f r a c t i v e  index d r i f t s  due t o  temperature v a r i a t i o n  

t h a t  a re  e a s i l y  not iced. 

But a 

Figure 6b 

This procedure 

I n  add i t i on  t o  the comnonly used e l u t i o n  mode o f  separation (a narrow 

p lug  produced a t  the  beginning o f  the c a p i l l a r y ) ,  a f r o n t a l  ana lys is  i s  
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Figure 6 

(a) E l u t i o n  electropherogram o f  the th ree  under i va t i t ed  amino a c i d  

mix tu re  (about 5 mM f o r  a l l ) :  g lyc ine  (l), L-alanine (2), and L-asparagine 

(3).  

0.0125 M phosphate b u f f e r  pH-7, vol tage = 10 kV. 

Sample volume: about 10 nl, fused s i l i c a  c a p i l l a r y  50pm x 50 cm, 

( b )  In tegra l  o f  the electropherogram from Figure 6a. 
(continued) 

f r equen t l y  app l ied  (15). 

cont inuously f o r  a r e l a t i v e l y  long pe r iod  o f  t ime. Now, the  separat ion 

between " f ron ts "  o f  var ious components occurs. A f i n a l  r e s u l t  resembles an 

i n t e g r a l  o f  an e l u t i o n  chromatogram (Figure 2c). The f r o n t a l  mode of 

separat ion has advantages I n  quan t i t a t i on  o f  asymetric peaks, i n  t race  

I n  t h i s  approach the sample mix tu re  i s  introduced 
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Figure 6 ( con t inued)  

analysis and i n  determination of physicochemical constants (16). 

Signiffcant limitation of t h i s  method is  the large volume of sample 

required. 

small fraction o f  the sample required I n  elution packed column technology. 

For example, in the capillary zone electrophoresis method using 5 0 ~ m  

capi l la r ies ,  the sample volume is only a few pL. The frontal analysis has 

an additional advantage i n  relation to  capi l lary methods which require 

"sharp injection." 

"sharp" and narrow plug (17).  

However, in capi l lary systems frontal analysis u t i l i zes  only 

I t  i s  much easier  to  produce a "sharp" front than a 

In severely ta i l ing cases (peptides separations ( 1 7 ) ) ,  the correct 

quantitative information i n  frontal analysis can be obtained only when a 
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I 
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Figure 7 

Fron ta l  electropherogram o f  the  three amino ac id  mixtures.  Same 

cond i t ions  as i n  Figure 6.  Only the f i r s t  p a r t  i s  shown. 

d i f f e r e n c i a t i n g  de tec tor  i s  used (18). Th is  method shows the sample 

components as peaks, more f a m i l i a r  t o  chromatographers than in teg ra l s .  To 

date, a d i f f e r e n t i a l  response was obtained as a d i f f e rence  between s igna ls  

from two i d e n t i c a l  de tec tors  placed close t o  one another. Th is  approach 

cannot be accepted i n  c a p i l l a r y  methods due t o  requirements pu t  on the  

de tec t ion  volume which have been discussed before.  The concentrat ion 

grad ien t  de tec tor  discussed i n  t h i s  paper i s  an i dea l  choice f o r  t h i s  

app l i ca t i on  s ince i t  produces output which i s  a de r i va t i ve  o f  t h a t  expected 
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by a concentrat ion method. Figure 7 shows a t y p i c a l  f r o n t a l  

electropherogram detected by the Schl ieren op t i cs  sensor. 

Conclusion 

The concentrat ion grad ien t  sensor based on Schl ieren Opt ics can be 

success fu l l y  appl ied t o  de tec t  sample components separated by high 

e f f i c i e n c y  c a p i l l a r y  methods. This te.chnique has good s e n s i t i v i t y  

consider ing i t s  un iversa l  response. An add i t i ona l  improvement i n  

s e n s i t i v i t y  i s  expected f o r  f u t u r e  more e f f i c i e n t  methods. 

o p t i c a l  arrangement o f  t h i s  method allows robust and inexpensive design o f  

the de tec tor .  

which enable an i n t e g r a t i o n  o f  t he  device. 

absorpt ion mode o f  concentrat ion gradient sensor recen t l y  introduced can be 

app l ied  t o  de tec t  the  sample components which have no t  been resolved i n  the 

separat ion process (12).  Th is  method can a lso  charac ter ize  the sample by 

i t s  a b s o r p t i v i t y  c o e f f i c i e n t  a t  a given wavelength, s ince both absorpt ion 

and concentrat ion in fo rmat ion  can be provided simultaneously. 

The simple 

Th is  sensor can be b u i l t  e n t i r e l y  from s i l l i c o n  components 

F i n a l l y ,  t he  se lec t i ve  
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