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AN ECONOMIC ANALYSIS OF PERFORMANCE 
IN PREPARATIVE CHROMATOGRAPHY 

OF PROTEINS 

Istvan Mazsaroff and Fred E. Regnier 
Department of Biochemistry 

Purdue University 
West Lafayette, Indiana 47907 

SUMMARY 

A n  economic analysis of  preparative chromatography of proteins is 

report~d. We present a way to calculate and optimize the efficiency f o r  

isolat ing a desired protein from a given protein mixture with regard to feed, 

fractionation, product purity, throughput, and operating costs. Evaluation 

of Lhe overall efEiciency for the purification i n  subsequent steps i s  also 

d mno ns t rated . 

INTRODUCTION 

Performance in chromatographic systems is ofLen measured i n  terms of 

either theoretical plateslunit time or resolution/unit time. The concept of 

“peak capacity,” i.e. the maximum number of peaks that a system i s  

“This is J o u r n a l  Paper No. 10,702 from the Purdue University Agricultural 

Experiment Station. 
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2564 MAZSAROFF A N D  REGNIER 

t h e o r e t i c a l l y  c a p a b l e  of p roduc ing  is  a lso used  to s p e c i f y  t h e  performance of 

c h r o m a t o g r a p h i c  sys t ems .  However, i t  shou ld  be no ted  t h a t  t h e s e  measures  of 

pe r fo rmance  a r e  g e n e r a l l y  a p p l i e d  t o  a n a l y t i c a l  sys t ems  where i t  i s  t h e  

o b j e c t i v e  t o  r e s o l v e  a l a r g e  number of components i n  a s h o r t  t i m e .  

The o b j e c t i v e s  i n  p r e p a r a t i v e  chromatography a r e  q u i t e  d i f f e r e n t .  I n  

p r e p a r a t i v e  s e p a r a t i o n s ,  a s i n g l e  component i s  u s u a l l y  b e i n g  p u r i f i e d  and 

r e s o l u t i o n  o f  a l a r g e  number o f  components from each  o t h e r  i s  u n i m p o r t a n t .  

I n  g e n e r a l ,  t h e  aim of  p r e p a r a t i v e  chromatography i s  t o  p roduce  t h e  l a r g e s t  

p o s s i b l e  amount of p roduc t  in t h e  s h o r t e s t  p o s s i b l e  p e r i o d  o f  t i m e .  So 

t h r o u g h p u t  i s  t h e  most i m p o r t a n t  c h r o m a t o g r a p h i c  v a r i a b l e  i n  p r e p a r a t i v e  

ch romatography .  The second major v a r i a b l e  i s  sys t em economics .  The f i n a l  

g o a l  o f  most p r o d u c t i o n  p r o c e s s e s  is  t h e  p r o f i t ,  which depends s t r o n g l y  on 

p r o d u c t i o n  c o s t s .  Consequen t ly ,  o p t i m i z a t i o n  of c o s t  p a r a m e t e r s  a l s o  shou ld  

be t a k e n  i n t o  accoun t  when s e t t i n g  o p e r a t i o n a l  v a r i a b l e s  f o r  p r e p a r a t i v e  

chromatography o f  p r o t e i n s .  

Chromatography p r o c e s s i n g  c o s t s  w i l l  be a f u n c t i o n  of t h e  c o s t  o f  t h e  

sys t em,  t h e  l o a d i n g  c a p a c i t y  o f  t h e  column and t h e  sys t em c y c l e  t i m e .  For  

example,  commitment of e x t e n s i v e  l a b o r  and c o s t l y  equipment  t o  a l e n g t h y  

s e p a r a t i o n  on a low c a p a c i t y  column cou ld  be e c o n o m i c a l l y  non-v iab le .  T h i s  

must be r e f l e c t e d  in e v a l u a t i o n  of t h e  e f f i c i e n c y  of p r e p a r a t i v e  sys t ems .  

T h e  e f f i c i e n c y  would depend on a wide r ange  o f  sys t em p a r a m e t e r s  and 

o p e r a t i o n a l  v a r i a b l e s .  Because t h e  ch romatograph ic  p r o c e d u r e s  r e q u i r e d  f o r  

p u r i E i c a t i o n  a r e  sample dependen t ,  t h e  impor t ance  o f  d i f f e r e n t  p a r a m e t e r s  and 

v a r i a b l e s  depends  on t h e  g i v e n  s e p a r a t i o n  problem. I n  t h i s  pape r  we s u g g e s t  

an  economic model f o r  e v a l u a t i n g  t h e  e f f i c i e n c y  o f  p r e p a r a t i v e  chromatography 

columns which is based  on f e e d ,  p roduc t  p u r i t y ,  p r o d u c t  y i e l d ,  "clean-up" 

r a t i o ,  t h roughpu t  and o p e r a t i n g  c o s t s .  

P u r i f i c a t i o n  o f  p r o t e i n s  from complex b i o l o g i c a l  s a m p l e s  g e n e r a l l y  

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

i n d i v i d u a l  p u r i f i c a t i o n  s t e p s ,  t h e r e  i s  a l s o  a ne rd  f o r  t h e  e v a l u a t i o n  of 
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ECONOMIC ANALYSIS OF PERFORMANCE 2565 

comple t e  p u r i f i c a t i o n  p r o c e s s e s .  

p a p e r .  

T h i s  i s s u e  w i l l  a l s o  be a d d r e s s e d  i n  t h i s  

THEORETICAL 

E f f i c i e n c y  (E)  of  p r e p a r a t i v e  chromatography w i l l  be d e f i n e d  h e r e  as t h e  

p r o f i t  a c h i e v e d  p e r  u n i t  t i m e .  T h i s  concep t  i s  r e f l e c t e d  i n  t h e  e q u a t i o n :  

(1) P E = t  

where P i s  t h e  p r o f i t  a c h i e v e d  i n  a c h r o m a t o g r a p h i c  s e p a r a t i o n  and t i s  t h e  

time o f  a c h r o m a t o g r a p h i c  c y c l e .  

P r o f i t  may be e x p r e s s e d  a s :  

where V p  = vpmp and i s  t h e  v a l u e  oE p r o d u c t ,  v p  i s  t h e  s p e c i f i c  v a l u e  

o f  p r o d u c t  and mp i s  t h e  mass of p r o d u c l .  

m i x t u r e  loaded  ( f eed !  (V,! i s  g i v e n  by t h e  e q u a t i o n :  Vo = vomo, 

where vo i s  t h e  s p e c i f i c  v a l u e  o f  t h e  m i x t u r e  and m, i s  t h e  mass o f  

i n i t i a l  f e e d .  The c o s t  o f  t h e  c h r o m a t o g r a p h i c  p r o c e d u r e  ( C )  may be r e l a t e d  

t o  t h e  s p e c i f i c  c o s t  ( v a l u e / g )  o f  t h e  ch romatograph ic  p r o c e d u r e  w i t h  r e s p e c t  

t o  producL (c:  and mass o f  p roduc t  (mp) by t h e  e x p r e s s i o n  C = cm 

The v a l u e  o f  i n i t i a l  p r o t e i n  

P '  

In t h i s  manner,  e f f i c i e n c y  can be w r i t t e n :  

v m  

t 
E = Tpfvp-C) - 00 13) 

w i t h  Tp = m / t ;  where  Tp  i s  t h r o u g h p u t .  

s p e c i f i c  p r o f i t  s e p a r a t e d  from t h e  p r i c e  o f  f e e d  and is  dependen t  on t h e  

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

The t e rm ( v  - c )  i s  t h e  P P 

I t  s h o u l d  be r e c o g n i z e d  t h a t  t h e  mass o f  p roduc t  (mp! from any 

p u r i f i c a t i o n  s t e p  may be l a r g e r  t h a n  t h e  t o t a l  mass (%) of  t h e  d e s i r e d  
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2566 MAZSAROFF AND RECNIER 

protein in the initial sample. This is because resolution may not be 

sufficiently great to give total purification of the product. It is well 

established that the resolution of components i n  a chromatographic system is 

a function of a number of variahles such as theoretical plate number, 

separation factor, solvent strength, mobile phase velocitv, gradient slope, 

and column dimensions. Although eqn. 3 indicates that the throughput of a 

system may be increased by increasing mp, this must not be at the expense 

of product purity because it reduces vp exponentially (shown later). 

Throughput may also be increased by decreasing cycle time. It will be 

shown below that cycle time is related t o  flow rate, gradient slope, recycle 

time, re-equilibration time and column dimensions. I n  the case of flow rate 

and gradient slope, decreasing cycle time by manipulating these variables 

will be counter-productive i f  pruduct purity decreases. Obviously, 

optimizing throughput may be a complex process. 

Throughput can be expressed as a Eunction of feed (mo), mass of  impur- 

ities removed (mo(l-po)r), and loss  of desired product (mopo(l-y)! as 

shown in the equation: 

( 4 )  
t 

where po = %/mo and is the purity of initial feed, m, is the mass of 

desired protein in the feed, r is the clean up ratio (mass of impurities 

removed/total mass of impurities in the feed) and y is the yield of desired 

protein. 

Cycle time in gradient elution chromatography may be expressed by the 

equation: 

t = t + te + trc + treg/n 
eq 

(5) 

where t is the equilibration time, te is the feeding and elution 

time, trc is the recycle time, t is the regeneration time and n 
reg 

is the number of separation cycles between two regeneration steps. 

eq 
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ECONOMIC ANALYSIS OF PERFORMANCE 2567 

After an elution protocol which gives the desired resolution between 

product and impurities has been established, only recycle time, equilibration 

time and regeneration time may be manipulated to reduce cycle time [ I ] .  

Since recycling, re-equilibrating and regencrat ing columns are processes not 

d i  rrctly involved in the chromatographic process, losses in ChroinaLographic 

performance while manipulating these variables are remote. 

Implementation of preparative chromatography starts with two important 

steps: column selection, i.e. planning, and optiinizat i o n .  In the column 

selection stage the following should be decided: 

- which type of separation mechanism will be used, i.e. reversed phase, 

affinity, ion-exchange, hydrophobic interaction, size-exclusion, eLc. 

[2,31, 

- what dimension of column will be used, i.e. inner diameter, length, 

etc. 141, and 

- what properties should the sorbent have that wi 

particle size, pore size, ligand density, etc. 

What is decided here determines both the limits in the 

and specifications of the instrumentation. 

1 be used, i.e. 

5,6,7,81. 

optimization process 

Optimization on a given column involves finding the optimal set of 

operational (independent) variables, such as: 

- feed load 19,101, 

- composition of mobile phase and slope o f  the gradient [lo], 

- flow rate, 
- temperature [121,  and 

- fractionation. 

FRACTIONATION 

The complete set of engineered parameters and variables has an affect on 

the resolution of  the desired protein. To achieve maximum throughput and 
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MAZSAROFF AND REGNIER 2568 

c o n s t a n t  p u r i t y  i n  a g iven  p r e p a r a t i v e  chromatography system, r e s o l u t i o n  oE 

t h e  product  p r o t e i n  from i m p u r i t i e s  should be maximized whi le  ho ld ing  c y c l e  

time a t  a minimum. I n  o r d e r  t o  make t h e  r e l a t i o n  between throughput  and 

and r e s o l u t i o n  l e s s  ambiguous, t h e  c l e a n  up r a t i o  ( r )  i s  expanded i n t o  i t s  

component p a r t s :  

n 
r = Z r i  

i 
(6) 

where r i  i s  t h e  c l e a n  up raLio  r e l a t i v e  t o  t h e  i th  impur i ty ,  and n i s  

the  number o €  i m p u r i t i e s .  F igure  1 provides  an i l l u s t r a t i o n  of a mixLure i n  

which t h e  d e s i r e d  p r o t e i n  (component 5 )  i s  only  p a r t i a l l y  reso lved  from 

components 4 and 6 i n  s e v e r a l  of  the  chromatograms. The v a r i o u s  

chromatograms i n  t h e  f i g u r e  r e p r e s e n t  what might happen t o  r e s o l u t i o n  a s  

p a r t i c l e  s i z e  i s  increased  from A t o  D .  Although t h e s e  a r e  s y n t h e t i c  

chromatograms and do n o t  r e p r e s e n t  t h e  a c t u a l  s e p a r a t i o n  of components Erom a 

s p e c i f i c  mixture ,  i t  i s  s i m i l a r  to  what t h e  a u t h o r s  have observed o n  columns 

packed with 10 ,  2 0 ,  50 and 100 urn p a r t i c l e  s i z e s ,  r e s p e c l i v e l y .  I t  i s  

i n t e r e s t i n g  t h a t  a l l  of  the  components of the  mixture  o t h e r  than 4 and 6 a r e  

completely r e s o l v e d  from component 5 by a l l  of  Lhe columns. This  means t h a t  

i n  t h e  e a r l y  s t a g e s  of most p u r i f i c a t i o n  procedures  where one encounters  very  

crude samples wi th  many components t h a t  most columns w i l l  g i v e  e x t e n s i v e  

p u r i f i c a t i o n .  It is a l s o  seen t h a t  t h e  u s e  of  m i c r o p a r t i c u l a t e  columns with 

l a r g e  numbers of t h e o r e t i c a l  p l a t e s  w i l l  not r e a l l y  be necessary  i n  t h e  

i n i t i a l  s t a g e s  of  p u r i f i c a t i o n .  

R e s o l u t i o n  of  any two s o l u t e s  i n  a mixture  i s  g iven  by t h e  e q u a t i o n  

where t R  i s  r e t e n t i o n  time and A t R  i s  peak width i n  time. 

1.3 t h e  two components are completely r e s o l v e d .  Obviously t h i s  is t h e  case 

€or  t h e  r e s o l u t i o n  of components 1 ,  2 ,  3 ,  7 and 8 from component 5 .  

When Rs > 
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ECONOMIC ANALYSIS OF PERFORMANCE 

I 

TIME - 
F i g u r e  1 .  An i l l u s t r a t i o n  showing t h e  r e l a t i v e  p u r i f i c a t i o n  o f  a compound 

(No. 5 )  on columns o f  d i f f e r e n t  r e s o l v i n g  power. F r o m  D t o  A r e s o l u t i o n  i s  

i n c r e a s i n g .  In t h i s  c a s e  an i n c r e a s e  i n  r e s o l u t i o n  d e c r e a s e s  t h e  t ime  window 

o f  c o l l e c t i o n ,  keep ing  y i e l d  o f  d e s i r e d  p r o t e i n  constant.  See  f u t u r e  d e t a i l s  

i n  t e x t .  

C a l c u l a t i o n  of  the amount o f  components Ir and 6 coeluting w i t h  component 5 

w i l l  be  t r e a t e d  below.  

The a r e a  ( A )  o f  any peak i n  a chromatogram is g i v e n  by t h e  e q u a t i o n  

A = K f C c d t  
t =o 

(81  

where Cc i s  t h e  c o n c e n t r a t i o n  a t  t i m e  t ,  d t  is  t h e  t ime  i n c r e m e n t ,  K i s  a 

c o n s t a n t  r e l a t i n g  mass o f  component t o  a r e a ,  and T i s  t h e  t ime  a t  t h e  end of  

t h e  peak.  
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F i g u r e  2 .  

component p a r t s .  S is t h e  d e s i r e d  p r o t e i n ;  5 and a r e  i m p u r i t y  components ;  

and ( A '  1 + A T 2 )  i s  t h e  t i m e  window of c o l l e c t i o n .  

I l l u s t r a t i o n  showing t h e  e x p a n s i o n  O E  c l e a n  u p  r a t i o  i n t o  

- 

An i l l u s t r a t i o n  of o v e r l a p p i n g  peaks is g iven  i n  F i g u r e  2 .  [ t  i s  seen 

f u r  component X t h a t  o n l y  a f r a c t i o n  (X removed) o f  t h e  t o t a l  mass o f  X i s  

e l i m i n a t e d  when s o l u t e  is c o l l e c t e d  between tRs - A T 1  and tRS + 

A r 2 .  T h u s ,  t h e  r e l a t i v e  mass removed of component X would he f x :  

where AX is t h e  t o t a l  a r e a  f o r  component X .  

comp~)nent X ( r x )  would be 

The c l e a n  up r a t i o  f o r  
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(10)  

where mx and r q  a r e  t h e  t o t a l  mas3 o f  component X and Y .  

The term r y  would be computed i n  a s i m i l a r  manner as rX u s i n g  

e q u a t i o n s  9 and 10.  

where t T  is t h e  t o t a l  e l u t i o n  t i m e  €or a l l  components .  

Combining e q u a t i o n s  6 and 10,  t h e  c l e a n  up r a t i o  (r! can be e x p r e s s e d  i n  

t h e  f o l l o w i n g  way: 

where m j  i s  t h e  mass o f  t h e  j t h  i m p u r i t y .  

To i n c r e a s e  p u r i f i c a t i o n  r e q u i r e s  e i t h e r  an i n c r e a s e  i n  r e s o l u t i o n  o r  

a d e c r e a s e  i n  t h e  t ime  window  AT^ + A T z !  of c o l l e c t i o n .  Although 

p u r i f i c a t i o n  i s  i n c r e a s e d  by na r rowing  t h e  c o l l e c t i o n  t ime  window, y i e l d  i s  

d i m i n i s h e d .  E q u a t i o n  7 i n d i c a t e s  t h a t  r e s o l u t i o n  may be i n c r e a s e d  by 

i n c r e a s i n g  t h e  r a t i o  o f  t h e  d i s t a n c e  between peak maxima t o  peak wid th .  In 

g r a d i e n t  e l u t i o n ,  r e s o l u t i o n  i s  g e n e r a l l y  i n c r e a s e d  by d e c r e a s i n g  g r a d i e n t  

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

i n c r e a s e  g r a d i e n t  t i m e  a t  a f i x e d  f low rate .  Al though  t h i s  i s  accompanied by 

some i n c r e a s e  i n  peak w i d t h ,  d i s t a n c e  between peaks  i n c r e a s e s  more t h a n  band 

d i s p e r s i o n .  I n c r e a s i n g  mob i l e  phase  v e l o c i t y  a t  t h e  same f i x e d  g r a d i e n t  t i m e  

i s  a second t e c h n i q u e  f o r  d e c r e a s i n g  g r a d i e n t  s l o p e .  I n c r e a s i n g  f low rate  t o  

i n c r e a s e  r e s o l u t i o n  would seem t o  be c o u n t e r  p r o d u c t i v e  s i n c e  band d i s p e r s i o n  

i n c r e a s e s  w i t h  f low r a t e .  Although t h i s  i s  t r u e ,  t h e r e  a r e  a number o f  c a s e s  

where t h e  d i s t a n c e  between peaks i n c r e a s e s  f a s t e r  t h a n  peak d i s p e r s i o n .  
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2512 MAZSAROFF AND REGNIER 

The planning and optimization of system parameters and operational vari- 

ables in a chromatographic system, should be done in combination with the 

optimization of the specific cost components (see: Cost Analysis). The 

profit parameter must be optimized concomitantly with the specific cost. 

Among all possible ways of operating chromatographic systems there exists one 

which results in minimum cost and maximum profit with a given set of market 

conditions [13]. Hence, not only does the throughput function have a maxi- 

mum, but specific cost and specific profit show optima as a function of any 

independent variable. Since the speciEic cost of the feed load is indepen- 

dent of the chromatographic procedure the maximum efficiency would be deter- 

mined by optimization of  the first term in equation 3 .  Therefore, the maxi- 

mum efficiency as a function of all independent variables can be expressed by 

the following equation: 

where Xi is an independent variable and n i s  the number of  independent 

variables. There are well estahlished methods to determine the optimum 

values of the variables [141. 

PURIFICATION IN SUBSEQUENT STEPS 

In many cases it i s  impossible or not cost-effective to achieve the 

desired purity in a single chromatographic step, so that several 

chromatographic procedures have to be applied consecutively [ 1 5 1 .  

The total efEiciency of purification i n  subsequent steps may he 

expressed as: 
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ECONOMIC ANALYSIS OF PERFORMANCE 2573 

where P i  i s  the  p r o f i t  of  t h e  i th  chromatographic  s t e p ,  t i  i s  t h e  

c y c l e  time oE Lhe i th  chromatographic  s t e p ,  Tpi  i s  t h e  throughput  of 

t h e  ith chromatographic  s t e p ,  c i  i s  t h e  s p e c i f i c  c o s t  of  t h e  ith 

chromatographic  s t e p ,  vn i s  t h e  s p e c i f i c  va lue  of  Lhe product  of t h e  

t 11 ( f i n a l )  s t e p ,  mn i s  the  mass of t h e  product  of t h e  n t h  

( f i n a l )  s t e p ,  vo i s  t h e  s p e c i E i c  va lue  of  i n i t i a l  feed ,  mo i s  t h e  mass of 

i n i t i a l  feed ,  and n i s  t h e  number of chromatographic  s t e p s .  

Eqn. 1 3  shows t h a t  t h e  t o t a l  e f f i c i e n c y  of a p u r i f i c a t i o n  in subsequent  

s t e p s  depends on t h e  d i f f e r e n c e  i n  va lue  of t h e  € i n a l  product  and the  i n i t i a l  

f e e d ,  t h e  sum of  c y c l e  times and t h e  t o t a l  c o s t  of t h e  chromatographic  

s t e p s .  

T o t a l  e f f i c i e n c y  is independent  of  t h e  v a l u e s  of i n t e r m e d i a t e  products .  

The mass d i f f e r e n c e  between the  i n i t i a l  feed and the  f i n a l  p roduct ,  the  sum 

of  c y c l e  t i m e s ,  and t h e  t o t a l  c o s t  of t h e  procedures  depend on t h e  q u a l i t y  

o f  t h e  des ign  and o p t i m i z a t i o n  of t h e  t o t a l  system. I f  t h e  mass of product  

of  the  f i r s t  s e p a r a t i o n  s t e p  i s  ml  ( s e e  eqn. 4 ) :  

where 

and t h e  p u r i t y  is p1 where 

t h e n ,  t h e  mass (mi) and p u r i t y  (pi) o f  the ith product  a r e  g iven  by 

t h e  e q u a t i o n s  

i-1 

j=1 
m i  = mo fj- [l-(l-po!(l-rj!ri-poyj(l-yi)l 

p i  = .r [ p o y j y i / (  l-(I-po! (1-j ) r i - p o y j  ( l - y i )  ) 1 
i- 1 

J=l  

The throughput  of  t h e  i th s e p a r a t i o n  s t e p  i s  Tpi ,  where 

(16) 

( 1 7 )  
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2574 MAZSAROFF AND REGNIER 

Eqn.  18 i n d i c a t e s  that  t h e  t h r o u g h p u t  o f  s u b s e q u e n t  s t e p s  depends  on 

f r a c t i o n a t i o n .  (As was s e e n  e a r l i e r ,  f r a c t i o n a t i o n  depends  on t h e  r e s o l u t i o n  

of t h e  d e s i r e d  p r o t e i n . )  Assuming t h a t  p roduc t  v a l u e  is e x p o n e n t i a l l y  

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

p rocedure  ( b e i n g  g e n e r a l l y  known as an e x p o n e n t i a l  f u n c t i o n  o f  p u r i t y ) ,  we 

can w r i t e  t h e  f o l l o w i n g  e q u a t i o n :  

where c i  i s  t h e  s p e c i f i c  c o s t  o f  t h e  ith s t e p  and a i ,  b i  a r e  

c o n s t a n t s .  

The s p e c i f i c  v a l u e  of t h e  i n i t i a l  f e e d  l o a d  and t h e  f i n a l  p roduc t  w i l l  depend 

on t h e  marke t .  By k e e p i n g  them c o n s t a n t ,  t h e  maximum e f f i c i e n c y  would b e  

de t e rmined  by c a l c u l a t i o n  of t h e  minimum c o s t  ( s e c o n d  term i n  eqn.  13). The 

minimum c o s t  of p u r i f i c a t i o n  i n  subsequen t  s t e p s  a s  a f u n c t i o n  o f  f r a c t i o n -  

a t i o n  i s  shown i n  t h e  e q u a t i o n  

where n i s  t h e  number o f  ch romatograph ic  p r o c e d u r e s .  S o l u t i o n  o f  Eqn. 2 0 / a  

r e s u l t s  i n  t h e  optimum th roughpu t  o f  Consecu t ive  s t e p s .  R e a r r a n g i n g  

eqn .  20 /a  we may w r i t e  

Eqn. 20 /b  shows t h e  s imple  €act t h a t  r may be i n c r e a s e d  a t  t h e  expense  of y 

and v i c e  v e r s a ,  i . e . ,  i n  t h i s  way t h e  f r a c t i o n a t i o n  h a s  an optimum. 

F u r t h e r m o r e ,  in eqn .  20 /b  i t  can be seen  t h a t  t h e  optimum f o r  a p r o c e s s  is 
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ECONOMIC ANALYSIS OF PERFORMANCE 251s 

not  t h e  sum u f  opt ima f o r  t h e  i n d i v i d u a l  p u r i f i c a t i o n  s t e p s ,  but an o v e r a l l  

optimum f o r  t h e  t o t a l  system. 

I n  t h e  t rea tment  presented  above f o r  p u r i f i c a t i o n  of  p r o t e i n s  i n  

subsequent  s t e p s ,  Bel lmann’s  p r i n c i p l e  of  o p t i m a l i t y  was used to  opt imize  t h e  

o v e r a l l  p rocess  and t o  de te rmine  t h e  maximum t o t a l  e f f i c i e n c y  [ 1 6 ] .  

To c o r r e c t l y  s e t  t h e  parameters  and v a r i a b l e s  mentioned above, t h e  

s p e c i E i c  c o s t  components t h a t  de te rmine  t h e  t o t a l  s p e c i f i c  c o s t  of  a given 

chromatographic  procedure should be examined i n  d e t a i l .  

COST ANALYSIS 

For a more convenient  t rea tment  oE t h e  c o s t  components, t h e  t o t a l  

s p e c i f i c  c o s t  f o r  process ing  a gram of Eeed mixture  ( c L o t )  w i l l  be used 

i n s t e a d  uf t o t a l  s p e c i f i c  c o s t  f o r  a gram of product  (c!. The r e l a t i o n s h i p  

between t h e s e  terms is expressed by t h e  equat ion  

T h e  t o t a l  s p e c i f i c  Cost ( c t o t )  f o r  process ing  a gram o f  a mixture  i s  

given by t h e  equat ion  

where ccol is t h e  c o s t  c o n t r i b u t i o n  from t h e  column, csol i s  for 

s o l v e n t s ,  c. 

c o n t r i b u t i o n  and clab i s  f o r  l a b o r .  

p rocess ing  c o s t s  may be der ived  by ana lyz ing  each of t h e s e  v a r i a b l e s  

s e p a r a t e l y .  

f o r  t h e  i n s t r u m e n t a t i o n ,  cmai i s  t h e  maintenance 

A f u r t h e r  unders tanding  o f  

ins 

1.1 Column C o s t s .  The s p e c i f i c  column c o s t  (ccol )  i s  given by t h e  

equat ion  

CCOl = vg . C” . t / t L  ( 2 3 )  
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2576 MAZSAROFF AND RECNIER 

where vg i s  t h e  volume of column r e q u i r e d  t o  chromatograph 1 g of  t h e  

m i x t u r e ,  Cv i s  t h e  c o s t / u n i t  volume o f  a column, t is ch romatograph ic  c y c l e  

t i m e  and tL  is t h e  a v e r a g e  l i f e t i m e  of a column. The c o s t / u n i t  volume o f  

column is g i v e n  by t h e  e q u a t i o n  

where Vc i s  t h e  t o t a l  volume o f  t h e  column, Hc i s  t h e  column ha rdware  

c o s t ,  P f  i s  t h e  f i x e d  c o s t  of pack ing  a column ( s o l v e n t s  and pack ing  

equipment  a r e  i n  t h i s  c a t e g o r y ) ,  P1 i s  l a b o r  c o s t  f o r  pack ing  a column, 

P t  i s  t h e  c o s t  of t e s t i n g  a packed column, s i s  t h e  c o s t  o f  a u n i t  mass o f  

s u p p o r t  and ds i s  pack ing  d e n s i t y  of t h e  column i n  g /ml .  These t e rms  w i l l  

v a r y  w i t h  t h e  d imens ions  o f  t h e  column, s u p p o r t  p a r t i c l e  s i z e  and t h e  way a 

column i s  u s e d .  Fo r  example,  end f i t t i n g s  a r e  a major  c o s t  t h a t  i s  more a 

f u n c t i o n  of d i a m e t e r  t h a n  l e n g t h .  Two columns of t h e  same d i a m e t e r  v a r y i n g  

3 - f o l d  i n  volume w i l l  n o t  be v e r y  d i f f e r e n t  i n  c o s t  b e c a u s e  t h e  ma jo r  

c o n t r i b u t i o n  to c o s t  i s  t h e  machine work t h a t  goes  i n t o  t h e  f l a n g e s  and 

f i t t i n g s  a t  t h e  ends  of t h e  column. Reus ing  columns w i l l  a l s o  d i m i n i s h  t h e  

c o s t  o f  column ha rdware ;  i . e .  

H c  = H i / n p  ( 2 5 )  

where H i  i s  t h e  i n i t i a l  c o s t  of t h e  column and np i s  t h e  number of  times 

it  w i l l  be  packed.  Assuming t h a t  a column w i l l  be  r e u s e d  many t i m e s ,  t h e  

ha rdware  c o n t r i b u t i o n  to column c o s t  w i l l  be much l e s s  t h a n  t h e  l a b o r  of 

p a c k i n g  (P I )  and t e s t i n g  (P,) a column. 

a r e  t h e  dominant  c o s t s  i n  a n a l y t i c a l  columns.  It h a s  a l s o  been found i n  

small  p r e p a r a t i v e  columns ( < l o 0  m l  volume) t h a t  pack ing  a column t w i c e  as 

l a r g e  does  no t  r e q u i r e  t w i c e  t h e  l a b o r .  As column volume i n c r e a s e s  i t  i s  

l i k e l y  t h a t  P1/Vc and Pt/Vc w i l l  d e c r e a s e .  

i s  i n s u f f i c i e n t  l i t e r a t u r e  on pack ing  p r e p a r a t i v e  columns for  a q u a n t i t a t i v e  

r e l a t i o n s h i p  to be e s t a b l i s h e d  between V c ,  P I  and P t .  

F o r  example,  pack ing  and t e s t i n g  

A t  t h e  p r e s e n t  t ime  t h e r e  
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ECONOMlC ANALYSIS OF PERFORMANCE 2577 

The specific cost of packing material ( s )  is composed of three 

components ; 

synLhesis of the basic support material ( s s ) ,  derivatization of  the support 

matrix with stationary phase ( s d )  and particle sizing (si). 

the case in the synthesis of a support material that a broad range of 

particle sizes is produced. Since narrow particle size distribution is 

required for chromatography, support materials must be subjected to a sizing 

process before use .  

lot of support materials influences both s s  and s i .  

It is often 

The distribution of particle sizes within a synthetic 

Particle sizing may be achieved by a variety of techniques such as 

elutriation, air classification and sieving. It is generally accepted that 

there is a disproportionate increase i n  the production cost of smaller 

particle size supports. Although elutriation provides particles of  narrow 

size distribution it is a method of relatively low throughput. Air classifi- 

cation i s  the most practical technique for obtaining narruw particle size 

distribution in the range from 5-30 wn. In contrast, sieving is of high 

Lhroughput and low cust i n  the production of supports over 40 prn. Beyond 

60-80 1-m the cost of sizing supports i s  almost independent of size. 

Loading capacity of a support material may be specified in several ways. 

The volumetric term (v ) used in equation 23 is defined here as the volume 

of column required to  chromatograph 1 g of sample. When peak width has 

increased more than 10% beyond an analytical load, columns are considered t o  

be overloaded. Column geometry, equilibration kinetics, efficiency with 

which the sample is distributed on  the column and other operational factors 

all influence vg. 

in grams of  protein adsorbed/ml of support measure the intrinsic loading 

capacity of a packing material without regard to operational parameters. A s  

the intrinsic loading capacity (Lc)increases, it is apparent that the 

g 

I n  contrast, static loading capacity (Lc) measurements 
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2578 MAZSAROFF AND RECNIEK 

volume ( v  ' of a s u p p o r t  r e q u i r e d  to s e p a r a t e  1 g o f  a sample w i l l  

d e c r e a s e .  With h i g h  performance ion  exchange s u p p o r t s  i t  has  been Eound 1171  

t h a t  t h e  dynamic l o a d i n g  c a p a c i t y  o f  a s u p p o r t  i s  approx ima te ly  10% o f  t h e  

i n t r i n s i c  l o a d i n g  c a p a c i t y ,  i . e . :  

g '  

vg = Ki/Lc ( 2 7 )  

where K 1  is a c o n s t a n t  r e l a t i n g  vg t o  Lc. 

Combining e q u a t i o n s  2 4 ,  25 and 27 and s u b s t i t u t i n g  i n t o  e q u a t i o n  23 

produces  t h e  e x p r e s s i o n  

(28 

1 . 2  S o l v e n t  C o s t s .  I t  i s  now w e l l  e s t a b l i s h e d  t h a t  t h e  s e p a r a t i o n  o 

macromolecu le s  i n  s u r f a c e  med ia t ed  modes such as ion  exchange ,  r e v e r s e d  

phase ,  hydrophob ic  i n t e r a c t i o n  and b i o a f f i n i t y  r e q u i r e  g r a d i e n t  e l u t i o n .  

L i n e a r  g r a d i e n t s  a r e  t h e  most common. O c c a s i o n a l l y ,  i n i t i a l  and f i n a l  

s o l v e n t  h o l d s  and s p e c i a l  r e c y c l i n g  t e c h n i q u e s  a r e  a l s o  used .  I n  a d d i t i o n ,  

s p e c i a l  s o l v e n t  washing or c l e a n i n g  s t e p s  3re used  a t  i n t e r v a l s  i n  t h e  

s e p a r a t i o n  oE a l a r g e  number o f  compounds. A g e n e r a l  e x p r e s s i o n  f o r  s p e c i f i c  

s o l v e n t  c o s t s  (cso,!  would be 

where FA i s  t h e  f low r a t e  of A i n  ml lmin ,  CVA i s  t h e  a v e r a g e  c o s t / u n i t  

volume o f  s o l v e n t  A ,  t A  is t h e  i n i t i a l  t i m e  h e l d  a t  p u r e  A ,  and t G  i s  

g r a d i e n t  t i m e .  The same g e n e r a l  e x p r e s s i o n  would a p p l y  t o  s o l v e n t  B 
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ECONOMIC ANALYSIS OF PERFORMANCE 2 5 1 9  

where tn  is time held at purr B at the end of Lhe gradient, Fg is the 

flnw raLe of  B and cvB is the cost/volume of B. 

linear programmed recycle of  two solvents is used, the equations 

In those cases where a 

and 

may be used. The terms CR1 and C K 2  represent the costs of recycle 

solvents 1 and 2 respectively while tRC is recycle time, Fi is the 

flow rate of solvent 1, F2 i s  the flow rate O E  solvent 2 ,  cvl is 

costjvolume of  solvent 1 and cv2 is the cost/volume of solvent 2 .  

Regeneration or cleaning costs are treated with the equation 

where i t  is assumed that a column may be cleaned with a single solvent, 

Cvc i s  the cost/volume of  solvent, FC is flow rate of cleaning 

solvent, 

of column cycles between cleaning. 

tC is the time required to clean the column, and n i s  the number 

1 . 3  Instrument Costs. Although the major cost in the acquisition oE 

preparative scale systems is instrumentation; column hardware, plumbing 

systems, and electronic components last for many years. The specific 

instrument costs (tins) may be calculated from 

where I; is the initial instrument cost, t i s  cycle time and t1 is the 

lifetime of  the instrument. It i s  assumed that 10% of the potential 

operating time of the system will be spent in maintenance and repair of  the 

system. For example, cleaning and replacing columns i s  considered 

maintenance and repair. 
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2580 MAZSAROFF AND REGNIER 

1.4  Main tenance  C o s t s .  Using t h e  v a l u e  of 10% f o r  ma in tenance  and 

r e p a i r  and assuming t h a t  i t  may be accompl i shed  by a s i n g l e  i n d i v i d u a l ,  

g r e a t e r  t h a n  2 h r  of l a b o r  a day must be cha rged  t o  t h e  system. S i n c e  i t  i s  

p r o b a b l e  t h a t  t h e  t ime r e q u i r e d  t o  m a i n t a i n  and r e p a i r  sys t ems  o f  100 m l  and 

s e v e r a l  l i t e r s  o f  column volume w i l l  a lmos t  be t h e  same, one  can w r i t e  

Cmai = (W + I ~ ! O . l ( t / t I ~ v g / V c  ( 3 6 )  

where W is t o t a l  l a b o r  c o s t  of m a i n t a i n i n g  t h e  sys t em.  It i s  p o s s i b l e  thaL 

l a r g e r  sys t ems  w i l l  be more economica l  because  th roughpu t  i n c r e a s e s  w h i l e  

ma in tenance  c o s t s  remain r e l a t i v e l y  t h e  same. 

1 . 5  O p e r a t i o n a l  C o s t s .  Labor c o s t s  f o r  o p e r a t i n g  t h e  sys t em w i l l  

depend t o  a l a r g e  e x t e n t  on t h e  d e g r e e  of a u t o m a t i o n  i n  t h e  sys t em.  A t  any 

r a t e ,  t h e  amount of  t ime  r e q u i r e d  t o  o p e r a t e  b o t h  a l a r g e  and small sys t em 

s h o u l d  be r e l a t i v e l y  t h e  same. 

Eavors l a r g e r  s y s t e m s .  

As i n  t h e  c a s e  of  c l a b ,  t h i s  a g a i n  

DISCUSSION AND CONCLUSIONS 

We have  p r e s e n t e d  an economic t r e a t m e n t  f o r  t h e  e v a l u a t i o n  o f  a p repa ra -  

t i v e  c h r o m a t o g r a p h i c  p r o c e d u r e  i n  Lhe i s o l a t i o n  o t  p r o t e i n s .  It is based  o n  

" e f f i c i e n c y "  i n  acco rdance  w i t h  chemica l  e n g i n e e r i n g  s c i e n c e s  t h a t  t a k e s  b o t h  

t e c h n i c a l  and economic s i d e s  o f  p r o d u c t i o n  i n t o  a c c o u n t .  The ma jo r  t e c h n i c a l  

p a r a m e t e r ,  t h r o u g h p u t ,  i s  combined w i t h  t h e  economic p a r a m e t e r s  ( c o s t  and 

p r o f i t )  t o  produce e q u a t i o n s  t h a t  may be used  t o  o p t i m i z e  a ch romatograph ic  

p r o c e d u r e .  These e q u a t i o n s  show t h a t  t h e  o v e r a l l  e f f i c i e n c y  of a p r o c e s s  

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

i f  t h e  u n i t  mass v a l u e s  o f  i n i t i a l  f e e d  and f i n a l  p roduc t  oE d e s i r e d  p u r i t y  

a r e  k e p t  c o n s t a n t .  

e x p r e s s e d  as f u n c t i o n s  of t h e  f r a c t i o n a t i o n  ( i . e .  c l e a n  up r a t i o  and y i e l d  

Throughput  and c o s t  o f  i n d i v i d u a l  p u r i f i c a t i o n  s t e p s  a r e  
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of d e s i r e d  p r o t e i n !  and t h e  p u r i t y  o f  p roduc t  a f t e r  each  s t e p .  These e x p r e s -  

sions were used t o  o p t i m i z e  t h e  o v e r a l l  p r o c e s s  u s i n g  Re l lmann‘s  p r i n c i p l e  of 

o p t i m a l i t y .  As e x p e c t e d ,  t h e  optimum f u r  t h e  t o t a l  p r o c e s s  i s  no t  t h e  sum of 

t h e  op t ima  €or t h e  i n d i v i d u a l  p u r i f i c a t i o n  s t e p s .  

To f a c i l i t a t e  t h e  p r a c t i c a l  a p p l i c a t i o n  o f  t h i s  economic t r e a t m e n t  a 

d e t a i l e d  c o s t  a n a l y s i s  i s  p r e s e n t e d .  T h i s  Cost  a n a l y s i s  t r e a t s  s p e c i f i c  

column,  s o l v e n t ,  i n s t r u m e n t ,  ma in tenance ,  and l a b o r  c o s t s  f o r  p r o c e s s i n g  one 

gram of f e e d .  The economic pe r fo rmance  o f  a ch romatograph ic  sys t em w a s  shown 

t o  be dominated by t h r e e  f a c t o r s :  t h e  c y c l e  t ime  t o  column l i f e t i m e  r a t i o  

( t / t L ) ,  t h e  column volume r e q u i r e d  t o  p r o c e s s  9 gram o f  sample ( v g > ,  and 

t h e  t o t a l  volume of t h e  column (Vc) .  

e x p r e s s e s  t h e  r e c i p r o c a l  o f  t h e  number o f  ch romatograph ic  c y c l e s  for t h e  

column. I t  is seen  t h a t  even ve ry  e x p e n s i v e  columns can  have h i g h  economic 

pe r fo rmance  i f  t h e  c y c l e  number i s  s u f f i c i e n t l y  h i g h .  Obv ious ly ,  w i t h  

r e s p e c t  t o  c o s t  t h e  most e f f i c i e n t  sys t em w i l l  be one which p roduces  t h e  

l a r g e s t  amount of  p roduc t  ( w i t h  t h e  l a r g e s t  c l ean -up  r a t i o  and y i e l d  o f  

d e s i r e d  p r o t e i n !  and r e q u i r e s  t h e  s m a l l e s t  s p e c i f i c  column volume ( v  ’ and 

c y c l e  t ime  ( t ) .  The column volume (V,) seems t o  be i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  s p e c i E i c  c o s t  components .  But t h e  column c o s t ,  t h e  i n i t i a l  i n s t r u m e n t  

c o s t ,  t h e  l a b o r  c o s t  of  o p e r a t i n g  and m a i n t a i n i n g  t h e  sys t em may be d i s p r o -  

p o r t i o n a l  t o  column volume ( o r  sys t em s i ze ! ,  i . e .  

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

t h a t  of t h e  o t h e r .  Hence t h e  s p e c i f i c  cost of  column, i n s t r u m e n t ,  and main- 

t e n a n c e  can be e x p r e s s e d  i n  t h e  f o l l o w i n g  way: 

The c y c l e  t ime  t o  l i f e t i m e  r a t i o  

8’ 

i €  t h e  c a p a c i t y  of an  

-8  
c = f(Vc ) ,  where 0 < B < 1 (37) 

Good agreement  was found between t h e  r e s u l t s  p r e s e n t e d  above and a 

f u n c t i o n  
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of g e n e r a l  v a l i d i t y  i n  p r o c e s s  scale o p e r a t i o n s  showing t h e  r e l a t i o n s h i p  

between s p e c i f i c  c o s t  and p r o d u c t i o n  c a p a c i t y  ( 1 8 ) .  

t h e  p r o c e s s i n g  c a p a c i t y  of a u n i t  o p e r a t i o n  and t h e  t e r m s  a and ii a r e  

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

The term K p  r e p r e s e n t s  
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