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Abstract 
The efficiency in terms of the use of adsorbent and eluent in fixed bed and moving 
bed chromatography is compared for an example: the separation of two proteins. 
The selection of a suitable objective is discussed. It is found that moving bed 
processes are at least an order of magnitude more efficient than fixed bed processes. 

 

Introduction 
Chromatographic separations are conventionally carried out with the liquid moving 
through a stationary bed of adsorbent particles. An alternative is the moving bed 
mode, with the liquid and the adsorbent moving countercurrently.  

Countercurrent processes are usually more efficient than single current 
processes. Therefore it is to be expected that moving bed chromatography will be 
more efficient than fixed bed chromatography. Some advantages of moving over 
fixed beds are: 
• Separation only occurs in the region of the peaks. In a moving bed the peaks 

extend over the whole column, in a fixed bed they occupy only a small part of 
the column. Therefore moving beds make more efficient use of the adsorbent. 

• In moving bed mode the liquid can be recycled. 
The aim of this chapter is to compare the efficiencies of fixed and moving bed 

chromatography. As an example the separation of two proteins by gel filtration is 
investigated. In fixed bed gel filtration the product is diluted due to peak broadening. 
With proteins this effect is severe due to slow mass transfer. Dilution requires the 
use of a large amount of liquid. A large amount of adsorbent is also required because 
the capacity of the adsorbent is low. Therefore separation of proteins by gel filtration 
is an example of a fixed bed process that can be improved by using moving bed 
technology. 

In this paper we first discuss the operation and modeling of fixed and moving 
bed chromatography. Then the selection of several objective functions is discussed, 
followed by the presentation of the results of the optimization with these objective 
functions. Finally these results are discussed and some conclusions are drawn. 

 

Fixed bed chromatography 
Figure 1 in chapter 1 gives an example of the concentration profiles in fixed bed 
chromatography. A pulse with a mixture of two proteins is injected and after some 
time the proteins leave the column separately. The variables in fixed bed mode that 
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are possibly subject to optimization are the column cross-sectional area, A, the 
superficial liquid velocity, vl, the column length, L, the particle diameter, dp, the size 
of the feed pulse, xpulse (= tpulsevl/L)  and the cut points for the fraction collection.  

Fixed bed chromatography was modeled by assuming that the column can be 
represented by a large number of tanks in series, with each ‘tank’ consisting of an 
ideally mixed mobile liquid part with holdup εl and an ideally mixed stagnant part. 
Mass transfer was modeled with the Linear Driving Force (LDF) model; it was 
shown by Vonk (1994) that this works well for gel permeation chromatography 
modeling. In the LDF model it is assumed that mass transfer occurs through two 
films in series: the liquid film with mass transfer resistance 1/k l, and the particle film 
with resistance 1/kp. The mass balances for the two parts of each ‘tank’ then 
become:
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Here c is the protein concentration in the liquid phase and q is the protein 
concentration in the adsorbent phase. For the Sherwood number on the particle side 
(Shp) a value of 10 is used. The Sherwood number on the liquid side (Shl) is from an 
equation given by Wilson and Geankoplis (1966). In the case of proteins the main 
resistance to mass transfer is located in the particle film. The number of tanks in 
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series is representative of the axial dispersion. For the axial dispersion coefficient 
we used: 

 07.02 DdvD plax +=  (7)  

This corresponds to a number of tanks of: 
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Moving bed chromatography 
Figure 5 in chapter 1 shows the operation of a true moving bed. In practice the 
movement of the bed is simulated by periodically changing the locations of the inlet 
and outlet streams. This is called simulated moving bed chromatography. 

For optimization a model of a true moving bed is used. The variables in moving 
bed mode that are possibly subject to optimization are the column cross-sectional 
area, A, the superficial feed velocity, vF, the particle diameter, dp, the lengths of the 
sections, LI, LII, LIII and LIV, and the flow ratios in each section, mI, mII, mIII and mIV, 
defined by: 

sl vvm =  (9) 

with vl the superficial liquid velocity in a section and vs the superficial adsorbent 
velocity.  

Houwing et al. (2001) discussed the modeling of true moving beds. A true 
moving bed can be modeled with equations 4 and 5 and the following equations: 
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In equations 10 and 11 the time derivatives are zero because the true moving bed is 
in a stationary situation. In equation 12 the effect of axial dispersion is included as a 
kind of mass transfer resistance as suggested by Glueckauf (Ruthven, 1984); 
equation 7 is used for the axial dispersion coefficient with the solid velocity added to 
the liquid velocity in order to obtain the true velocity difference. Equation 13 is the 
equivalent of equation 6 with the same velocity difference used. The velocity 
difference was also used to calculate the pressure drop.  

The fact that a true moving bed is in a stationary situation makes an analytical 
solution possible. The objective is to calculate, for each component, sixteen 
concentrations, the liquid phase and solid phase concentration at the inlet and outlet 
of each section. This can be done with 16 equations. The first four equations follow 
from a mass balance over each section 
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Here subscript 0 refers to the liquid inlet side and subscript 1 refers to the liquid 
outlet side of a section. Four other equations can be derived by solving equations 10, 
11 and 14 for each section. This gives: 

( )
( )

( )[ ]SSt

K
qSccS

K
qSccS

−=
−+−

−+−
1exp

1

1

0
00

0
01

 (15) 

Here the separation factor and the Stanton number are defined by: 
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Finally at each node between two sections a continuity equation for the liquid and 
the adsorbent phase must be valid: 

DDIVIVlIIl cvcvcv += ,1,,0,  (18) 
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III cc ,1,0 =  (19) 

FFIIIIlIIIIIIl cvcvcv += ,1,,0,  (20) 

IIIIV cc ,1,0 =  (21) 

IVI qq ,1,0 =  (22) 

III qq ,1,0 =  (23) 

IIIII qq ,1,0 =  (24) 

IIIIV qq ,1,0 =  (25) 

Since these equations are all linear in the 16 concentrations the solution is easily 
obtained. 

 

Selection of objective functions 
The objective of most chromatographic  separations is to produce something that can 
make a profit. Thus the real objective is economic. Profit, as an objective function, 
contains the costs of adsorbent, desorbent, hardware and operation and the costs of 
producing the feed. Also the value of the product on the market has an effect on the 
profit, and in a monopolistic market this value can depend on the amount produced. 
The profit function is very complex and it necessitates the selection of values for 
some economic parameters. Because these vary continuously, depending on the 
surroundings, usually an intermediate objective function is used for optimization. It 
is then hoped that the optimum according to the intermediate objective is also the 
economic optimum. The optimum that is found can still be far from the economic 
optimum. For instance if the recovery yield is used as the objective, but the feed is 
very cheap, the economic optimum will be at a relatively low recovery yield. 

Examples of intermediate objectives are recovery yield, enrichment, cycle time, 
peak resolution, load, theoretical plate height, productivity of the adsorbent and 
productivity of the eluent or desorbent. This list is by no means complete. Also most 
objectives cannot be used to optimize all parameters. For instance when the cycle 
time is minimized the column length is probably fixed (or else it would become very 
small). Each objective function is associated with a list of parameters that can be 
optimized with it and a list of fixed parameters. Whether a parameter can be 
optimized with an objective function depends on the nature of the objective 



 Fixed Bed vs. Moving Bed 25 

function, whether it should  be optimized can be freely chosen. For instance if a 
certain kind of particle is already chosen, the particle size can be fixed during the 
optimization. Furthermore restrictions can be added on the optimization, for instance 
the productivity can be optimized subject to a minimum purity and recovery yield 
and a maximum pressure drop.  

The selection of an intermediate objective can be based on economic 
considerations. If the feed costs are high, a high recovery yield is required; if the 
desorbent or the adsorbent is relatively expensive, the productivity with respect to 
these two parameters can be maximized. If two kinds of costs are important a 
combined objective function can be constructed (Guiochon et al., 1994).  

 

Separation of BSA and myoglobin 
As an example of a protein gel filtration process, the separation of bovine serum 
albumin (BSA) and myoglobin (myo) on an agarose based matrix was selected. The 
relevant properties of this system are given in table I.  
 
Table I Relevant properties of the system 

Protein BSA Myoglobin 
K [-] 0.70 0.85 
D0 [m

2/s] 5.9 ⋅ 10-11 10.8 ⋅ 10-11 
Dp [m

2/s] 2.7 ⋅ 10-11 6.85 ⋅ 10-11 
 

The partition coefficients were measured by Houwing et al. (2001), the diffusion 
coefficients in free solution are also given by Houwing et al. (2001) and the 
diffusion coefficients inside the particle were obtained with the equations given by 
Bosma and Wesselingh (2000). 

Because of the variety of possible processes and the costs division associated 
with them eight different objective functions were considered. They contain as 
parameters: 

• the production rate, Pr, in kg/year, 
• the column volume, Vc, in m3 and 
• the eluent or desorbent flow rate, φD, in m3/s. 
We considered two groups of optimizations: one in which the particle size was 

optimized and one in which it was fixed. The objective functions with a variable 
particle size are: 

• Pr/Vc, productivity per column volume, 
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• Pr/(Vcdp
-2), the same but weighted against small particles, 

• Pr/φD, the productivity per volume of eluent, 
• Pr/VcφD, a combination of the first and the third and 
• Pr/(Vcdp

-2φD),  the same but weighted against small particles. 
The first, third and fourth of these were also objective functions in the optimizations 
with a fixed particle size. The reason for weighing against small particles in the 
second and fifth objectives is the high cost of small particles. For instance the costs 
of gel filtration particles of Pharmacia Upjohn (excluding the sephadex type) per 
volume are approximately inversely proportional to the square of the particle size. 

In the optimization calculations it was assumed that BSA is the product. A fixed 
product purity and recovery yield of 98% and a production rate of 1000 kg/year at 
an inlet concentration of 1 kg/m3 for both proteins were used. Since the adsorption 
isotherm is linear, results at other inlet concentrations can be obtained by scaling. It 
was assumed that the columns operate for 8000 hours per year and that the fixed bed 
process was restarted as soon as both components were eluted. Also the pressure 
drop was limited to 106 bar/m. A limiting pressure drop per meter was used because 
the pressure drop over the column is not well defined in moving bed 
chromatography: each section consists of more than one column.   

The parameters that were optimized in fixed bed mode are: A, vl, L, xpulse 
(=tpulsevl/L) and the cut points for the fraction collection. In moving bed mode we 
optimized: A, vF, LI, LII, LIII, LIV, mI, mII, mIII and mIV,. As mentioned above in five 
cases the particle size was also optimized.  

The results of the optimization are shown in tables II, III and IV. 
 

Discussion 
In this paragraph the results of the optimization, given in tables II, III and IV, are 
examined.  

Comparing the fixed and moving bed processes it will be noted that moving bed 
processes are much more efficient than fixed bed processes. The difference is one or 
two orders of magnitude. The productivity of the fixed bed processes can be 
increased by injecting the next batch earlier, in such a way that it elutes just after the 
previous batch elutes. This can increase the productivity by about a factor of four. 
Even then moving bed processes remain much more efficient.  

Another advantage of moving bed processes is that the optimum particle size is 
larger. Not only are larger particles less expensive, small particles also limit the 
throughput of the process due to higher resistance for liquid flow. When limitations 
on the particle size are included in the optimization process the advantage of moving 
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beds increases. In separations with slowly diffusing molecules, such as proteins, the 
particle size restricts the results that can be achieved more than in separations with 
small, fast diffusing molecules. The reason is that the small particles required for 
efficient separation of large molecules are hardly available, while separation of 
small molecules can be efficiently done with larger particles. So the switch from 
fixed bed to moving bed is all the more worthwhile when mass transfer becomes 
difficult. 

On the fixed bed processes it can be noted that minimizing the solvent use has 
large drawbacks. To prevent peak broadening the liquid velocity and the particle 
size should be small. Another drawback of this objective is that it puts no limit on 
the column length. As can be seen in table III, in some other cases the upper limit of 
the  column  length  is  also  reached. However  in  these cases  a  limit  is put on  the 

 
Table II The results of the optimizations 

optimized moving bed  fixed bed  MB/FB 
Pr/Vc [kg/year m3] 14400 970 15 
Pr/φD [10-9 kg/m3] 31.4 3.55 8.8 

Pr/VcφD [10-9 kg/m6] 321 1.9 170 
Pr/(Vcdp

-2) [10-6 kg/year m] 50.6 0.838 60 
Pr/(Vcdp

-2φD) [10-18 kg/m4] 496 1.61 310 
Pr/Vc ** [kg/year m3] 4760 60.9 78 
Pr/φD ** [10-9 kg/m3] 31.2 2.7 12 

Pr/VcφD ** [10-9 kg/m6] 49.2 0.11 450 
**: the particle diameter was fixed at 100 µm 
 

Table III Optimized parameters for the fixed bed processes 

optimized 
 

vl  
[10-6 m/s]  

A  
[m2] 

L  
[m] 

dp 
[µm] 

xpulse  
[-] 

enrich-
ment 

∆P/L  
[Pa/m] 

Pr/Vc 96.9 7.78 0.13 10.5 0.0485 0.394 106* 
Pr/φD 14.3 26.1 3* 4.03 0.0960 0.946 106* 

Pr/VcφD 101 5.79 0.2 10.7 0.0627 0.518 106* 
Pr/(Vcdp

-2) 1280 0.579 3* 38.1 0.0486 0.357 106* 
Pr/(Vcdp

-2φD) 1070 0.549 3* 34.8 0.0619 0.475 106* 

Pr/Vc ** 147 5.47 3* 100 0.0449 0.332 16700 
Pr/φD

 ** 1.95 247 3* 100 0.0759 0.673 221 
Pr/VcφD ** 104 6.08 3* 100 0.0571 0.438 119003 

*: limiting value; **: the particle diameter was fixed at 100 µm 
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Table IVa    Optimized parameters for the moving bed processes 

optimized vF [10-6 m/s] mI [-] mII [-] mIII [-] mIV [-] enrichment 
Pr/Vc 106 0.900 0.718 0.835 0.630 0.562 
Pr/φD 70.6 0.853 0.703 0.847 0.697 0.941 

Pr/VcφD 89.2 0.865 0.707 0.845 0.681 0.826 
Pr/(Vcdp

-2) 926 2.740 0.727 0.828 0.106 0.137 
Pr/(Vcdp

-2φD) 1410 0.884 0.715 0.838 0.656 0.659 
Pr/Vc ** 374 1.760 0.727 0.828 0.165 0.149 
Pr/φD

 ** 865 0.854 0.703 0.847 0.697 0.941 
Pr/VcφD ** 750 0.880 0.713 0.840 0.659 0.688 

**: the particle diameter was fixed at 100 µm 
 

Table IVb      Optimized parameters for the moving bed processes 

optimized A [m2] LI [m] LII [m] LIII [m] LIV [m] dp [µm] 
Pr/Vc 0.334 0.05* 0.0578 0.0502 0.05* 39.3 
Pr/φD 0.502 0.05* 0.0599 0.0501 0.0604 28.6 

Pr/VcφD 0.397 0.05* 0.051 0.05* 0.05* 32.9 
Pr/(Vcdp

-2) 0.0383 0.796 9.63 7.43 0.17 187 
Pr/(Vcdp

-2φD) 0.0252 5.08 9.81 8.19 5.45 140 
Pr/Vc ** 0.0947 0.13 1.13 0.903 0.05* 100 
Pr/φD

 ** 0.041 4.62 7.12 4.76 7.11 100 
Pr/VcφD ** 0.0473 1.51 2.89 2.41 1.59 100 

*: limiting value; **: the particle diameter was fixed at 100 µm 
 

column length by the objective because it minimizes the column volume. Note that 
liquid use is minimized by relatively large feed pulses and adsorbent use by 
relatively small feed pulses.  

In some cases the optimized velocity is so low that a single cycle would take 
several days. This can be improved by putting restrictions on the allowed cycle time 
or by including it in some way in the objective function. 

Considering the results of the moving bed processes it should be mentioned that 
the results obtained by minimization of the liquid use are not very meaningful. The 
minimum amount of liquid is used when the product stream and the waste stream are 
undiluted in their main component. This depends only on the four flow ratios and 
can be achieved by setting them as follows: mI = Kmyo + δ, mII = KBSA + δ, mIII = Kmyo 
- δ and mIV = KBSA - δ, with δ a very small number. The desorbent flow is then 
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slightly higher than the volume of the feed stream. The optimization routine had 
great difficulties finding this optimum and came close to it at various values of the 
other parameters. This is an indication that the process is not robust under these 
conditions: with a slight change in an operation parameter the separation can 
disappear. The optimum conditions found with the other objectives are more robust, 
considering the fact that the m’s are further off from the K’s, although they are still 
close. Whether the processes are robust enough under these conditions depends on 
the expected variation in process parameters.   

 
Selection of an objective function 
We conclude the discussion with some remarks on the selection of an objective 
function. Which objective is the ‘best’ will depend on many factors. One of these is 
whether some particle has already been selected for the process. Drawbacks of 
minimizing the liquid use have been pointed out above. Minimizing the adsorbent 
use has the disadvantage that it leads to excessive desorbent use. Therefore the third 
objective, minimizing the product of adsorbent and desorbent use seems preferable. 
A disadvantage of all the objective functions used in this chapter is that the effects 
of labor and investment costs are neglected. Generally moving beds require higher 
investments. These investments can only be recovered when a certain production 
scale is exceeded.  

However a few general remarks can be made. Simple objective functions, 
minimizing the use of a single item, have the disadvantage that they lead to 
excessive use of other items. So the ‘best’ objective function is probably one of the 
‘avoid using excessive ...’-type. In general terms: 

( ) ( ) ip
i

b

D

a

c oVPr −−− ∏φ  (26) 

Here oi is the use of an item of which excessive use should be avoided; for example 
column volume, investment or residence time of the product. The powers, a, b and pi 
should have positive values. The more important it is to avoid excessive use of an 
item (or to minimize its use), the higher the power associated with it should be  The 
selection of suitable values for the powers is a matter of experience, common sense 
and perhaps some trial and error. 

 

Conclusions 
The optimizations done in this paper, show that moving bed processes can be one or 
two orders of magnitude more efficient than fixed bed chromatography. Especially 
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in processes with mass transfer difficulties, the advantages of moving bed processes 
are very large. For optimizing such processes a good objective function is one of the 
type of ‘avoid using excessive ...’. 

 

Symbols 
a particle surface per volume m-1 
cD concentration in desorbent stream kg/m3 
D0 diffusion coefficient in free solution m2/s 
Dp diffusion coefficient inside a particle  m2/s 
∆P pressure drop Pa 
H ‘tank’ height m 
k overall mass transfer coefficient m/s 
K partition coefficient (q/c at equilibrium) - 
vD desorbent flow rate m3/s 
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