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Abstract 

In the pharmaceutical industry when proteins are being formed, the solution often consists of 

different kinds of proteins and these have to be separated to a high degree. A common process 

for this is chromatography. In this work a system of chromatography columns were coupled in 

series to separate a mixture of three proteins. The system consisted of three chromatography 

columns with mixers in between each column. The purpose was to see if in-line dilution of the 

mobile phase was a possible configuration to achieve compatibility between the columns. To 

investigate this, a model was constructed in MATLAB and simulation and optimization of the 

dilution was carried out. After the simulations and optimization were completed some 

experimental runs were performed to validate the results. The results showed that in-line 

dilution was a possible configuration and that a good yield and purity of the target protein could 

be obtained with the proposed system. The experiments also confirmed that in-line dilution was 

possible, however the results from the simulation and the experiments did not match. The 

required dilution between the columns from the optimization results was less than the dilution 

required in the experiments. 

  



 

 

 

  



 

 

 

Sammanfattning 

I läkemedelsindustrin under tillverkningen utav proteiner, innehåller oftast lösningen från 

reaktorn flera olika proteiner och dessa måste renas upp till hög grad. En vanlig process för att 

åstadkomma detta är kromatografi. I detta arbete kopplades kromatografikolonner i serie där 

tankar sattes mellan varje kolonn. Systemet bestod av tre stycken kopplade 

kromatografikolonner med mellanliggande utspädning. Målet med arbetet var att undersöka om 

mellanliggande utspädning av den mobila fasen till nästa kolonn var möjligt för att åstadkomma 

kompatibilitet mellan kolonnerna. För att kunna undersöka detta skapades en modell av 

systemet i MATLAB och denna användes för att simulera och optimera utspädningen. När 

simulering och optimering var avklarad, kördes ett antal experiment för att validera de resultat 

som framtagits. Resultaten från optimeringen visade att mellanliggande utspädning var en 

möjlig konfiguration och att systemet gav ett högt utbyte och en ren produkt. Dem 

experimentella körningarna bekräftade även detta, men resultaten från optimeringen 

överensstämde inte med resultaten från experimenten. Den utspädning mellan kolonnerna som 

krävdes enligt optimeringen var mindre än den utspädning som krävdes enligt de experimentella 

körningarna. 
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1 Introduction 

This thesis is part of a project run by the Department of Chemical Engineering at Lund 

University where new methods of chromatography separation processes for proteins are 

developed. Chromatography is a widely used method of separation for biochemical compounds, 

especially in the pharmaceutical industry. The outline of this thesis is to simulate, optimize and 

design a new system for a continuous chromatography process with integrated columns. 

The downstream processing in the pharmaceutical industry is the most costly of the production 

processes. The purification of the product can constitute up to 80 % of the total production cost 

[1, 2]. This makes the downstream processes valuable for optimizing, and simulation of the 

system can reduce the amount of experiments needed which can reduce the cost [3]. 

Chromatography is a process that is usually run in batch-mode but since, in the industry, 

productivity is in focus it is desirable to run in a continuous mode instead [4]. By simulating 

the system first, fewer experiments could be needed and therefore the cost for validating a new 

system could be reduced. A major cost in the production is the validation of the downstream 

processing and this way this cost can be lowered [3]. 

Today there are some processes that are considered to be continuous. These are the Simulated 

Moving Bed (SMB) [5] and the Multicolumn Countercurrent Solvent Gradient Purification 

(MCSGP) [6]. Both SMB and MCSGP are based on a system where the feed and outlet of the 

column are switched to different columns depending on the time. This results in an intricate 

system of switching, pooling and a number of columns [6]. The difference between these 

systems and the one proposed in this thesis is that by connecting all columns in series this will 

involve less switching and possibly a fewer number of columns. 

Integrated columns in chromatography is a system where several different chromatography 

columns are connected in series. By connecting several columns in series the purity of the 

product will increase for each column in the sequence. The individual columns will operate in 

batch-mode but the system as one unit will operate continuously. The main focus in this thesis 

is however to investigate an alternative system of integrated columns where the integration is 

based on dilution instead of buffer exchange columns. This could mean that the system would 

require fewer columns and the cost could therefore be reduced. This is beneficial especially for 

the pharmaceutical process where the compounds are usually difficult to separate and therefore 

different methods of separation is required to obtained the needed purity [4, 7]. 

In this work the proteins that are to be separated are Lysozyme, Cytochrome C and 

Ribonuclease A. These have similar size and molecular weights since they are all proteins and 

to separate these either affinity or ion exchange chromatography could be applied. In this work 

only ion exchange chromatography will be investigated to simulate an integrated column 

sequence. Proteins are usually hard to separate and by connecting several columns in a series 

the efficiency of the system can be improved [4]. For the simulation and optimization a target 

protein has to be chosen and this was done by performing the purification with regards to the 

purity and yield of the protein eluting as the second protein. 

1.1 Aim 

The aim of the thesis is to model and simulate a system of integrated columns for the 

purification of proteins. The system will operate with in-line dilution between the columns and 

the purpose of this is to see if the in-line dilution is possible for compatibility between the 
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columns. If this is the case an optimization on the system will be performed to see what dilution 

factor is optimal for purity, yield, cycle time and column volume. 

Experimental validation of the model will be performed for two reasons, one to see if the system 

actually is feasible and two to see if the results obtained in the simulation is reasonable in reality. 

In the experimental validation the results from the optimization of the model will be used to set 

up the system in real life. 

Since the problem with dilution is that the flow will increase to the next column which would 

lead to a need of bigger columns or that the flow will have to be adjusted in the pooling stage 

so that the diluted flow is not larger than in the previous column. The question of interest is that 

if this decrease in flow will affect the cycle time of the system to a degree that it runs slower 

than with a system of buffer exchangers between the columns. One other important aspect is 

the solvent use, since this is an operation cost this is desirable to minimize. With the same flow 

through the system this is however equivalent to minimizing the total time for the system.  

1.2 Related Work 

A simulation study as part of a Master Thesis has been done with an integrated column sequence 

that is similar to this one [8]. That system however was based upon buffer exchange columns, 

between the purification columns, to make the columns compatible. 

For in-line dilution in a system of coupled columns, there has been some success. A system of 

two columns with in-line dilution has been tested. This system was setup with one Pro-A 

column and one SP-HP column [9].  
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2 Theory 

Chromatography is a process where the characteristics of the molecules are used to separate 

different compounds in a solution [4]. The different chromatography processes that this thesis 

will contain are Ion Exchange Chromatography (IEC) and Size Exclusion Chromatography 

(SEC). IEC is based on a packed column with a stationary phase, where the compounds will 

adsorb to, and a mobile phase where the compounds are solutes in. Depending on the strength 

of the adsorption for each compound they will elute at different desorption rates. The separation 

occurs when the compounds elute at different times and by opening and closing valves at 

different times the product can be separated from the other compounds in the solution. SEC 

however does not involve any kind of adsorption, this process uses the differences in size of the 

molecules in the mobile phase. By packing the column with porous resins the path that the 

compounds takes will be different. The large molecules will have a shorter path than the small 

molecules due to the porous structure of the packing. The small molecules will travel through 

the pores while the large molecules will travel outside of the pores, thereby having a shorter 

path and they will elute quicker [4]. This causes a separation of the compounds as in the other 

chromatography processes.  

In chromatography the columns are usually run at around 10-15 % of the maximum capacity 

with a recommendation of less than 30% of the maximum capacity [10]. This is done to prevent 

the sample load to occupy a large zone in the column which will lead to broader peaks. When 

the sample load is too large, the proteins are spreading out through the length of the column and 

if the proteins adsorb at low concentration to the stationary phase throughout the entire length 

of the column a much poorer separation is acquired due to band broadening in the column [4, 

10]. If a weak protein is desorbed from a site at the beginning of the column it has to travel 

through the column which takes time. This makes it possible for the salt concentration to 

increase further and the product protein might desorb from a site further down the column and 

both the weak and the product protein might elute from the outlet at the same time which then 

will yield no separation. 

2.1 Ion Exchange Chromatography 

Ion Exchange Chromatography (IEC) is a process where the components in the mobile phase 

will adsorb to a charged stationary phase. The strength in that binding determines the elution 

for each component and the difference will yield a separation [11]. In this work there are three 

proteins that are to be separated, the weakly bound protein that is eluted first is called a weak 

protein and the strongly bound protein which is eluted last is called a strong protein. The middle 

protein is usually the target protein. This is based on the strength of the binding that the protein 

has with the stationary phase. 

The Ion Exchange column is loaded with a solution of proteins, the protein solution is 

transported through the packed bed and due to an equilibrium reaction the proteins will adsorb 

to the binding sites on the stationary phase. The strength of the binding of the protein is 

determined by the charge of the stationary phase and the isoelectric point of the protein. When 

the loading is completed a solution containing salt, buffer solution, is introduced to the column 

and this with a gradient in the salt concentration so that the concentration of salt is increased 

constantly at the inlet of the column. The salt and protein will then compete for the binding sites 

and at a certain salt concentration an equilibrium reaction will cause the protein to release from 

the binding site so that the salt is instead binding to the stationary phase. Depending on the 

strength of the binding of protein to the stationary phase, different proteins will elute at different 
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salt concentrations and this causes a separation in time. This method is suitable to use when the 

components are similar in size but exhibit differences in net charge properties. The net charge 

of the proteins is dependent on the pH in the solution, if the pH is above the isoelectric point of 

a protein the net charge will be negative. In the same way if the pH is below the isoelectric 

points, the net charge will be positive [4]. In Figure 2.1 an illustration of the adsorption principle 

for a cation IEC is shown. The protein in this figure that has a net charge that is positive is 

binding to the stationary phase while the protein that has a net charge that is negative is just 

transported through the column and eluted straight away. 

 

Figure 2.1 Illustration of adsorption principle of a cation IEC [12] 

There are two major types of IEC, which are cation IEC or anion IEC. The difference is in the 

charge of the stationary phase. This difference will affect the adsorption of the protein 

depending on their charge. An anion IEC has a stationary phase that has a positive charge and 

a cation IEC has a stationary phase that has a negative charge. The choice of IEC is depending 

on the isoelectric point of the components that are to be separated [4]. For the proteins 

investigated in this work the isoelectric points are relatively high, above and around 10, which 

means that if an anion IEC where to be used, the pH in the mobile phase would have to be above 

the isoelectric points which might not be desirable. If instead a cation IEC is used the pH would 

need to be below the isoelectric points and the mobile phase could have a more desirable pH of 

for example 7. 

In Figure 2.2 an illustration of the different stages in chromatography is presented. These stages 

are the loading of sample to the column, the wash stage, elution stage and the regeneration 

stage. The load stage is where the sample is sent to the column and the proteins enter and adsorb 

to the stationary phase. After this a wash stage is introduced where a buffer solution is sent 

through the column to allow some eventual impurities to pass through. Such impurities that 

does not adsorb to the stationary phase. In the elution stage, a buffer solution containing salt is 

introduced which causes the proteins to desorb and elute from the column. When this stage is 

finished the salt concentration is raised so that any eventual compounds are eluted and the 

column is prepared for another sample load. During the load and wash stage the mobile phase 

does not contain any concentration of salt in conventional Ion Exchange Chromatography. 
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Figure 2.2 Different stages during chromatography 

There are different methods to which this process could be used. Capture, intermediate and 

polish are some methods. In an Ion Exchange Capture column (IEXC) the concentration of the 

components in the mobile phase will increase, i.e. no separation between the components. The 

Capture column will be overloaded to the extent that every site in the column is occupied. When 

this occurs, the loading of protein is terminated and a step salt gradient is applied so that all the 

proteins elute at approximately the same time. The reason for this is that if the solution comes 

from a reactor, the component concentration in the solution is probably low and for the process 

to be efficient and productive it is desirable for the concentration to be higher. The capture 

column also allows the system to operate in continuous mode due to the time delay caused by 

the loading. The other columns, intermediate and polish is where the separation between the 

components will occur. For polish (IEXP) and intermediate (IEXI) chromatography the column 

is not overloaded and the salt gradient is optimized to elute the components so that there will 

be a separation in time. In the intermediate column the objective is to achieve some separation 

but still have a relative high yield. In the polish column however the intention is to obtain a 

high purity without regard to the yield. However the optimization will take the yield in to 

consideration. 

2.2 Size Exclusion Chromatography 

In Size Exclusion Chromatography (SEC) the components in the mobile phase is separated due 

to their difference in size, as the name implies. The stationary phase in SEC is made up of 

porous particles with a special structure and size of pores [4]. This way the large molecules will 

not diffuse in to the particles and therefore have a much shorter path through the column than 

the smaller molecules. The smaller molecules will however diffuse in to the pores and have a 

longer path through the column and will elute later, an illustration of the different paths that 

different sized molecules can take is shown in Figure 2.3. This method is suitable when the 

components differ significantly in size, as proteins and salt does. SEC is a widely used method 

for de-salting in a buffer exchanger due to the low molecular weight of the salt, it is easily 

separated from the larger proteins [4]. 
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Figure 2.3 Illustration of SEC with the different paths of the molecules [13] 

This method of separation is usually used as a buffer exchange column when the system consists 

of a series of columns. The SEC column is then used to separate the proteins from the buffer 

(salt) solution in order to be able to transport the protein solution to the next column. In this 

thesis a SEC column will only be used in the very last step, to separate the pure target protein 

solution from the salt to obtain the desired product solution after separating the product protein 

from the others. 

2.3 Integrated Column Sequence 

Integrated column sequence, ICS, is based on a system of chromatographic column that are 

connected in series where the mobile phase is sent through each column and thereby the purity 

increases for each column. The idea of this thesis is to create a system of integrated columns 

for the purification of proteins, to model, simulate and optimize in MATLAB. The system is to 

be continuous and since chromatography is typically a batch process some arrangements has to 

be made. The simple way to make these arrangements to a continuous process is to have 

duplicates of the capture column and alternating the feed to the two. This way while one column 

is loaded, the other is regenerated and prepared for loading. When the first column is finished 

loading a switch directs the feed to the second, regenerated, column. This will however not be 

simulated for there is no need to investigate this behavior in MATLAB, this is a more practical 

than theoretical problem. An illustration of the system proposed and a system with buffer 

exchangers is shown in figure 2.4. 

The problem with integrating different chromatographic process is that the mobile phase for 

one process is not always compatible with another process. This is due to the different 

characteristics of the stationary phase. One way of overcoming this problem is as mentioned 

before to integrate buffer exchangers between the different columns. The buffer exchangers 

will separate the desorption agent in the previous column from the mobile phase to make it 

compatible with the next column [8]. However this requires an extra separation process for each 

column. Another method, and the method to be investigated in this thesis, is to use dilution 

between the columns to alter the condition in the mobile phase and make it compatible with the 

next column. 
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2.4 In-line Dilution for Integrating Chromatography Columns 

In order to make the separation possible when several columns are in series, the salt 

concentration from the previous column will have to be lowered to the next column. In previous 

work this has been done with buffer exchangers, which are SEC columns used to separate the 

components from the salt. In this work the salt concentration will be lowered with in-line 

dilution instead. This is crucial because otherwise the concentration of salt will elute the 

proteins instantly, if the salt concentration is too high the proteins will have no chance of 

binding to the stationary phase because they are being outcompeted by the salt. This results in 

no separation due to that the proteins will elute immediately from the column. By diluting the 

outgoing stream from the previous column so that the concentration of salt is low enough in the 

feed to the next column, the idea is that adsorption can occur regardless of the concentration of 

proteins. In Figure 2.4 a comparison between two integrated column sequences, one with buffer 

exchangers and one with in-line dilution. To the left in the figure is the system with buffer 

exchangers and to the right the system with in-line dilution. The main difference is that the 

system with buffer exchangers includes a larger number of chromatography columns than the 

system with in-line dilution.  

The columns in the series might not be of the same sort, for example in IEC there is anion and 

cation columns, and so to make the different columns in the sequence compatible something 

must change in the mobile phase between them. For this, in-line dilution of the mobile phase 

could be used to make the change. To make an anion column compatible with a cation column 

the pH value in the stream have to be altered and this can also be done by in-line dilution [9].  

For the previously tested system with in-line dilution it was found that a dilution of somewhere 

between 8 and 13 fold was acceptable [9]. The differences in the article was that they used 

columns with larger volumes and also had a Pro-A column which means that the dilution was 

more focused on the buffer change that was required and not as much on the dilution of the salt-

concentration. 

There are two aspects to consider with in-line dilution, one is that the dilution has to be 

sufficient to allow the salt concentration to be low enough that the proteins can adsorb to the 

stationary phase and not elute straight away. This is the primary problem of this thesis. Another 

thing to consider is where in the column the proteins will adsorb. If the salt concentration is too 

high the proteins will adsorb in low concentration through the entire length of the column. 

Which is not desirable since this often leads to poorer separation [4, 10]. 
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Figure 2.4 Illustration of an ICS with buffer exchangers and an ICS with in-line dilution 

2.5 Mathematical models 

Through modelling and simulation in MATLAB a continuous chromatography process with 

integrated column sequence will be investigated. This model will consist of mathematical 

models both for the behavior of the mobile phase through the column and for the adsorption to 

the stationary phase. To describe the behavior of the mobile phase in the column the 

kinetic/dispersive column model will be used [14, 15]. There are other models but this will 

describe the system sufficiently. The aim of this thesis is as stated before to investigate the 

adsorption and desorption of the proteins depending on the salt concentration in the loading 

stage. Because of this the focus will be on the adsorption model in the simulation and the choice 
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of the model for adsorption is more important because it describes the characteristics of how 

the different components in the mobile phase interacts with the stationary phase.  

Due to the fact that chromatographic systems are changing in time and in space, the problem 

will not be in steady state but it will by a dynamic problem. This results in a system that is 

described by partial differential equations which there is not a solver for in MATLAB. By 

discretizing the columns, the system is transformed to ordinary differential equations which 

there are numerous solvers for in MATLAB [16]. Discretizing of the column is to divide it in 

to several sections, called grid points, for which the solver will solve the steady state problem 

for each grid point [3]. 

2.5.1 Column model 

The kinetic/dispersive column model is chosen to describe the behavior of the mobile phase in 

the column. This model lumps different phenomena in the column into basically three terms, 

dispersion, convection and adsorption [14, 15]. Equation 1 is the equation used for the 

chromatography columns that involve adsorption to the stationary phase, the ion exchange 

columns. For the size exclusion column equation 2 will be used instead. A more accurate model 

would be the general rate model but due to the fact that this is very computationally expensive 

a lumped model was instead chosen which would describe the system sufficiently.  

𝜕𝑐𝑖

𝜕𝑡
= 𝐷𝑎𝑥 ⋅

𝜕2𝑐𝑖

𝜕𝑧2⏟      
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛

− 𝑣𝑖𝑛𝑡 ⋅
𝜕𝑐𝑖

𝜕𝑧⏟    
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

−
1−𝜀𝑐

𝜀𝑐
⋅
𝜕𝑞𝑖

𝜕𝑡⏟    
𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

   (Eq. 1) 

𝜕𝑐𝑖

𝜕𝑡
= 𝐷𝑎𝑥 ⋅

𝜕2𝑐𝑖

𝜕𝑧2⏟      
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛

− 𝑣𝑖𝑛𝑡 ⋅
𝜕𝑐𝑖

𝜕𝑧⏟    
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

   (Eq. 2) 

Equation 3 shows how the interstitial velocity is calculated. 

𝜈𝑖𝑛𝑡,𝑖 =
𝐹

𝐴𝑐⋅𝜀𝑖
     (Eq. 3) 

Equation 4 shows how the dispersion coefficient is estimated. 

𝐷𝑎𝑥,𝑖 =
𝜈𝑖𝑛𝑡,𝑖⋅𝑑𝑝

𝑃𝑒
    (Eq. 4) 

For the size exclusion column the void in the column will differ between the proteins and the 

salt. The salt will be able to travel in to the pores of the packed particles and therefor have a 

larger void than the proteins. The void for the proteins corresponds to the void in the column 

that is outside of the packing and the void for the salt is the void both outside and inside of the 

packing in the column, as described in equation 5 and equation 6. This will not however be the 

case in the adsorption columns due to the size of the particles in the packed bed which are 

accessible for both the proteins and the salt which leads to that the void is assumed to be the 

same for all molecules in the system.  

𝜀𝑖 = 𝜀𝑐     (Eq. 5) 

𝜀𝑠 = 𝜀𝑐 + (1 − 𝜀𝑐) ⋅ 𝜀𝑝    (Eq. 6) 

Assumptions for this model is that the mobile phase is a liquid with a constant density regardless 

of the concentration of the proteins and salt, that the column operates at isothermal conditions 

and that the column is packed homogenously so that the void and porosity is constant 

throughout the length of the column [17]. 
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2.5.2 Adsorption model 

The Steric Mass Action model, SMA, is a three parameter model for the description of a 

multicomponent protein-salt equilibrium in an ion exchange system [11, 18]. The Steric Mass 

Action model describes the adsorption in to a particle with the following assumptions. Steric 

hindrance, a protein is adsorbed to a number of sites but are also blocking a number of sites, 

due to its size, from other proteins and salt molecules to adsorb. The salt and proteins are 

competing for binding sites and that there is an equilibrium reaction between salt and proteins 

determining the adsorption and desorption rates of the proteins [19]. The capacity in the 

columns for the proteins was assumed to be the same for all proteins.  

In the SMA model the interaction between protein and the stationary phase is described as an 

equilibrium reaction. The proteins and the salt are competing for the binding sites in the 

stationary phase. The characteristic charge of the protein corresponds to the average number of 

binding sites between the protein and the stationary phase. The adsorption and desorption rate 

can be expressed as an equilibrium constant between the mobile and stationary phase. The steric 

factor corresponds to the steric hindrance, the average number of shielded binding sites due to 

the size of the molecules [11]. 

The SMA model was chosen because of the fact that it also regards the adsorption and 

desorption of salt which is an important factor in this work since the in-line dilution will depend 

on the salt-concentration.  

Equation 7 describes the adsorption and desorption of the proteins to the stationary phase. 

𝑟𝑖 = 𝑘𝑎𝑑𝑠,𝑖
∗ ⋅ 𝑐𝑖 ⋅ �̅�𝑠

𝜈𝑖
⏟        
𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

− 𝑘𝑑𝑒𝑠,𝑖
∗ ⋅ 𝑞𝑖 ⋅ 𝑐𝑠

𝜈𝑖
⏟        
𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

    (Eq. 7) 

Equation 8 is the equilibrium equation between the salt and the proteins. 

𝐾𝑒𝑞,𝑖 =
𝑘𝑎𝑑𝑠,𝑖 
∗

𝑘𝑑𝑒𝑠,𝑖
∗ = (

𝑞𝑖

𝑐𝑖
) ⋅ (

𝑐𝑠

�̅�𝑠
)
𝜈𝑖

    (Eq. 8) 

Equation 9 describes the number of available binding sites in the stationary phase. 

�̅�𝑠
 = Λ − ∑(𝜈𝑖 + 𝜎𝑖) ⋅ 𝑞𝑖    (Eq. 9) 

Equation 10 is the equation for reaction rate for the proteins. 

𝜕𝑞𝑖

𝜕𝑡
= 𝑟𝑖      (Eq. 10) 

With the SMA-model the adsorption of salt is also to be modeled and the adsorption rate can 

be described as in equation 11. This essentially means that desorption of a protein is regarded 

as an adsorption of salt. Equation 11 is an equation describing the electro-neutrality [19]. 

𝜕𝑞𝑠

𝜕𝑡
= −∑𝜈𝑖 ⋅

𝜕𝑞𝑖

𝜕𝑡
     (Eq. 11) 

For IEC chromatography the pH in the mobile phase plays an important role [3]. The 

equilibrium constant is dependent on the pH in the mobile phase according to equation 12. By 

integrating a mixer between two columns the idea is to also be able to change the pH in the 

mobile phase and thereby change the equilibrium constant for the components. An example of 

this is if a system would include both anion and cation exchanger. This would require a change 

in pH for the separation to progress further. This is not considered in this thesis since all the 

columns are of the same sort and the pH would only be altered if there were a need for it for 
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compatibility to the next column. This would also require some experimentation to obtain the 

reference values and constants. 

𝐾𝑒𝑞,𝑖,𝑝𝐻 = 𝐾𝑒𝑞,𝑖,𝑝𝐻𝑟𝑒𝑓 + 𝜙 ⋅ (𝑝𝐻 − 𝑝𝐻𝑟𝑒𝑓)  (Eq. 12) 

Equation 12 is an assumption that the relation between the equilibrium constant and the pH is 

linear in the range that it is used. In reality this is thought to be an exponential relation [20]. 

The SMA model is appropriate when the equilibrium rate of adsorption and desorption is the 

rate limiting resistance [11, 19], which can be considered to be true in this case due to the size 

of the particles in the packed bed (90 µm in radius). Assuming the diffusion and transport 

resistance in to the particle is relatively low due to the particle size [21]. 

2.5.3 Model for mixer 

For the mathematical modelling of the mixer, mixing will be assumed to be, or close to, ideal. 

Equation 13 describes the model used for the mixers. 

𝜕𝑐𝑖

𝜕𝑡
  =

𝐹1

𝑉𝑚
⋅ (𝑐𝑖,𝑖𝑛,1 − 𝑐𝑖) +

𝐹2

𝑉𝑚
⋅ (𝑐𝑖,𝑖𝑛,2 − 𝑐𝑖)   (Eq. 13)   

Where F1 is the flow rate from the previous column and F2 is the flow rate of the buffer solution 

to the mixer. The buffer-solution will not contain any of the proteins or any salt, hence 𝐶𝑖,𝑖𝑛,2 =
0 for the proteins and the salt. 

2.5.4 Boundary conditions and initial values 

For the modelling of the columns to be possible the inlet and the outlet have to be described 

using boundary condition and initial values. The boundary conditions in the mathematical 

model have to be set and these are as following. 

At the inlet of the column the concentration is considered to be the same as the inlet 

concentration. This because the dispersion is assumed to not have any considerable effect at 

z=0. Dirichlet boundary condition is used at the inlet which is described in Equation 14. 

𝑐𝑖|𝑧=0 = 𝑐𝑖,𝑖𝑛     (Eq. 14) 

At the outlet of the column the dispersion is considered to be negligible and only the convective 

transport is considered. The outlet is modeled as a No Flux/von Neumann boundary condition 

as in equation 15. 

𝜕𝑐𝑖

𝜕𝑧
|
𝑧=𝐿

= 0     (Eq. 15) 

The initial values for the column is as following, the concentration of proteins in the column at 

t=0 is assumed to be zero and the concentration of salt in the mobile phase and in the column 

is considered to be the same as the buffer solution for regeneration i.e. small but significant. 

2.5.5 Discretization of the columns in MATLAB 

Dynamic problem gives Partial Differential Equation, PDEs, which have to be transformed into 

Ordinary Differential Equations, ODEs, for MATLAB to solve. The transformation from PDE 

to ODE is made by dividing the length of the column in to several grid points. The Method of 

Lines, MoL, and Finite Volume Method, FVM, are used as the numerical methods to discretize 

the columns, so that the column consist of a steady state problem in each grid point [22, 23, 

24]. The finite volume method is based on Taylor expansion [22]. For each grid point the steady 

state problem is solved and the solution is used in the next grid point as the initial values. For 



 

12 

 

the approximations, backward and central approximation of first and second order derivatives 

is used as described in equation 17 and equation 18. The kinetic/dispersive model for the 

columns is of hyperbolic nature which is usually hard to solve as well.  

The column is divided into a number of grid points, where the length of each grid is equally 

spaced to a length of h, where h is the length of the column, L, divided by the number of grid 

points, N. The grid points are estimated as in equation 16. In the equations below i denotes the 

grid point in the column.  

ℎ =
𝐿𝑐

𝑁
     (Eq. 16) 

Two-point backward approximation to describe the first order derivative is presented in 

equation 17. 

𝜕𝑐𝑖

𝜕𝑧
=
𝑐𝑖−𝑐1−1

ℎ
     (Eq. 17) 

Three-point central approximation to describe the second order derivative is presented in 

equation 18. 

𝜕2𝑐𝑖

𝜕𝑧2
=
𝑐𝑖−1−2⋅𝑐𝑖+𝑐𝑖+1

ℎ2
    (Eq. 18) 
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3 Methods for Modeling and Simulating 

The simulations will be performed in MATLAB and the system will consist of three ion 

exchange columns and two mixers. Each block will be modelled separately and the resulting 

concentration profiles for each component will be sent to the next block in the system. For the 

different models to be able to communicate with each other some methods for this will have to 

be used in MATLAB, the interpolation of the results from one model to the next. The target 

protein for the simulation will be the protein Cytochrome C since this protein should be eluted 

after Ribonuclease A but before Lysozyme based on the isoelectric points and is therefore the 

most difficult to separate. By purifying the middle protein the weak and strong proteins are also 

purified.  

In the simulations of the columns the ode15s solver will be used in MATLAB. This solver is 

chosen because it handles the problem with a reasonable accuracy and solves the problem 

within a feasible time span. For the simulation of the mixers, the ode45 solver will be used since 

the mixer is a much easier problem to solve and ode15s is not necessary to use. The ode45 

solver is for the mixer acceptably accurate and much faster than ode15s. In Figure 10.1 in the 

appendix the code structure of the models is presented. As can be seen from the figure a separate 

data structure is used for the parameters that include the model such as column dimensions, 

adsorption parameters and dilution factors. These are then used to estimate the dispersion factor 

and velocity for each column. Preprocessing is done in the simulation function, and this includes 

matrices for the discretization and the Jacobian for the discretization. The ODE solver is then 

called upon with all the parameters necessary and calls for the model function where the 

equations for the column are stated. The same structure is also used for the mixers but with less 

parameters and a different ODE solver. 

The parameters for the adsorption model used were supplied from a previous experiment 

conducted at the Department of Chemical Engineering at Lund University where a calibration 

were made for the proteins with a 1 ml column pre-packed with particles that had a mean 

diameter of 180 µm. The parameters are presented in Table 10.1 in the appendix. The calibration 

for the parameters did not include an overload run meaning that the capacity parameter was 

only estimated. 

For the simulations, the SEC column that would be placed as the last column will not be a part 

of the model. The reason for that is that the SEC column is not worth investigating since it is 

evident that it does work for separation between salt and proteins [4]. 

3.1 Retrieving pooling cut-times 

As the purpose of the chromatography column is to separate the components in the mobile 

phase, basically in time, or in Column Volumes, CV, the idea is to have a valve opening and 

closing at different times to retrieve a fraction pool. This pooling is modeled so that the cut 

times are retrieved at a certain concentration of one of the component. This is done in MATLAB 

by using the command find to locate the indices where the concentration is above a certain 

value. The first and the last of those indices are there for the cut indices and from those the cut 

times can be retrieved. The value constricting this method is set arbitrary in every column. In 

the capture column the goal is not to separate the proteins but to increase the concentration of 

proteins in the solution so the pooling is focused on yield. The pooling will therefor occur at a 

certain limit of the target component.  
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In the intermediate and polish column the pooling will focus on the momentary purity and cut 

at an arbitrary set value. These values will be at 75% of the product for the polish-column and 

0-25% of the product in the intermediate column. 

3.2 Interpolation to access pooling concentrations  

Retrieving the pooling from previous block will be done by interpolating the concentrations of 

every component from the outlet in the given pooling interval. This has to be done because the 

resulting vector from the previous block may not contain the exact same points that the solver 

in the next block will need. This can be fixed by interpolation of the result vector and in this 

case this is done with the griddedInterpolant command in MATLAB which creates an 

interpolation function describing the change in concentration and then evaluating it at different 

time points in the solver. 

3.3 Optimization 

The objective function for this optimization could be two different variables. The first variable 

could be the cycle time, since the cycle time should increase with an increased dilution factor. 

However this is not certain for all scenarios and so the second variable could be the column 

volume. The volume of the column is increasing with an increased dilution factor for all the 

scenarios. 

Patternsearch was used for the optimization. In the beginning fmincon was considered but it 

had problem converging to a possible solution. In the model the command find was used to 

locate the cut times for the pooling and with this it is possible that a small change in the decision 

variable might give the same value for the objective function and because of this fmincon had 

some issues with converging and patternsearch was chosen instead. With an understanding of 

the results and an estimation of the expected solution patternsearch is a most appropriate tool 

for this optimization. 

Column size will affect the amount of proteins that can adsorb in the IEXC and therefore affect 

the productivity. However a larger column with the same flow rate will increase the cycle time 

and this could decrease the productivity. The ratio between the flow rate and column volume 

should be determined (optimized), especially with regards to the productivity. In this case some 

constraints will have to be set for the column size, to a feasible level. 

The dilution factor will affect the size of the intermediate column (IEXI) and the polish column 

(IEXP) since the flow rate will increase with an increased dilution factor. The scaling will be 

according to two different scenarios as described later. By applying a wash stage after the 

loading the salt gradient applied for elution in the columns can be controlled for each column 

and be independent of the dilution. The optimization is done to determine the minimum dilution 

required for the proteins to be able to bind in to the stationary phase without being eluted by 

the salt during the loading stage. 

Purity, as seen in equation 19, is calculated using the total concentration of all the proteins in 

the pool and the concentration of the proteins cytochrome C, which is noted as component B in 

the simulations, in the pool. By using the command trapz in MATLAB the area under the curves 

are calculated and used as the concentrations. For these calculations the concentration of salt is 

not regarded. The same method applies to the yield, as seen in equation 20. In the equations 

below j denotes the column number in the sequence. The idea is that with a dilution that is 

sufficient for the proteins to adsorb to the bed might not be an optimal dilution due to the broad 

banding discussed earlier. With an increased dilution the yield and purity will also increase. 
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𝑃𝑢𝑟𝑖𝑡𝑦𝑗 =
𝐶𝑏,𝑝𝑜𝑜𝑙,𝑗

𝐶𝑡𝑜𝑡,𝑝𝑜𝑜𝑙,𝑗
[𝑚𝑜𝑙(𝐶𝐵)/𝑚𝑜𝑙]    (Eq. 19) 

𝑌𝑖𝑒𝑙𝑑𝑗 =
𝐶𝑏,𝑝𝑜𝑜𝑙,𝑗

𝐶𝐵,𝐶𝑎𝑝𝑡𝑢𝑟𝑒
[−]     (Eq. 20) 

An additional constraint was later applied which tested the amount that was eluted after the 

loading stage. This constraint was set to a minimum of 99% where the concentration of the 

eluted proteins after the loading stage was divided by the total amount of proteins that was 

eluted in the column. If this value was below the minimum it meant that some proteins hade 

eluted during the loading stage because the salt concentration was too high and therefore the 

dilution was insufficient. The constraint was noted as Elutej for the investigated column and is 

set up as according to equation 21 below. 

𝐸𝑙𝑢𝑡𝑒𝑗 =
𝐶𝑒𝑙𝑢𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔,𝑗

𝐶𝑒𝑙𝑢𝑡𝑒𝑑,𝑗
 [−]    (Eq. 21) 

3.3.1 Optimization Case 

The ratio between the sizes of the chromatography columns will change and be depending on 

the dilution factor in different ways. Because there are more than one way of scaling the column 

depending on the flow rate, the optimization will be divided in to two different scenarios. In the 

optimization the dimensions of the capture column have to be set since there is a large degree 

of freedom in the system. The capture column was set to have a volume of approximately 1 ml 

with a length of 25 mm and a diameter of 7 mm. The loading volume was set to be 10% of the 

maximum capacity for the column.  

The constraints will be the yield and the purity in the pool from the IEXP and these will be set 

to arbitrary values since no real constraints exists at this time. The eluted amount as described 

in equation 21 will also be a constraint to make sure that all the proteins adsorbs to the column. 

The decision variable will in this case be the dilution factor. 

Two different scenarios is to be optimized in this case, these are different ratios of the size and 

the flow rate between the columns. How the length and diameter of the columns will change 

with the change in flow rate due to the dilution.   

Scenario 1 

In scenario 1 the relation between flow rate and column volume will be constant. The scaling 

method here is to have the residence time constant as well as the ratio between length and 

diameter of the column. This means that the length and diameter will change with a factor raised 

to 1/3. The problem of feasibility with these scenarios are that the ratio between the flow rate 

and diameter of the column is not constant which could cause problems with the velocity and 

pressure drop in the column. Due to the fact that there is a maximum pressure drop, and 

therefore velocity, that the column can withstand, the results from this case may be infeasible 

in reality. As according to equation 22 the pressure drop is dependent on the length of the 

column and the velocity through the column, this equation is also known as Erguns Equation.  

∆𝑃 =
150⋅𝜇⋅𝐿𝑗

𝑑𝑝
2 ⋅

(1−𝜀)2

𝜀3
⋅ 𝜈𝑠 +

1.75⋅𝐿𝑗⋅𝜌

𝑑𝑝
⋅
1−𝜀

𝜀
⋅ 𝜈𝑠

2   (Eq. 22) 

In equation 22 𝜈𝑠 is the superficial velocity through the column and the interstitial velocity can 

be calculated as in equation 23. 

𝜈𝑖𝑛𝑡 =
𝜈𝑠

𝜀
     (Eq. 23) 
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For the scaling of the column dimension, equation 24 have been used where the scaling factor 

from column to column, kvolym, is calculated. In the equations j denotes the column number in 

the sequence.  

 
𝑉1

𝐹1
=
𝑉2

𝐹2
=
𝑉3

𝐹3
⇒ 𝑘𝑣𝑜𝑙𝑦𝑚 =

𝐹𝑗

𝐹𝑗−1
⇒ {

𝐿𝑗 = (𝑘𝑣𝑜𝑙𝑦𝑚)
1/3 ⋅ 𝐿𝑗−1  

𝐷𝑗 = (𝑘𝑣𝑜𝑙𝑦𝑚)
1/3 ⋅ 𝐷𝑗−1

 (Eq. 24) 

For these scenarios the residence time of every column in the system will be constant since the 

residence time is calculated as according to equation 25.  

𝜏𝑗 =
𝑉𝑗

𝐹𝑗
=
𝐿𝑗

𝜈𝑗
     (Eq. 25) 

According to equation 25, as the length of the column is increasing, the interstitial velocity has 

to increase as well for the residence time to remain constant. 

Scenario 2 

In scenario 2 the volume will be scaled similarly to scenario 1 but in this case the length of the 

column will be held constant so that only the diameter will change, and this with a scaling factor 

raised to 1/2. In this case the interstitial velocity and the residence time remains constant 

between the columns. See equation 26. 

𝑉1

𝐹1
=
𝑉2

𝐹2
=
𝑉3

𝐹3
⇒ 𝑘𝑣𝑜𝑙𝑦𝑚 =

𝐹𝑗

𝐹𝑗−1
⇒ 𝐷𝑗 = (𝑘𝑣𝑜𝑙𝑦𝑚)

1/2 ⋅ 𝐷𝑗−1  (Eq. 26) 
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4 Methods for Experimental Validation 

The experiments were run on a system consisting of two identically coupled ÄKTA-purifiers 

which were both equipped with an ion exchange column of 1 ml. One column acts as the capture 

and the other act as the intermediate step. 

4.1 Materials 

The columns used were two SP-HP columns obtained from GE HealthCare Life Science which 

were strong cation ion exchange columns prepacked with sepharose particles. The particle in 

the columns had a mean diameter of 34 µm with ligands of sulfopropyl. In Table 4.1 the molar 

weight and isoelectric points of the three proteins used is shown. The data shown is taken from 

product data sheets from Sigma-Aldrich [25, 26, 27]. 

Table 4.1 Molar mass and isoelectric point for the proteins 

Protein Lysozyme Cytochrome C Ribonuclease A 

Molar mass [kDa] 14.3 12.384 13.7 

Isoelectric point 11.4 10.0-10.5 9.6 

 

Two buffer solution were used in the experiments, buffer A and buffer B, one which were the 

same as the mobile phase and contained no salt and one with a high concentration of salt. The 

buffer A solution contained 20mM of Sodium Phosphate but no salt, and buffer B contained 

0.5 M of NaCl and 20 mM of Sodium Phosphate. The mobile phase consisted of a solution with 

20 mM Sodium Phosphate. 

All the solution used in the experiments had a pH value of approximately 7 and the experiments 

were conducted at around 28℃. 

4.2 Experimental method 

Before the experiments were conducted, some alterations to the simulation model were made 

to match the new system. This was done because of the fact that in the experiments the columns 

were to be of the same size and with in-line dilution the flow from the capture to the 

intermediate column will have to be adjusted due to the fact that the two columns are of the 

same size. This will be handled by decreasing the flow in the capture during the pooling stage 

so that the flow to the intermediate column and the flow from the mixer will add up to the same 

flow as in the beginning of the operation of the capture column. As described by equation 27-

29. 

𝐹𝑐𝑎𝑝𝑡𝑢𝑟𝑒 = 1 𝑚𝑙/𝑚𝑖𝑛    (Eq. 27) 

𝐹𝑝𝑜𝑜𝑙 =
𝐹𝑐𝑎𝑝𝑡𝑢𝑟𝑒

𝐷𝑓
    (Eq. 28) 

𝐹𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 = 𝐹𝑝𝑜𝑜𝑙 + 𝐹𝑝𝑜𝑜𝑙 ⋅ (𝐷𝑓 − 1)  (Eq. 29) 

The simulations were controlled by programming in python via UNICORN OPC and the script 

was taken from previous experiments with buffer exchangers. The script was only altered to fit 
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the in-line dilution since the previous runs were made with the same columns and samples as 

described below. The script can be seen in the appendix. 

The loading of the capture column will be only 0.5 CV to ensure that the amount of protein 

does not exceed 10-15 % of the maximum capacity of the intermediate column. The pooling to 

the IEC column will begin by opening the valve to the next column and this will be done when 

the salt has begun to enter the capture column. At this point the flow rate will also be lowered 

to ensure that the flow rate in the intermediate column does not exceed the 1 ml/min limit. 

The salt gradient will be applied as a step in the capture column with 100 % of buffer B during 

one minute. In the intermediate column the salt gradient will be applied in two stages, the first 

will be a steeper gradient during one minute from 0 % to 30 % of buffer B and the second stage 

will be with a lower gradient during 20 minutes from 30 % to 70 % of buffer B. This was found 

to be an acceptable gradient during the simulations as well as in a previous experiment for a 

system with buffer exchangers. One experimental run was made with a slightly lower gradient 

in the IEC column to test the effect of the salt gradient. In the last run the salt gradient in the 

IEC column was altered slightly. The steep gradient was from 0 % to 25 % in one minute and 

the slow gradient was from 25 % to 60 % in 20 minutes. This was done to see if a lower gradient 

would yield a better separation. 

4.2.1 Experimental setup 

The flowchart of the experimental setup is shown in Figure 4.1. An explanation for the different 

components in the setup can be found in the appendix, Table 10.2. In the flowchart, the column 

in system 1 is the capture column and the column in system 2 is the intermediate column. 

The experiment starts with loading of the capture column, followed by elution by step gradient 

of the proteins. An UV detector to measure protein concentration and a conductivity cell to 

measure salt concentration from the outlet of the column is used to measure the concentrations. 

The pool from capture is sent to the intermediate column for separation, the column is first 

loaded, and after a wash period a salt gradient is applied by mixing Buffer A and Buffer B to 

achieve a certain salt concentration in the column. The proteins are eluted at different rates and 

measured by a second UV detector, the same applies for the salt with a second conductivity 

cell. 
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Figure 4.1 Flowchart of the experimental setup 
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5 Results and Discussion 

The results obtained in this work is the presented model and the effects of the dilution, the 

optimization of the model that was simulated for production scale and the experimental 

validation and investigation of the system with in-line dilution 

5.1 Model 

The model that was chosen consisted of three columns, capture (IEXC), intermediate (IEXI), 

and polish (IEXP). Between the columns were mixers where the dilution occurred. For the 

simulation it would be enough to simulate with just a capture and an intermediate since all three 

columns were modelled as the same ion exchange column. But for more of a realistic 

presentation of the system three columns was modelled. 

The salt gradient was modelled in two different ways in the columns. At first the salt gradient 

was modelled without a wash stage after the loading stage so that the gradient was continuous 

from the capture column and dependent on the dilution. A decrease in dilution would lead to a 

steeper gradient. For this the salt was applied as a gradient in the capture column. The other 

way was to apply a step gradient in the IEXC column and add a wash stage in the IEXI and 

IEXP columns and thereafter apply a salt gradient so that this gradient was independent of the 

dilution.  

The dilution to the IEXP column seemed to be unnecessary since at zero dilution none of the 

proteins from the pooling is eluted during the loading stage. Upon further investigation it was 

found that this was due to the constraints in the pooling of the previous column. Since a good 

separation is achieved in the IEXI column, the only proteins that enter the IEXP column is the 

product protein and some of the strong protein and this during a narrow window of time. When 

loaded to the IEXP the product protein was able to adsorb to the stationary phase probably due 

to the fact that the loading in the capture column was only at 10 % of the maximum. The only 

protein that had problems adsorbing was the weak protein which was separated on in the IEXI 

so any dilution was not necessary in the IEXI. In the IEXI column the protein that is eluted 

during the loading stage, when the dilution is insufficient, is the weak protein and since this is 

separated from the mixture this is not a problem in the next column. When the pooling was set 

to include all the proteins from the IEXI column a problem arouse in the IEXP column and 

dilution was now required, see Figure 5.1. In this case the protein that is eluted during the 

loading is the weak protein only and an acceptable separation of the product is achieved 

considering yield and purity. In figure 5.1 the dilution is 1.6:1 between the capture and 

intermediate columns and 1:1 between the intermediate and polish columns. 

In the chromatograms the vertical dashed lines indicates where the pooling is made. The figures 

shows the chromatogram for each of the three columns. The time span is based on the beginning 

of the loading in the capture column. The reason for the different timespans on the x-axis is that 

there was a need to zoom in on the events of interests in the columns. All columns were 

simulated from time 0 seconds to the end at time 4000 seconds.  



 

22 

 

 

Figure 5.1 Simulation with a dilution of 1.6:1 and 1:1 with elution during loading in IEXP 

column 

5.2 Optimization 

The optimization was carried out as described for the two scenarios regarding the up-scaling of 

the columns. It was also chosen to optimize for both three and two columns in the system. The 

salt gradient that was found to be the most efficient and feasible was the one that was used for 

the optimization. That salt gradient application was the one with a step gradient in the capture 

and a wash stage in the IEXI and IEXP columns so that the gradient was independent of the 

dilution. Figure 5.2 and Figure 5.3 shows the chromatogram for the two cases. In figure 5.2 the 

dilution between the capture and the intermediate columns was 1.6:1 and between the 

intermediate and polish columns the dilution was 2.3:1. 
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Figure 5.2 Optimization of scenario 1 with dilution of 1.6:1 and 2.3:1 

In figure 5.3 the dilution between the capture and the intermediate column was 1.6:1. 

 

Figure 5.3 Optimization of scenario 1 with two columns and dilution of 1.6:1 

For scenario 1 the results are presented in Table 5.1, showing the optimal dilution for a system 

consisting of both three and two columns. The table presents the key values for the optimization, 

which are the yield purity and cycle time for the system. The column volumes in table 5.1 are 

based on the dilution factor that was found to be the minimal required in the optimization.  
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Table 5.1 Results from scenario 1 for different number of columns in the system 

Case Scenario 1 Scenario 1 

Columns IEXC + IEXI + IEXP IEXC + IEXI 

Dilution factor to IEXI 1.6:1 1.6:1 

Dilution factor to IEXP 2.3:1  - 

Purity 0.999 0.995 

Yield 0.991 0.977 

Cycle time [s] 1790 s 637 s 

IEXI column volume [ml] 2.50 ml 2.50 ml 

IEXP column volume [ml] 8.25 ml - 

 

In Table 5.2 the results from the optimization scenario 2 for both three and two columns in the 

system. Figure 5.4 and Figure 5.5 shows the chromatogram for the optimized results. In figure 

5.4 the dilution between the capture and the intermediate columns was 1.6:1 and between the 

intermediate and the polish columns the dilution was 2.5:1. 

 

Figure 5.4 Optimization of scenario 2 with 1.6: and 2.5:1 dilution 

As can be seen in the figures for the chromatograms for two and three columns, the IEXC and 

IEXI column is identical aside from the pooling lines. This is due to the difference in the pooling 

constraints needed for the different cases. In figure 5.5 the dilution between the capture and the 

intermediate columns was 1.6:1. 
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Figure 5.5 Optimization of scenario 2 with two columns and dilution of 1.6:1 

For scenario 2 the results are presented in table 5.2, showing the optimal dilution for a system 

consisting of both three and two columns. The table presents the key values for the optimization, 

which are the yield purity and cycle time for the system. The column volumes in table 5.2 are 

based on the dilution factor that was found to be the minimal required in the optimization.  

Table 5.2 Results from scenario 2 for different number of columns in the system 

Case Scenario 2 Scenario 2 

Columns IEXC + IEXI + IEXP IEXC + IEXI 

Dilution factor to IEXI 1.6:1 1.6:1 

Dilution factor to IEXP 2.5:1 - 

Purity 0.993 0.991 

Yield 0.966 0.959 

Cycle time [s] 1795 s 633 s 

IEXI column volume [ml] 2.50 ml 2.50 ml 

IEXP column volume [ml] 8.76 ml - 

 

From the results above it can be seen that the most effective up-scaling method is somewhat 

unclear. The differences are relatively small but the purity and yield is slightly higher for 

scenario 1 and also that the dilution required for the IEXP column is slightly lower. 

When performing the optimization with an objective to minimize the cycle time for the system 

of two columns an interesting, but not surprising, result was found. When increasing the dilution 

factor and scaling according to scenario 1 the cycle time was decreasing for the system, this 
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was due to the fact that the interstitial velocity was increasing with an increased dilution factor. 

Due to this the objective had to be changed since the goal was to find the minimum dilution 

required. The objective was changed to minimize the column volume in the IEXI and IEXP 

columns. This was because the volume of the columns is decreasing with a decreasing dilution 

factor. The constraint was the same. The same problem was not found when scaling according 

to scenario 2 since the interstitial velocity remained constant independent to the dilution factor. 

For both the scenarios it was first found that dilution between the IEXI and IEXP columns was 

not required. However if the pooling was set so that all of the proteins were included to the 

IEXP, dilution was required in the IEXP as well as in the IEXI. 

5.3 Experimental validation 

In Figure 5.6 and Figure 5.7 the simulated model of the experiment is presented with two 

different dilution factors. As can be seen from the figures a dilution of 2:1 from the capture 

columns is not enough since there are some proteins that is eluted during the loading of the IEX. 

In Figure 5.7 however with a dilution of 3:1 no proteins are eluted during the loading. The 

loading stage can be seen as the first peak of salt that is supposed to pass through the column 

without eluting any proteins. 

A note for the simulation is that the dead volumes in the actual experimental setup is neglected 

since the purpose of the simulation is to investigate approximately what degree of dilution is 

required for the system to run acceptably. 

An optimization of the dilution factor showed that the dilution factor 3:1 was the optimal 

considering the increased cycle time a larger dilution would induce. This is the required 

minimum of dilution for the proteins not to elute immediately from the column due to the salt 

concentration. 

Upon further research the concentration in the mobile phase was investigated at half the column 

length and it was found that a dilution of 5:1 was required for the proteins to have been adsorbed 

during the loading stage, i.e. there was no protein left in the mobile phase at half the column 

length. This was investigated due to the band broadening effect, to see what could be feasible 

in the experimental setup to achieve an acceptable separation.  

In the figures the chromatogram of both the capture column and the intermediate column is 

presented. The chromatogram shows the total concentration of the proteins as well as the salt 

concentration. The dotted vertical lines indicates where the pooling is to be made. In the figures 

the salt concentration is presented as 1/1000 of the actual concentration, i.e. the salt 

concentration peak at 0.5 corresponds to 500mM. The capture column is named IEXC in the 

simulation figures and the intermediate column is named IEXI.  
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Figure 5.6 Simulation with a dilution factor of 2:1 

From Figure 5.6 and Figure 5.7 it is notable that the concentration from the outlet in capture 

column is significantly higher than the outlet from the intermediate column. This is due to the 

flow restriction during the pooling in the capture column. The flow is lowered but the same 

amount of moles is desorbed, and therefore the concentration increases. The total amount of 

moles that comes out from the intermediate column is the same as the amount of moles that is 

loaded to the capture column even though it does not appear to be so. 

 

Figure 5.7 Simulation with a dilution factor of 3:1 

From the simulations it is shown that a dilution of the mobile phase from the capture of 3:1 

should be sufficient for the proteins to adsorb to the intermediate column. As can be seen from 
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Figure 5.8 of the experimental results, a dilution of 5:1 is not enough since there is some eluted 

proteins during the loading here as well. From Figure 5.9 however it is clear that a dilution of 

6:1 is sufficient at least for the proteins to adsorb to the column. In the chromatogram for the 

experiments the concentration of salt is presented as the input to the column and as the measured 

conductivity of the solution from the outlet of the column.  

 

Figure 5.8 Experimental results with a dilution factor of 5:1 

From Figure 5.8 it appears as the separation between the proteins is improved, compared to the 

results in Figure 5.9, due to the increase in dilution. This is probably due to the fact that the 

proteins are adsorbing in a less broad spectrum of the column as well as not eluting directly. 

The fact that this is evident from these results shows the importance of the amount of loading 

of a column and how this affects the separation. With further dilution it is probably possible to 

obtain a better separation with the same salt gradient. The issue is that with an increase in 

dilution the total cycle time for the system will also increase due to the restriction of the flow 

during the pooling stage. 
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Figure 5.9 Experimental results with a dilution factor of 6:1 

However a comparison between the simulations and the experimental results are hard to make. 

The columns simulated are of a different kind than the columns in the experiments. In the 

simulation the parameters obtained were for a packing particle with a diameter of 180 µm and 

in the experiments a SP-HP column with a particle size with a diameter of 34 µm were used. 

This means that the parameters for the simulation is not consistent with those for the 

experiments. 

It is notable though that a better separation is achieved in the simulation with a larger particle 

size than in the experiments with a smaller particle size. The reason for this could be that the 

model is not accurate when it comes to describing the band broadening effect that occurs due 

to the higher salt concentration in the loading stage. The calibration of the parameters for the 

SMA model were conducted as normal with just one column and 0 mM of salt during the 

loading stage and it is possible that these parameters does not capture the behavior in the right 

way for this system. 

If the salt gradient is altered slightly as in Figure 5.10 where the gradient in the intermediate 

column is lower, the separation is improved. The peaks in Figure 5.10 appears to be broader 

apart. This means that a better separation should be possible just as with a system with buffer 

exchangers but the total cycle time however is significantly larger. 
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Figure 5.10 Experimental results with a dilution factor of 6:1 and altered salt gradient 

The reason for the difference in separation with the in-line dilution could come from the fact 

that even though the proteins adsorb to the stationary phase in the column, they adsorb in a 

much later stage than is desirable to achieve good separation. The proteins is adsorbing at very 

different depths of the columns which, as described earlier, causes the different proteins to elute 

from the outlet in a different manner than if they were all adsorbing in the beginning of the 

column length. 

The results from the experiment and the proposed setup in the simulations differ in the required 

dilution. In the simulations the flow increases and so does the volume of the columns in the 

series, but in the experiment the flow is limited due to the fact that the columns are of the same 

size. With an increase of the volume of the column the total capacity will also increase and a 

lower dilution will be required compared to the dilution to a column of the same size as the 

previous column. One other effect that the restricted flow has on the system in the experimental 

setup is that the residence time in the capture column will increase proportional to the total 

dilution. This will have an increasing effect on the cycle time that the proposed production setup 

will not have. 

The fact that the altered model in MATLAB is comparable to the experiments shows that the 

general model for this thesis is applicable to real life. Since there was a difference in the 

chromatography resins used in the simulation versus in the experiment, the differences in 

required dilution could be explained. The packing resin used in the simulation might not 

correspond to the packing resin in the SP-HP column used in the experiments. The capacity 

parameter used in the simulation models was not calibrated but only estimated meaning there 

could be a difference compared to the experimental runs. The capacity should have an impact 

on the results since it is an important factor in whether the proteins will adsorb to the column 

or not at the loading stage. Since the resin used in the simulations has a larger capacity the 

dilution factor needed should be smaller when the sample load is equal. 

A possibility for the results obtained in the simulations, that the required dilution is less than 

that for the experiments, is that the SMA model does not capture some behavior that the system 
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exhibits. The adsorption model, and also the calibrated parameters, was developed to be used 

in a conventional way where the load sample to the column does not include salt. Which could 

mean that the model is inaccurate when it comes to the loading stage. The adsorption of salt is 

modelled as a consequent of desorption of the proteins. It is therefore possible that it cannot 

handle a case where the salt is supposed to adsorb at the same time as the proteins are adsorbing. 

However this is just a theory and some further investigation should be made.  
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6 Conclusion 

The results from the simulation is clear in one aspect and that is that by restricting the flow in 

the pooling stage because the capture column and the ion exchange column is of the same size 

when applying in-line dilution is disadvantageous to using buffer exchangers when considering 

the cycle time. The increased residence time during the pooling in the capture column is 

significant due to the dilution. There might be cases where the cost of a buffer exchanger 

column overweighs the loss from the increase in cycle time.  

The system that was simulated for production scale however showed that the cycle time was 

not affected as much due to the scaling where the residence time remained constant between 

the columns meaning that there should not be an increase in cycle time due to the dilution. This 

system also appeared to require less dilution, which was probably due to the increased size of 

the columns. With a larger volume of the stationary phase the system was not as sensitive to 

the salt concentration due to the increase in capacity. 

As to which scaling method was the most effective it proved that in terms of cycle time that 

scaling just according to residence time was beneficial, scenario 1. The cycle time was identical 

for the two scenarios and this was also expected, but the yield and purity was slightly higher in 

scenario 1. This was probably due to the fact that the length of the column in scenario 1 

increased which yielded a better separation. The problem with the scaling method in scenario 

1 is whether the velocity is feasible in a large scale production. It is evident that by having a 

column with an increased length, higher yield and purity is obtained which is of course 

favorable. 

It is also worth mentioning that the results from the simulations is uncertain since the parameters 

for the adsorption model was quickly calibrated and these could be more accurate if further 

testing had been made. The quick calibration did not include an overload calibration which 

means that the capacity parameter were only estimated. Also it is possible that the SMA model 

does not take certain events into consideration that might be of importance in this particular 

case. 
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7 Future Work 

Further investigation should be made that most importantly includes experimentation and 

simulation with the same packing resin so that the results might be comparable. This to see if 

the model actually can describe the reality. Experiments including the up-scaling of the next 

column should also be made for the purpose of testing the results from the simulations. 

It could be worth to test the simulations with a different, more complex, adsorption model. The 

SMA model could be too simplistic to capture some behaviors that will have an impact on the 

results.  
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8 Nomenclature 

𝑐𝑖 Concentration of protein i in mobile phase [𝑚𝑜𝑙𝑒/𝑚3] 

𝐷𝑎𝑥 Dispersion coefficient in chromatography column [𝑚2/𝑠] 

𝑣𝑖𝑛𝑡 Interstitial velocity in column [𝑚/𝑠] 

𝜀𝑐 Column void [−] 

𝐹𝑗 Flow rate [𝑚3] 

𝐴𝑐 Cros section area in column [𝑚2] 

𝑑𝑝 Particle diameter [𝑚] 

𝑃𝑒 Peclet number [−] 

𝜀𝑖 Total void for protein i [−] 

𝜀𝑠 Total void for salt [−] 

𝑘𝑎𝑑𝑠 Adsorption coefficient 
[
𝑚3

𝑚𝑜𝑙 ⋅ 𝑠
] 

𝑘𝑑𝑒𝑠 Desorption coefficient 
[
𝑚3

𝑚𝑜𝑙 ⋅ 𝑠
] 

𝐾𝑒𝑞 Equilibrium constant [−] 

𝑐𝑠 Concentration of salt in mobile phase [𝑚𝑜𝑙𝑒/𝑚3] 

𝑞𝑖 Concentration of protein i in stationary phase [𝑚𝑜𝑙𝑒/𝑚3] 

𝑞𝑠 Concentration of salt in stationary phase [𝑚𝑜𝑙𝑒/𝑚3] 

𝜈𝑖 Number of ligands that protein i adsorb to [−] 

Λ Available sites in stationary phase [𝑚𝑜𝑙𝑒/𝑚3] 

𝜎𝑖 Steric hindrance factor for protein i [−] 

𝜙 pH factor for equilibrium constant [−] 

𝑉𝑚 Volume in mixer [𝑚3] 

𝑐𝑖,𝑖𝑛 Loading concentration of protein i [𝑚𝑜𝑙𝑒/𝑚3] 

ℎ Length of grid point [𝑚] 

𝐿𝑐 Length of column [𝑚] 

𝑁 Number of grid points [−] 
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𝜇 Dynamic viscosity 
[
𝑘𝑔

𝑚 ⋅ 𝑠
] 

Δ𝑃 Pressure drop [𝑃𝑎] 

𝑣𝑠 Superficial velocity in column [𝑚/𝑠] 

𝜌 Density [𝑘𝑔/𝑚3] 

𝑉𝑗 Volume of column or mixer [𝑚3] 

𝑘𝑣𝑜𝑙𝑦𝑚 Scaling factor [−] 

𝐷𝑗  Diameter of column [𝑚] 

𝐷𝑓 Dilution factor [−] 

𝐼𝐸𝑋𝐶 Ion Exchange Chromatography Capture column  

𝐼𝐸𝑋𝐼 Ion Exchange Chromatography Intermediate column  

𝐼𝐸𝑋𝑃 Ion Exchange Chromatography Polish column  

 

 

  



 

39 

 

9 References 

 

[1]  Hunt, Goodard, Middelberg and O'Neill, "Economic Analysis of Immunoadsorption 

Systems," Biochemical Engineering Journal, vol. 9, pp. 135-145, 2001.  

[2]  L. Hagel, G. Jagschies and G. Sofer, "Economics," in Handbook of Process 

Chromatography 2nd Edition, 2008, pp. 189-218. 

[3]  Jakobsson, Degerman, Stenborg and Nilsson, "Model Based Robustness of an Ion-

Exchange Chromatography Step," Journal of Chromatography A, 2006.  

[4]  L. Hagel, G. Jagschies and G. Sofer, "Separation Technologies," in Handbook of 

Process Chromatography 2nd Edition, 2008, pp. 81-125. 

[5]  J. W. Lee, Z. Horváth, A. G. O'Brien, P. H. Seeberger and A. Seidel-Morgenstern, 

"Design and Optimization of Coupling a Continuously Operated Reactor with 

Simulated Moving Bed Chromatography," Chemical Engineering Journal, vol. 251, 

pp. 355-370, 2014.  

[6]  Aumann and Morbidelli, "A Continuous Multicolumn Countercurrent Solvent Gradient 

Purification (MCSGP) Process," Biotechnology and Bioengineering, pp. 1043-1055, 14 

June 2007.  

[7]  G. Sofer, "Preparative Chromatography Separations in Pharmaceutical, Diagnostic and 

Biotechnical Industries: Current and Future Trends," Journal of Chromatography A, 

vol. 707, pp. 23-28, 1995.  

[8]  A. Bugge, "Simulative Investigation of a Continuous Chromatography Purification 

Process," Department of Chemical Engineering, Lund, Sweden, 2014. 

[9]  D. Winters, C. Chu and K. Walker, "Automated Two-Step Chromatography Using 

ÄKTA equipped with In-Line Dilution Capability," Journal of Chromatography A, 

vol. 1424, pp. 51-58, 2015.  

[10]  L. Hagel, G. Jagschies and G. Sofer, "Optimization of Chromatography Separations," 

in Handbook of Process Chromatography 2nd Edition, 2008, pp. 237-298. 

[11]  S. Ghose and S. Cramer, "Characterization and Modeling of Monolithic Stationary 

Phases: Application to Preparative Chromatography," Journal of Chromatography A, 

vol. 928, pp. 13-23, 2001.  

[12]  "Structural Biochemistry/Proteins/Purification/Ion-Exchange Chromatography," 

Wikibooks, 08 08 2014. [Online]. Available: 

https://en.wikibooks.org/wiki/Structural_Biochemistry/Proteins/Purification/Ion-

Exchange_chromatography. [Accessed 30 05 2016]. 



 

40 

 

[13]  J. Li, W. Han and Y. Yu, "Chromatography Method," in Protein Engineering - 

Technology and Application, InTech, 2013, p. 50. 

[14]  H. Kempe, A. Axelsson, B. Nilsson and G. Zacchi, "Simulation of Chromatographic 

Processes Applied to Separation of Proteins," Journal of Chromatography A, vol. 846, 

no. 1-2, pp. 1-12, 1999.  

[15]  H. A. Chase, "Prediction of the Performance of Preparative Affinity Chromatography," 

Journal of Chromatography A, vol. 297, pp. 179-202, 1984.  

[16]  "Ordinary Differential Equations," Mathworks Inc., [Online]. Available: 

http://se.mathworks.com/help/matlab/ordinary-differential-equations.html. [Accessed 

11 02 2016]. 

[17]  G. Guiochon, "Preparative Liquid Chromatography," Journal of Chromatography A, 

vol. 965, no. 1-2, pp. 129-161, 2002.  

[18]  H. S. Karkov, L. Sejergaard and S. M. Cramer, "Methods Development in Multimodal 

Chromatography with Mobile Phase Modifiers Using the Steric Mass Action Model," 

Journal of Chromatography A, vol. 1318, pp. 149-155, 2013.  

[19]  C. A. Brooks and S. M. Cramer , "Solute Affinity in Ion-Exchange Displacement 

Chromatography," Chemical Engineering Science, vol. 51, no. 15, pp. 3847-3860, 

1996.  

[20]  J. Bosma and J. Wesselingh, "pH Dependence of Ion-Exchange Equilibrium of 

Proteins," AlChE Journal, vol. 44, no. 11, pp. 2399-2409, 1998.  

[21]  N. Borg, K. Westerberg, N. Andersson, E. von Lieres and B. Nilsson, "Effects of 

Uncertainties in Experimental Conditions on the Estimation of Adsorption Model 

Parameters in Preparative Chromatography," Computers & Chemical Engineering, vol. 

55, pp. 148-157, 2013.  

[22]  P. Joaquim and S. Spencer, "Finite Difference, Finite Element and FInite Volume 

Method for Partial Differential Equations," in Handbook of Materials Modeling - Part 

A, Sidney, Springer, 2005.  

[23]  W. Schiesser, "Introduction," in The Numerical Method of Lines: Integration of Partial 

Differential Equations, San Diego, Academic Press Inc., 1991, pp. 10-19. 

[24]  W. Schiesser and G. Griffiths, "A Compendium of Partial Differential Equation 

Models: Method of Lines Analysis with MATLAB," Cambridge University Press, 

Cambridge, 2009. 

[25]  "Lysozyme from Chicken Eqq White, Product data sheet, Product nr L7651," Sigma-

Aldrich, [Online]. Available: 

http://www.sigmaaldrich.com/catalog/product/sigma/l7651?lang=en&region=SE&cm_

sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-3. [Accessed 30 05 2016]. 

[26]  "Ribonuclease A from Bovine Pancreas, Product data sheet, Product nr R5503," 

Sigma-Aldrich, [Online]. Available: 



 

41 

 

http://www.sigmaaldrich.com/catalog/product/sigma/r5503?lang=en&region=SE&cm_

sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-3. [Accessed 30 05 2016]. 

[27]  "Cytochrome C from Equine Heart, Product data sheet, Product nr C2506," Sigma-

Aldrich, [Online]. Available: 

http://www.sigmaaldrich.com/catalog/product/sigma/c2506?lang=en&region=SE. 

[Accessed 30 05 2016]. 

 

 

  



 

42 

 

  



 

43 

 

10 Appendix 

10.1 SMA parameters 

Parameters used for the proteins in the SMA model are presented in Table 10.1. 

Table 10.1 SMA-parameters for the components 

Protein Lysozyme  Cytochrome C Ribonuclease A 

𝒒𝒎𝒂𝒙 [𝒎𝒐𝒍/𝒎
𝟑]  50.4 50.4 50.4 

𝒌𝒌𝒊𝒏 [𝒎𝒐𝒍/(𝒎
𝟑

⋅ 𝒔)] 
1 ⋅ 10−6 1 ⋅ 10−4 1 ⋅ 10−2 

𝑲𝒆𝒒 [−]  4.02 ⋅ 1012 4.99 ⋅ 1010 6.79 ⋅ 107 

𝝊 [−] 4.72 4.09 3.25 

 

10.2 Code structure for simulation 

An illustration of the code structure for the column models with data structure, simulation 

function, ODE solver and model function is presented in Figure 10.1. 

Simulation function

ODE solver

Model function

y, t

dydt
yi, ti
ds

y0, tspan, 
odeoptions, ds

Datastructure
ds

Datastructure
solution

 

Figure 10.1 Code structure for the column models 

  

10.3 Experimental setup 

The equipment in the flowchart in figure 4.1 and the equivalent volumes are presented in Table 

10.2. 
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Table 10.2 Equipment description and volumes 

Designations Explanation Length 

(mm) 

Volume 

(ml) 

A Green tube from mixer to V1 640 0.283 

B Green tube from V1 to FR1 60 0.027 

C Green tube from FR1 to TJ 60 0.027 

D Green tube from TJ to V2 150 0.066 

E Green tube from V3 to UV 530 0.234 

F Gray tube from UV to Cond 160 0.126 

G Gray tube from Cond to V4 470 0.369 

H Green tube from V4 to FR2 in the other system 300 0.132 

I Green tube from FR2 to TJ 57 0.025 

J Green tube from SC to V1 225 0.099 

K Green tube from V1 to SC 307 0.136 

L Green tube from V2 to Column 112 0.050 

M Green tube from Column to V3 127 0.056 

N Bypass 273 0.121 

O Green tube from pump to mixer 370 0.164 

Mixer Mixer - 0.6 

UV UV sensor - 0.002 

Cond Conductivity sensor - 0.014 

FR Flow restrictor - - 

TJ T-junction - - 

Column Column 25 1 

V1 Injection valve - - 

V2 Column valve before column - - 

V3 Column valve after column - - 

V4 Outlet valve - - 

SC Sample container   
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10.4 Python script used via UNICORN OPC in the experiments 

import time  

import numpy as np 

import matplotlib.pyplot as plt 

 

from Interfaces import UnicOpc, UnicOpcRemote 

 

def method(unicOpc1,unicOpc2): 

unicOpc1.init() 

unicOpc2.init() 

unicOpc1.systemName = 'Sys1' 

unicOpc2.systemName = 'Sys2' 

unicOpc1.setTimeZero() 

unicOpc2.setTimeZero() 

unicOpc1.setWaveLength1(408) 

unicOpc1.setWaveLength2(280) 

unicOpc1.setWaveLength3(250) 

unicOpc2.setWaveLength1(408) 

unicOpc2.setWaveLength2(280) 

unicOpc2.setWaveLength3(250) 

''' Waiting times, [s] ''' 

injectstart=1.5*60.0/0.9 

injectlength=0.5*60.0/0.9 

elustart=(injectstart+injectlength-0.2*60.0/0.9) 

eluTime=1.1*60.0/0.9  

mixerTJ=2.90*60.0*2  

waitElute=1.*60 

eluteStepGrad=1.0*60. 

eluteSlowGrad=20*60. 

eluteFinish=1.*60. 

extraElute=3.0*60. 

cleanConnectTube=1.0*60 

''' Sampling ''' 

unicOpc1.startSampling(names=['UV1','UV2','Cond','ConcB']) 

unicOpc2.startSampling(names=['UV1','UV2','Cond','ConcB']) 

unicOpc1.sampleLoopFlag = True 

unicOpc2.sampleLoopFlag = True 

unicOpc1.collectDataLoop() 

unicOpc2.collectDataLoop() 

''' Börjar i sys1 ''' 

unicOpc1.setFlowrate(0.9) 

unicOpc2.setFlowrate(0.1) 

unicOpc1.setColumnValvePosition(2) 

unicOpc1.waitUntil(injectstart) 

unicOpc1.setInjectionValvePosition(0) # Open valve to SampleContainer 

unicOpc1.waitUntil(elustart) # Start pumping Buffer B before loading is complete due to dead 

volumes from the mixer 

unicOpc1.bufferGradient(100.,0.) # Time in minutes 

unicOpc1.waitUntil(injectstart+injectlength) 

unicOpc1.setInjectionValvePosition(1) # Closing valve to SampleContainer 
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unicOpc1.waitUntil(elustart+eluTime) 

unicOpc1.bufferGradient(0.,0.) # Time in minutes 

unicOpc1.setOutletValvePosition(8)  

unicOpc2.setColumnValvePosition(3) # Opening valve to sys2 column 

unicOpc1.setFlowrate(1/2) # Lowering flow in sys1 during pooling due to dilution 

unicOpc2.setFlowrate(1/2) # Flow to sys2 for dilution 

''' Switching to sys2 ''' 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ) # Protein has been loaded to sys2 column 

unicOpc1.setOutletValvePosition(1) # waste sys1  

unicOpc1.setFlowrate(0.) # sys1 finished 

unicOpc2.setFlowrate(1.) # continuing to pump to sys2 

''' Starting elution in sys2''' 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute) 

unicOpc2.bufferGradient(30.,eluteStepGrad/60.) # Time in minutes – High initial gradient 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute+eluteStepGrad) 

unicOpc2.bufferGradient(70.,eluteSlowGrad/60.) # Time in minutes – low gradient 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute+eluteStepGrad+eluteSlowGrad) 

unicOpc2.bufferGradient(100.,0.) # Increasing gradient for final elution 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute+eluteStepGrad+eluteSlowGrad+el

uteFinish) 

unicOpc2.bufferGradient(0.,0.) # resetting salt concentration to 0% B 

 

''' Cleaning of systems ''' 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute+eluteStepGrad+eluteSlowGrad+el

uteFinish+extraElute) 

unicOpc2.setFlowrate(0.1) 

unicOpc1.setFlowrate(0.9) 

unicOpc1.setOutletValvePosition(8) #clean tube to sys2 

 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute+eluteStepGrad+eluteSlowGrad+el

uteFinish+extraElute+cleanConnectTube) 

unicOpc1.setOutletValvePosition(1) # waste  

unicOpc2.setOutletValvePosition(8) # clean tube to sys1 

unicOpc2.setFlowrate(0.9) 

unicOpc1.setFlowrate(0.1) 

unicOpc1.waitUntil(elustart+eluTime+mixerTJ+waitElute+eluteStepGrad+eluteSlowGrad+el

uteFinish+extraElute+cleanConnectTube+cleanConnectTube) 

unicOpc1.endrun() 

unicOpc2.endrun() 

if _name_ == '_main_': 

unicOpc1 = UnicOpc() 

unicOpc2 = UnicOpcRemote() 

try: 

method(unicOpc1,unicOpc2) 

finally: 

unicOpc1.endrun() 

unicOpc2.endrun() 

unicOpc1.endSampling() 

unicOpc2.endSampling() 

unicOpc1.sampleLoopFlag = False # ends sampling loop 
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unicOpc2.sampleLoopFlag = False # ends sampling loop 

unicOpc1.close()  


