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 In this work the thermodynamic model of Chen and Sun which describes the adsorption of 
protein on a hydrophobic gel in hydrophobic interaction chromatography process is modified 
by substitution activity instead of protein and salt concentration in liquid phase. The model 
is based on two-state equilibrium of protein in solution and adsorbed phase. Also, the effect 
of salt concentration and type of hydrophobic gel on the amount of protein adsorption is 
investigated. Finally, the accuracy of model is evaluated by measuring average absolute 
deviation (AAD) for adsorption isotherm in different salt concentration. The results show that 
the modified model had high accuracy for prediction the adsorption isotherm in different 
type of adsorbed and salt concentration.   

1.Introduction 

Hydrophobic interaction chromatography (HIC) is a powerful method 
which used in the purification of protein [1-4]. This process is 
established upon the hydrophobic interaction between hydrophobic 
ligands and non-polar residues on the surface of proteins. So, it can 
be used as a powerful adsorptive separation method in purification of 
biomolecules. In addition, it is commonly technique in comparison 
with others methods for purification of biomolecules because of the 
fast separations achieved with little product declination, low solvent 
requirements and very good purification levels. There have been 
many efforts about understanding of the mechanism of protein 
retention in hydrophobic chromatography process [1, 13-28]. The 
solvophobic theory describes adsorption in terms of the molar surface 
tension increment of the salt. In 1986 Fausnaugh and Rangier 
investigated the HIC adsorption of proteins in the presence of 
different types of salts and they find that the solvophobic theory could 
not completely explain the adsorption differences. In 1988 Timasheff 
and Arakawa explained specific salt–protein interactions in aqueous 
solutions in term of Preferential Interaction theory (PIT) [22-25, 28-39]. 
According to the PIT, lyotropic salts promote protein salting out by 
being preferentially excluded from the protein surface, by means of 
that promoting hydration of the surface and enhancing the protein 
stability. On the other hand, specific interactions of salt with proteins 
at high salt concentration, increases the protein solubility and also 
destabilizing the protein. Perkins et al extended the process to HIC of 
proteins.  The Solvophobic theory and PIT are interrelated, because 
the Solvophobic theory explaining surface tension effects and the PIT 
explaining salt–protein interactions. Other works which are done 
about treatments of protein precipitation and HIC include activity-
coefficient-based models and those based on molecular 
thermodynamics or the potential of mean force [40-45]. One of the 
other method for modeling salt effects in protein adsorption in HIC 
process was done by Chen and Sun who describes attraction of 
hydrophobic surfaces on the protein surface and hydrophobic ligands 
in presence of salt ions but the model didn’t show high accuracy for 
prediction of the protein adsorption isotherm and it was because of 
Chen and Sun assumption that they assume the liquid phase are 
thermodynamically ideal and they use concentration instead of 
activity which made some error [2, 46-59]. 

In this paper, thermodynamic model of Chen and Sun is modified by 
substitution activity instead of protein and salt concentration in 
liquid phases. Further, we compare the results of the modified model 
with adsorption isotherm of Chen and Sun to evaluation of the 
accuracy of the model. The processing tube tension-reducing is an 
important and complex deformation process in the producing 
seamless tubes, which is influenced by the materials properties, 
deformation temperature and rolling rate, stress, contact and friction 
condition, reducing size and others, which are a non-isothermal 
steady-state coupled with non-steady-state three-dimensional 
thermo-mechanical process [3, 4, 45, 60-69]. 
Hydrophobic interaction chromatography (HIC) is one of the most 
widely used methods for separating and purifying proteins in their 
native state.  HIC also proves to be quite useful in isolating protein 
complexes and in studying protein folding and unfolding. So, how 
does HIC work? What are the principles behind this technique? To 
understand the mechanism behind this type of chromatography, here 
are some things you definitely need to know. 
In a nutshell, HIC (also known as 'salting out') separates protein 
molecules using the properties of hydrophobicity. In this method, 
proteins containing both hydrophilic and hydrophobic regions are 
applied to an HIC column under high salt buffer conditions. 
The salt in the buffer (usually ammonium sulfate) reduces the 
solvation of sample solutes and exposes the hydrophobic regions 
along the surface of the protein molecule. This facilitates the 
adsorption of these hydrophobic regions to the hydrophobic areas on 
the solid support and precipitates (crystallizes) proteins out of the 
solution. 
Keep in mind that when performing this type of chromatography, the 
addition of lyotropic salts enhances the hydrophobic effect and 
reduces the number and volume of individual hydrophobic cavities 
while decreasing the salt concentration will result in desorption from 
the solid support. As such, sample elution can be facilitated through 
decreasing salt gradient. Mild organic modifiers or detergents may 
also be added to the elution buffer to aid in the elution process. 
Using the principles of HIC, you can bind proteins from aqueous 
solutions in varying degrees depending on the structure of your 
protein of interest, salt concentration, pH, temperature and organic 
solvents used. 
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2. METHOD OF THERMODYNAMIC MODELING     
2.1 Principle of the model    
In aqueous solution, hydrophobic surfaces on the protein are covered 
with an ordered water molecule (Figure 1a). HIC is based on the 
reversible interaction between a protein surface and 
chromatographic adsorbents. The proteins are separated according to 
the differences in the amount of exposed hydrophobic amino acids. 
To facilitate hydrophobic interactions, the protein mixture is loaded 
to the column with high salt concentration buffer. In this model we 
consider a system consist of a hydrophobic resin, hydrophobic ligand, 
protein and certain salts. According to the model of Chen and Sun, 
there are two phases in the solution for the protein molecules, which 
are the hydrated and dehydrated state and only the dehydrated phase 
can interact with the hydrophobic ligand and hydrated state cannot 
interact with the hydrophobic ligand, because the water molecules 
cover the surface of this state of protein. By adding salt molecules, the 
ability of water molecules for hydration of salt molecules are more 
than its ability for hydration of protein molecules, so hydrophobic 
surfaces on the protein molecules can react with the hydrophobic 
ligands (Figure 1b).    
 

 
Figure. 1a ordered water molecules which cover the hydrophobic 
surface of proteins. Figure. 1b hydrophobic interaction between 

hydrophobic resin and hydrophobic surface of protein in presence of 
salt 

  
For simplification of the model, the following assumptions were 
considered:  

i. The salt cannot affect on the hydrophobic ligand groups. In 
opposite, the protein hydrophobicity will be improved with 
increasing the salt concentration.  

ii. Solid phases, such as the hydrophobic ligand and adsorbed 
protein in the substrate phase, are thermodynamically ideal, so 
we can use the concentration, instead of activity.  

 
iii. Adsorption equilibrium between the hydrophobic ligand and 

protein is reversible  
iv. The ion-exchange effect in the protein adsorption on the 

hydrophobic substrate is very small, so we can ignore from this 
effect.  

Eq. (1) shows the adsorption isotherm which was predicted by the 
model of Chen and Sun.  
 

 Q
Cp

= KsKpCsα[∩−(σ+n)Q]n

1+KsCsα
                  (1)                                     

  
Q, Cp, ˄, α, CS and σ stand for complex concentration, protein 
concentration, density of ligand, salt coefficient, salt concentration 
and strict factor, respectively. In addition, Kp and Ks stand for the 
protein adsorption equilibrium constants and protein dehydration 
equilibrium and n represent the number of ligands that can interact 
with one protein molecule.  
 
2.2 Modifying the model  
Modifying of the model of Chen and Sun will be done by substitution 
activity instead of protein and salt concentration. Eqn. (2) shows the 
modified equation for prediction of adsorption isotherm.  
 

 Q
Cp

= 𝛾𝛾𝑝𝑝KsKp(𝛾𝛾𝑠𝑠𝐶𝐶𝑠𝑠)𝛼𝛼[∩−(σ+n)Q]n

1+Ks(𝛾𝛾𝑠𝑠𝐶𝐶𝑠𝑠)𝛼𝛼
                 (2)                                      

  
In which γs and γp are the activity coefficients of the salt and protein, 
respectively. For calculation of activity coefficient of protein in 
solution phase we used the result of Moller up and for calculation of 
activity coefficient of the salt we used Debye-Huckel equation. So the 
modified adsorption isotherm equation in presence of ammonium 
sulfate can be rewritten as Eqn. (3).  

 𝑄𝑄 =
𝐶𝐶1exp(𝑍𝑍𝑠𝑠𝐶𝐶𝑠𝑠)𝐾𝐾𝑠𝑠𝐾𝐾𝑝𝑝�exp�

−𝑆𝑆�3𝐶𝐶𝑠𝑠
1+𝐴𝐴�3𝐶𝐶𝑠𝑠

+2𝐵𝐵(3𝐶𝐶𝑠𝑠)+1.5 �3𝐶𝐶𝑠𝑠2�+0.75𝐷𝐷�3𝐶𝐶𝑠𝑠2���𝛼𝛼[∩−(𝜎𝜎+𝑛𝑛)𝑄𝑄]𝑛𝑛

1+𝐾𝐾𝑠𝑠�exp�
−𝑆𝑆�3𝐶𝐶𝑠𝑠
1+𝐴𝐴�3𝐶𝐶𝑠𝑠

+2𝐵𝐵(3𝐶𝐶𝑠𝑠)+1.5 �3𝐶𝐶𝑠𝑠2�+0.75𝐷𝐷�3𝐶𝐶𝑠𝑠3���
        (3) 

        
In which ZS is constant which depend on the charge of the protein and 
thus on pH [22] and c1 is a coefficient which are related to the activity 
coefficient of protein in pure water. Also, A, B, C and D are the 
empirical constants and do not have physical significance and are 
determined by measuring the osmotic coefficients. 
 

Table 1.  Constants for Debye Huckel Equations 
Salt A B×102 C×103 D×104 

(NH4)2SO4 0.8 18.07 25.25 0.023 

 
3. RESULTS AND DISCUSSION 
3.1 Determination of parameters  
The protein and adsorbents, which were used in this modelling, are 
lysozyme and different type of Sepharose gels (butyl Sepharose, 
phenyl Sepharose low substitution and phenyl Sepharose high 
substitution). By using the experimental data for adsorption of a 
lysozyme in different salt concentration of ammonium sulfate we can 
calculate the model parameters. This work has been done with genetic 
algorithm. All of the parameters expect strict factor are determined 
with the optimization. By the maximum adsorption the strict factor 
can be calculated. Table (2) Shows the parameters of model for 
adsorption of lysozyme on different type of Sepharose gels.  
 

 
Table 2.  The Calculated model parameters for adsorption of lysozyme on phenyl Sepharose high sub, phenyl Sepharose low sub and butyl 

Sepharose in presence of ammonium sulfate 
Resin Ks Kp n α cL Zs 

Phenel Sepharose high sub 0.00039 3.8*1011 3.815 2.04 0.928 0.93 

Phenel Sepharose low sub 0.00030 2.8*1010 3.60 1.91 0.958 0.86 

Butyl Sepharose 0.00024 1.8*109 3.40 1.52 0.911 0.98 

Table 3: Average absolute percentage deviation for adsorption isotherm of lysozyme on different gel in presence of ammonium sulfate  
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Type of resin  Butyl Sepharose Phenyl Sepharose low sub Phenyl Sepharose high sub 

Cs(mol/L)  0.5 0.8 1.2 1.4 0.5 0.8 1.2 1.4 0.5 0.8 1.2 1.4 

AAD(%)  2.23 2.80 4.44 6.71 4.54 3.03 7.09 3.2 3.42 5.41 4.41 6.63 

3.2 Adsorption isotherm  
When the parameters are determined, Eqn. (3) can be used for 
calculation of adsorption isotherm for all type of Sepharose gels. The 
Figure (2-4) show the adsorption isotherm of lysozyme on butyl 
Sepharose, phenyl Sepharose low sub, phenyl Sepharose high sub 
respectively. The experimental and predicted data (which was 
calculated from this model) are showed in the figures. As the curves 
showed in all concentration of salt and protein, the model can predict 
the adsorption isotherm in acceptable level of accuracy.  
 

 
Figure 2. The adsorption isotherm of lysozyme on butyl Sepharose low 
sub in presence of ammonium sulfate 
 

 
Figure 3. The adsorption isotherm of lysozyme on phenyl Sepharose 
low sub in presence of ammonium sulfate 
  

 
Figure 4. The adsorption isotherm of lysozyme on phenyl Sepharose 
high sub in presence of ammonium sulfate. 
 
3.3 ERROR ANALYSIS    
Average absolute deviation (AAD) was calculated for analysis of the 
model accuracy. Table. (3) Show AAD for adsorption isotherm of 
lysozyme on three Sepharose gels. The value of AAD for all gels are in 
appropriate limit, so the accuracy of this model is acceptable accuracy.  
 
3.4 Comparing the Real samples and the Model 
As it was mentioned in [6], the pattern of changes in the real samples 
in the presence of other peptides and proteins is different. Because at 
the digestion process, the sample receive high volume of salt that 
creates a strong electrolyte. This could produce a media that change 
the form of peptide in the water and so, the absorbance can be 
changed [48-49]. 
 
4. CONCLUSION 
As conclusion, the adsorption isotherm of lysozyme on butyl 
Sepharose, phenyl Sepharose low sub, phenyl Sepharose were 
increased respectively. The protein and adsorbents, which were 
utilized in this demonstrating, are lysozyme and diverse kind of 
Sepharose gels (butyl Sepharose, phenyl Sepharose low replacement 
and phenyl Sepharose high replacement). By utilizing the trial 
information for adsorption of a lysozyme in various salt convergence 
of ammonium sulfate we can ascertain the model parameters. This 
work has been finished with hereditary calculation. The experimental 
and predicted data showed that the deviation of absorbance increases 
by decreasing the concentration of salt in the protein and the model 
can predict the adsorption isotherm in acceptable level of accuracy.  
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