
Cristiane Boxler (Autor)
Fouling by milk constituents and cleaning of

modified surfaces

https://cuvillier.de/de/shop/publications/7004

Copyright:
Cuvillier Verlag, Inhaberin Annette Jentzsch-Cuvillier, Nonnenstieg 8, 37075 Göttingen,
Germany
Telefon: +49 (0)551 54724-0, E-Mail: info@cuvillier.de, Website: https://cuvillier.de



Indice 

I 

Table of Contents 
 

Abstract .................................................................................................................................................. 3 

Kurzfassung ........................................................................................................................................... 4 

Nomenclature ......................................................................................................................................... 5 

1  Introduction ....................................................................................................................................... 1 

2  Theoretical Background ................................................................................................................... 3 

2.1 Fouling – General concepts ........................................................................................................... 3 
2.1.1 Fouling mechanisms and phases ........................................................................................... 3 
2.1.2 Fouling related costs ............................................................................................................. 5 
2.1.3 Fouling resistance ................................................................................................................. 6 

2.2 Milk Fouling .................................................................................................................................. 9 
2.2.1 Mechanisms of milk fouling ............................................................................................... 12 
2.2.2 Fouling modelling/Modelling of milk fouling .................................................................... 15 
2.2.3 Milk protein ........................................................................................................................ 16 
2.2.4 Calcium phosphate ............................................................................................................. 22 
2.2.5 Driving forces for the start of fouling ................................................................................. 26 
2.2.6 Influencing factors on milk fouling .................................................................................... 29 
2.2.7 Milk fouling control/mitigation .......................................................................................... 32 

2.3 Cleaning....................................................................................................................................... 35 
2.3.1 Cleaning mechanism and modelling ................................................................................... 37 

2.4 Fouling and cleaning of milk deposits on modified surfaces ...................................................... 41 
2.4.1 Influence of surface coating................................................................................................ 41 
2.4.2 Influence of surface roughness ........................................................................................... 51 
2.4.3 Influence of surface charge ................................................................................................. 53 
2.4.4 Coating aging and influence on fouling behavior ............................................................... 55 
2.4.5 Surface coating by PECVD method ................................................................................... 56 

3  Material and Methods ..................................................................................................................... 59 

3.1 Coated surfaces ............................................................................................................................ 59 
3.2 Process fluids ............................................................................................................................... 60 

3.2.1 Whey protein ...................................................................................................................... 61 
3.2.2 SMUF ................................................................................................................................. 61 
3.2.3 Raw milk............................................................................................................................. 62 
3.2.4 Stainless steel and DLC coating particles ........................................................................... 62 

3.3 Fouling experiments .................................................................................................................... 63 
3.3.1 Batch-wise fouling .............................................................................................................. 63 
3.3.2 Fouling on conditioned surfaces ......................................................................................... 65 
3.3.3 Monitoring of fouling ......................................................................................................... 66 
3.3.4 Deposit recovery and analyses............................................................................................ 66 
3.3.5 Fouling in plate heat exchanger .......................................................................................... 66 
3.3.6 Determination of the fouling resistance .............................................................................. 68 
3.3.7 Deposit recovery and chemical analyses ............................................................................ 69 

3.4 Cleaning experiments .................................................................................................................. 69 
3.4.1 Cleaning in flow cell ........................................................................................................... 70 
3.4.2 Full cleaning of the plates ................................................................................................... 71 
3.4.3 Monitoring the cleaning progress ....................................................................................... 72 

3.5 Surface characterization .............................................................................................................. 72 
3.5.1 Surface roughness ............................................................................................................... 72 
3.5.2 AFM topography measurements......................................................................................... 74 
3.5.3 Surface free energy ............................................................................................................. 75 

 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Indice 

II 

3.6  Zeta potential measurements ...................................................................................................... 79 
3.6.1 Zeta potential of whey protein and stainless steel particles ................................................ 81 
3.6.2 Zeta potential of the coated surfaces .................................................................................. 82 

3.7 Chemical Analysis ....................................................................................................................... 82 
3.7.1 Determination of protein content ........................................................................................ 82 
3.7.2 Determination of mineral content ....................................................................................... 84 
3.7.3 Determination of calcium and phosphate contents ............................................................. 84 

3.8 Deposit visualization ................................................................................................................... 84 
3.8.1 X-Ray microanalysis .......................................................................................................... 85 

3.9 Error and statistical analysis ........................................................................................................ 86 

4  Results and Discussion .................................................................................................................... 88 

4.1 Surface characterization .............................................................................................................. 88 
4.1.1 Surface roughness and topography ..................................................................................... 88 
4.1.2 Surface free energy ............................................................................................................. 91 
4.1.3 Zeta Potential ...................................................................................................................... 94 
4.1.4 Influence of roughness and temperature on surface free energy ........................................ 96 
4.1.5 Coating aging: influence on roughness, surface free energy, composition and                  

zeta potential ...................................................................................................................... 97 
4.2 Fouling of milk components – Initial considerations ................................................................ 104 

4.2.1 Batch-wise fouling ............................................................................................................ 104 
4.2.2 Fouling at continuous flow conditions ............................................................................. 112 
4.2.3 Zeta Potential of whey protein in WPI and SMUF-rich WPI solutions and adsorption of 

WPI on stainless steel particles ........................................................................................ 113 
4.3 Influence of the surface coating and the initial surface temperature on the batch-wise deposit 

formation of various milk components ..................................................................................... 117 
4.3.1 Whey protein fouling ........................................................................................................ 117 
4.3.2 Calcium phosphate fouling ............................................................................................... 121 
4.3.3 Fouling of SMUF-rich whey protein solution .................................................................. 127 
4.3.5 Effect of surface conditioning with calcium phosphate on formation of deposit ............. 134 
4.3.6 Effect of surface coating on milk fouling ......................................................................... 138 
4.3.7 Influence of coating aging on fouling ............................................................................... 142 
4.3.8 Continuous fouling of SMUF-rich whey protein (PHE) .................................................. 146 

4.4 Statistical fouling modelling...................................................................................................... 149 
4.4.1 Batch-wise fouling ............................................................................................................ 149 
4.4.2 Continuous fouling ........................................................................................................... 155 

4.5 Cleaning of the DLC-coated surfaces ........................................................................................ 157 
4.5.1 Influence of coating on batch cleaning ............................................................................. 157 
4.5.2 Influence of coating on continuous cleaning .................................................................... 158 

5  Conclusions .................................................................................................................................... 167 

References .......................................................................................................................................... 169 

Appendix ............................................................................................................................................ 194 

Curriculum Vitae .............................................................................................................................. 216 

 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.


