
 

 

COLLOID DETACHMENT FROM ROUGH SURFACES IN THE 

ENVIRONMENT 

 

by 

Ryan P. Neyland 

A Thesis 

Submitted to the Faculty 

of  

WORCESTER POLYTECHNIC INSTITUTE 

In Partial fulfillment of the requirements for the 

Degree of Master of Science 

In 

Environmental Engineering 

By 

      

May 2005 

 

APPROVED: 

               

Professor John Bergendahl, Major Advisor                                            

 
      

Professor Terri Camesano, Co-Advisor  

 

      

Professor Frederick Hart, Head of Department 



 II

ACKNOWLEDGEMENTS 

Mr. Ryan Neyland was funded by a teaching assistantship provided by the Civil 

and Environmental Engineering Department at WPI.  The research was completed in full 

at WPI.  The majority of the work was done using the resources in the water quality 

laboratory.  The roughness was measured using the AFM in the Chemical Engineering 

Department.   

 This research was completed with the help and assistance of many people.  I want 

to thank the Civil and Environmental Engineering Department at WPI for supporting me 

through two years including summers through teaching assistantships.  Next, I would like 

to thank Dr. John Bergendahl for his guidance, support, and expertise.  This research 

could not have been completed without his time and assistance.  I want to thank Dr. Terri 

Camesano for her support and assistance and for providing me with access to the AFM in 

the Chemical Engineering Department.  I would like to thank Ray Emerson for his 

expertise in operating the AFM and the time he spent assisting with roughness 

measurements.  I want to thank Don Pellegrino for maintaining the high quality of the 

laboratory.  I would also like to thank Shawn Hallinan for his knowledge with statistical 

testing.  Finally, I want to thank my family for their continuous motivation and words of 

encouragement.  I want to specifically thank my brother Erik for his continuous advice 

throughout my time at WPI.              

 

 

 

 



 III

TABLE OF CONTENTS 

APPROVAL PAGE………………………………………………………………………I 

ACKNOWLEDGEMENTS………………………………………………………….....II 

LIST OF TABLES……………………………………………………………………....V 

LIST OF ILLUSTRATIONS………………………………………………………….VI 

ABSTRACT…………………………………………………………………………..VIII 

INTRODUCTION AND BACKGROUND…………………………………………….1 

 Hypotheses………………………………………………………………………..6 

MATERIALS AND METHODS………………………………………………………..7 

 Glassware………………………………………………………………………....7 

 Cleaning and Roughening of Glass Beads……………………………………...7 

 Analysis of Surface Roughness………………………………………………….9 

 Colloids………………………………………………………………………….12 

 Colloid Concentration and Optical Density…………………………………..13 

 Measurement and Adjustment of pH…………………………………………14 

 Experimental Procedure……………………………………………………….15 
  Experimental Setup……………………………………………………....15 

  Attachment……………………………………………………………….18 

  Detachment (Flowrate perturbations)……………………………………19 

  Detachment (Solution chemistry perturbations)…………………………20 

 

RESULTS AND DISCUSSION………………………………………………………..22 

 

 Surface Roughness……………………………………………………………...22 

 

 Qualitative Detachment for Hydrodynamic Shear…………………………...25 

 

 Moment Balance………………………………………………………………...28 

 

 Parametric Study……………………………………………………………….39 

 



 IV 

 Experimental Data Points for Hydrodynamic Shear………………………...48 

 

 Experimental Detachment with Solution Chemistry…………………………53 

 

SUMMARY……………………………………………………………………………..57 

 

ENGINEERING IMPLICATIONS AND FUTURE WORK………………………..59 

 

LITERATURE CITED………………………………………………………………...63 

 

APPENDIX A-CONCENTRATION-OPTICAL DENSITY RELATIONSHIPS….66 

 

APPENDIX B-MEDIA SURFACE ROUGHNESS PARAMETERS……………….69 

 

APPENDIX C-DATA FOR EXPERIMENTAL DETACHMENT...……………......76 

WITH HYDRODYNAMIC SHEAR CHANGES 

 

APPENDIX D: DATA FOR EXPERIMENTAL DETACHMENT…………………80  

WITH SOLUTION CHEMISTRY CHANGES 

 

APPENDIX E-NORMALIZED DETACHMENT DATA AT A FLOWRATE  

OF 75 mL/min FOR FLOWRATE PERTURBATION EXPERIMENTS………….83 

 

APPENDIX F-MATHCAD SHEETS FOR MOMENT BALANCE  

ANALYSIS ON ATTACHED COLLOIDS…………………………………………..86 

 

APPENDIX G-PARAMETRIC STUDY…………………………...…………………90 

 

 

 

 

 

 

 

  

 

  

 

 

 

 



 V 

LIST OF TABLES 

           Page 

Table 1 Parameters for Carboxyl Polystyrene Latex Particles    13 

Table 2 Detachment solutions used in experiments with flowrate    20  

  perturbations 

 

Table 3 Roughness parameters and measured detachment using a     22 

  solution with M4Z conditions 

 

Table 4 The d/λ1 and d/λ2 ratios for each of the three particle sizes    24 

  and each batch of chemically etched glass beads 

 

Table 5 Experimental data points for particles with a diameter of     52 

  1100 nm and 120 nm showing the theoretical shear required  

  for 50% detachment predicted by the model, the actual  

  minimum shear developed in the pore spaces, and the actual  

  experimental fraction of detachment achieved in each case   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 VI 

LIST OF ILLUSTRATIONS 

           Page 

Figure 1 Colloid concentration as a function of the optical density for   14 

  Batch 1 measured by the spectrophotometer at a wavelength  

  of 650nm 

 

Figure 2 Experimental Apparatus including tubing materials and sizes   16 

 

Figure 3 Pump calibration curve for determining RPM setting for a    17 

  desired flowrate using a Masterflex model 7518-00 pump head  

  and Masterflex 0.19” ID L/S 25 tubing 

 

Figure 4 Results for a typical attachment and detachment curve: particles   21 

  are attached for 20 pore volumes at a pH of 4.5 and I = 0.01 M,  

  flushed with an identical solution for 10 pore volumes, then  

  detached in this case under M5 conditions which include a pH of  

  8.0 and I = 0.01 M with each flow being pumped through the  

  packed bed for 25 pore volumes 

 

Figure 5 Fraction of particles detached at a flowrate of 75 mL/min as a    27 

  function of d/λ where λ = λ1 for particles with a diameter of 1100  

  nm or 510 nm and λ = λ2 for particles with a diameter of 120 nm 

 

Figure 6 Fraction of particles detached at a flowrate of 75 mL/min as a    28 

  function of d/λ and normalized such that the lower d/λ value is  

  set to 1.0, where λ = λ1 for particles with d = 1100 nm and 510  

  nm and λ = λ2 for particles with d = 120 nm 

 

Figure 7 Attached particle and the three forces acting on it during     29 

  detachment 

 

Figure 8 Dimensions, parameters, and mathematical relationships used in   30 

  determining the X and   Z values for analyzing the moment  

  balance when the particle is attached within the “valley” 

 

Figure 9 Dimensions, parameters, and mathematical relationships used in   32 

  determining the X and   Z-values when the particle is attached at  

  the two peaks of the media surface 

 

Figure 10 Spherical particle with its center located above the P/V height    34 

  and the mathematical expressions used to determine the fraction  

  of exposed area above the two points of contact 

 

 



 VII 

Figure 11 Spherical particle with its center located below the P/V height   35 

  and the mathematical expressions used to determine the fraction  

  of exposed area above the P/V height 

 

Figure 12   Adhesion force as a function of particle diameter based on the    38 

  JKR model and extended DLVO theory. 

 

Figure 13 Shear required to achieve particle detachment as a function     41 

  of λ for a constant P/V height of 1000 nm. 

 

Figure 14 Shear required for detachment as a function of λ for a     44 

  constant P/V height of 500 nm 

 

Figure 15 Shear required for detachment as a function of λ for a     46    

  constant P/V height of 500 nm while illustrating the particle  

  position in regards to the attachment points on the media  

  surface 

 

Figure 16 Shear required for detachment as a function of λ for a     48 

  constant P/V height of 100 nm for particles ranging from  

  150 nm to 250 nm 

 

Figure 17 Theoretical shear requirement curves for detachment as a     49 

  function of λ showing the two experimental data points 

 

Figure 18 Theoretical shear requirement curves for detachment as a     50 

  function of λ showing two experimental data points 

 

Figure 19 Fraction of colloid detachment as a function of pH and     55 

  ionic strength for particles with a diameter of 1100 nm 

 

Figure 20 Fraction of colloid detachment as a function of pH and     56 

  ionic strength for particles with a diameter of 510 nm   

 

  

 

 

 

 

 

 

 

 

 

 

 



 VIII

ABSTRACT 

 

 Colloid detachment and mobilization can be of significant interest to those 

studying colloid behavior in the environment.  The transport of pathogens such as 

viruses, bacteria, and protozoa can cause health problems in animals and humans.  The 

transport of organics, radionuclides, and other hydrophobic contaminants can be 

enhanced by adsorption to mobilized colloid surfaces.  Research has been done by others 

quantifying the detachment of colloids from smooth porous media.  Real surfaces in the 

environment and engineered systems are rough.   

 Glass beads were chemically roughened by procedures similar to those from 

Shellenberger and Logan (2002) and Itälä et al. (2001) using chromic acid and a citric 

acid/ammonium fluoride solution.  Surface asperities were measured using Atomic Force 

Microscopy (AFM), and the roughness was defined by three parameters:  Root Mean 

Square (RMS) roughness, peak to valley height (P/V height), and peak to peak distance 

(λ).  Detachment from the chemically etched porous media was measured in column 

tests.  The controlling roughness parameter between the two batches of beads was found 

to be λ.   

 A theoretical model to predict the effect of roughness on detachment was 

developed.  Using a moment balance around the downstream point of contact, the 

parameters incorporated into the model were particle diameter, P/V height, and λ.  The 

model predicted the shear required for colloid detachment in column tests.  Surface 

roughness was found to significantly inhibit colloid detachment.   
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 INTRODUCTION AND BACKGROUND 

Colloid attachment and detachment from porous media surfaces has been the 

subject of investigation for numerous environmental reasons.  Porous media is used in 

many engineering operations and is found in many natural systems as well.  Some related 

environmental issues involve colloid and contaminant transport in groundwater, colloid 

attachment and detachment within engineered sand filters, and pollutant removal from 

contaminated sites.  Any situation involving fluid flow such as air or water through 

porous media will be concerned with colloid detachment and transport.  The desire for 

colloid attachment or detachment is system dependent, and there are many cases in which 

both are required at alternate times.  Due to the range of implications involving either 

attachment or detachment from porous media surfaces, the conditions and mechanisms 

under which both occur are vital for understanding these engineered and natural systems.  

Much of the initial attention by researchers was given to determining the mechanisms and 

reasons for colloid attachment.  Recently, the mechanisms for detachment have become 

the center point for investigation and research.    

 For particles attached to the surface of porous media to become detached, a 

disturbance to the system must occur.  This perturbation may involve a change in the 

solution chemistry or an alteration of the hydrodynamics of the system.  Amirtharajah 

and Raveendran (1993) studied the detachment of latex particles with diameters of 2.0 

µm and 5.0 µm from glass beads.  Their experiments concluded that particle detachment 

was dependent on the ionic strength of the detachment solution.  Higher detachment 

efficiencies were found for solutions having lower ionic strength.  Freitas and Sharma 

(1999) showed the effects of the electrostatic double layer on the detachment of 
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polystyrene particles from a silica substrate.  When using deionized water in a flow cell, a 

repulsive electrostatic double layer existed and experiments illustrated that significant 

detachment was possible.  When using a 0.1 M solution of potassium chloride, the 

repulsive electrostatic double layer is minimal and nearly all of the polystyrene particles 

remained attached.   

Bai and Tien (1997) focused their study on particle detachment in deep bed 

filtration.  The purpose of the study was to analyze several factors which may have an 

effect on particle detachment and to perform experimental research to support their 

conclusions.  Bai and Tien found that larger particles were more likely to detach from 

media surfaces.  Particles identical in size had a greater tendency for detachment from 

larger grain (media) sizes, and detachment became more significant at higher headloss 

gradients. 

Ryan and Elimelech (1996) provided an extensive review on colloid mobilization 

and transport in groundwater systems.  The review identified field tests that showed 

colloid mobilization due to decreasing ionic strength and increasing pH.  The review also 

suggested that increasing the groundwater flow contributes to colloid detachment and 

transport in the environment.  Ryan and Gschwend (1994) investigated the effects of 

ionic strength and flowrate on the detachment of hematite colloids from quartz surfaces 

in a packed bed.  Experimental results showed an increase in colloid mobilization with 

decreasing ionic strength and increasing flowrate.     

Bergendahl and Grasso (1999) used an extended-DLVO model to successfully 

predict the pH necessary to detach colloids from media surfaces using ionic strengths 

ranging from 0.01 M NaCl to approximately zero (deionized water).  The DLVO theory 
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developed by Derjaguin and Landau (1941) and Verwey and Overbeek (1948) 

incorporates only the van der Waals attraction and the electrical double layer repulsion 

when modeling colloidal interactions.  The extended-DLVO model incorporates Born 

repulsion (Ruckenstein and Prieve, 1976) and Lewis acid-base (van Oss, 1994) 

interaction energies.  In a subsequent study, Bergendahl and Grasso (2000) determined 

that a hydrodynamic shear of 100.6 s
-1

 in a packed bed removed 50% of the particles 

which were not removed by altering the solution chemistry alone.  The primary 

mechanism for hydrodynamic detachment was considered to be rolling.  Using the 

hysteresis loss factor for rolling for polystryrene and a gamma distribution of the residual 

particle fraction interaction energy, the detachment due to changes in flowrate in the 

packed bed was well predicted.  Bergendahl and Grasso (1998) also showed particle 

detachment during toxicity characteristic leaching procedure (TCLP) testing of a coal-tar 

contaminated soil.  The rolling mechanism was hypothesized to be the cause for colloid 

detachment.  The mechanical agitation occurring in the batch test provided the shear for 

rolling and therefore detachment. 

A great deal of research on colloid detachment from porous glass beads in packed 

columns has been done by several investigators (Kallay et al., 1987; Tobiason, 1989; 

Elimelech, 1994; Liu et al, 1995; Rijnaarts et al, 1996; Bergendahl and Grasso, 1998, 

1999, 2000).  In general, the primary objectives of most studies were to investigate the 

effects of solution chemistry and hydrodynamic shear on the detachment mechanism.  

These studies often use identical batches of smooth, spherical glass beads which are 

cleaned prior to being used as media in packed column tests.  The interactions and 

attachments between the colloids and media surfaces are often modeled as a sphere 
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attached to a smooth, flat plate at one point.  However, in the environment, porous media 

surfaces are not smooth and may have significant surface asperities.   

The roughness of porous media surfaces such as glass beads has been successfully 

measured and altered.  Shellenberger and Logan (2002) used a method previously 

developed by Litton and Olsen (1993) to chemically roughen glass beads.  The glass 

beads were sequentially soaked and rinsed with deionized water in the following 

solutions:  36.5-38% HCl, 10% H2CrO4, 36.5-38% HCl, and dried.  The glass beads were 

made smoother by soaking them in 12.5 M NaOH for 30 minutes followed by rinsing 

them in ultrapure water.  The root-mean-square roughness (RMS) of the beads treated 

with chromic acid was 38.1 ± 3.9 nm, while the RMS of the beads treated with sodium 

hydroxide was significantly less at 15.0 ± 1.9 nm.  Shellenberger and Logan found that 

there was a greater retention of latex microspheres on the rougher glass beads which were 

chemically etched using the chromic acid procedure.  The collision efficiencies for the 

rough glass beads were 30-50% larger than for the smooth beads.  Bacteria displayed an 

overall trend of greater retention on rough rather than smooth surfaces.  However, the 

results were not as significant as with the latex microspheres due to low values for 

collision efficiencies and variability in results from identical column tests.   

 Itälä et al. (2001) looked at enhancing the bioactivity of glass surfaces by 

increasing the surface roughness.  The roughness increased the potential surface area for 

both cell attachment and interaction between the cells and the bio-material.  Two of the 

etching procedures used involved soaking the glass in a HF (14.6 M)/H2O solution for 

30-480 seconds and in a NH4F (22 M)/C8H10O7 (8.5 M) for 60-1800 seconds.  The RMS 

of the glass chemically etched using the ammonium fluoride and citric acid ranged from 
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420-640 nm.  In the study, it was shown that chemical etching of the glass surface did not 

interfere with the characteristic surface reactions of bioactive glasses. 

 Rabinovich et al. (2000) developed two types of roughness profiles in their 

investigation on the adhesion between nanoscale rough surfaces.  Rabinovich et al. 

defined a primary roughness involving an RMS1 associated with a peak to peak distance, 

λ1, of approximately 1000 nm and a secondary roughness which involved an RMS2 

associated with a λ2 value of approximately 250 nm.  Beach et al. (2001) developed a 

roughness analysis based on the Rabinovich et al. approach.  RMS1 and λ1 values were 

determined from Atomic Force Microscope (AFM) images which were 20 x 20 µm in 

size.  The secondary roughness RMS2 and λ2 values were determined by dividing the 20 x 

20 µm image into 16 images which were 5 x 5 µm in size.  Four of these 16 smaller 

images were analyzed in the same manner as done for the whole 20 x 20 µm image to 

find the secondary roughness parameters.      

Ryde and Matijević (2000) investigated the detachment of spherical chromium 

hydroxide particles from steel beads in column tests.  After an initial deposition phase, 

the metal oxide particles were detached by rinsing the packed bed with solutions of 

varying pH and ionic strength.  Ryde and Matijević found increasing detachment with 

decreases in ionic strength and increases in pH.  The study and discussion dealing with 

these specific metal oxide particles is particularly interesting.  In all of the other column 

tests using smooth media such as cleaned glass beads in which Ryde and Matijević 

measured detachment, complete removal was demonstrated.  However, in the detachment 

tests using the chromium hydroxide particles deposited on steel beads, it was impossible 

to achieve complete removal.  According to Ryde and Matijević, the reason for this 
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unique behavior was the roughness of the media surface.  The particles were 

hypothesized to have been trapped in the crevices of the metal surface and could not be 

removed.     

Previous colloid detachment studies have been performed with porous media that 

was assumed to be smooth.  The objective of this research was to investigate the effects 

of media surface roughness on the detachment of colloids from packed beds of granular 

media.  The fundamental models and relationships developed in previous studies were 

used along with measured roughness parameters to develop a new theoretical model.  The 

model was used to predict the hydrodynamic shear required to remove attached colloids 

from porous media.  Experimental detachment results from packed bed column tests were 

used to show the validity of the theoretical model.      

 

Hypotheses: 

• Colloid detachment is affected by roughness 

• Colloid detachment from rough surfaces with hydrodynamic shear changes 

can be predicted 
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MATERIALS AND METHODS 

Glassware  

All glassware was sequentially washed in water with Sparkleen laboratory 

detergent (Fisher Scientific, Pittsburgh, PA; soaked approximately 24h), nitric acid (20 

%, diluted from 70 % HNO3, Fisher Scientific, Pittsburgh, PA; soaked approximately 24 

h), and deionized water (ROpure ST, Barnstead/Thermolyne, Dubuque, IA; soaked 

approximately 24 h).  All glassware was allowed to air dry overnight and was stored in a 

laboratory cabinet which held only equipment used for this research. 

Cleaning and Roughening of Glass Beads  

The glass column was packed with glass beads (Sigma Chemical Company, St. 

Louis, MO) which were 425 to 600 µm in diameter.  The glass beads were chemically 

cleaned in a 250 mL glass beaker before use by rinsing sequentially with acetone, hexane 

(99.6 % and 99.9 % respectively, both Fisher Scientific, Pittsburgh, PA; soaked 

approximately 1 h), concentrated hydrochloric acid (37.3 % HCl, Fisher Scientific, 

Pittsburgh, PA; soaked approximately 12 h), and finally 0.1 M sodium hydroxide (made 

from 97 % NaOH pellets, Mallinckrodt Chemical Works, St. Louis, MO, New York, NY; 

3 soakings of approximately 5 min each).  Repeated rinsings with deionized water were 

made in between each sequential rinse during the cleaning process in order to remove all 

of the previous rinsing solution before adding the next (approximately 4 repeated 5 min 

rinsings).  The glass beads were dried overnight at 110ºC after the hexane rinse and again 

after the NaOH rinses and were then transferred to a sealed 250 mL Nalgene bottle and 

stored until further use. 



 8 

Two methods were used to chemically roughen the smooth, cleaned glass beads.  

In the first method following a procedure modified from Shellenberger and Logan, the 

glass beads were chemically roughened in a 250 mL Nalgene bottle by rinsing 

sequentially in concentrated HCl, chromic acid (10 % H2CrO4, Fisher Scientific, 

Pittsburgh, PA), and then again in concentrated HCl.  There were three different sets of 

roughened glass beads based on the amount of time each rinse was used.  The three sets 

included beads that were rinsed using 6, 12, 24 h intervals.  For example, using the 6 h 

intervals, the beads were rinsed for 6 h in concentrated HCl, then for 6 h in the H2CrO4 

solution, and then once again in concentrated HCl for 6 h.  Repeated rinsings with 

deionized water were made in between each rinse in order to remove the previous 

solution from the bottle before the next rinse was added (approximately 4 repeated 5 min 

rinsings).  The glass beads were transferred to a 100 mL glass beaker and dried at 110ºC 

after the final rinse. The beads were finally transferred to a 250 mL Nalgene bottle and 

stored until the roughness of the glass beads was tested as described below.  

The second approach following a procedure modified from Itälä et al. was used to 

roughen the glass beads used a solution of 7.7M ammonium fluoride (NH4F)/3.0M citric 

acid (C6H8O7).  Eighty grams of smooth, cleaned glass beads were placed in a 250 mL 

HDPE Nalgene bottle.  In a second 250 mL Nalgene bottle which was used to make the 

rinsing solution, 70 mL of deionized water was added.  Using hexagonal polystyrene 

weighing dishes, 20 grams of crystal NH4F (98.1% NH4F, Fisher Scientific, Pittsburgh, 

PA) and 40 grams of anhydrous C6H8O7 (100.5% C6H8O7, Fisher Scientific, Pittsburgh, 

PA) was added to the Nalgene bottle.  The 7.7M NH4F/3.0M C6H8O7 was added to the 

first Nalgene bottle where the glass beads soaked in solution for 30 minutes.  After the 30 
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minute rinse was complete, the roughened glass beads were rinsed with deionized water 

to remove the 7.7M NH4F/3.0M C6H8O7.  Ethanol (95% denatured ethyl alcohol, Fisher 

Scientific, Pittsburgh, PA) was then used to rinse the glass beads followed by deionized 

water to remove the ethanol.  A final rinse with 1M hydrochloric acid (made from 

diluting 37.3% HCl, Fisher Scientific, Pittsburgh, PA) to remove any residue of 

precipitated salts from the glass beads was used.  The 1M HCl was removed by repeated 

rinsings with deionized water.  The final product of roughened glass beads was placed in 

a 100 mL glass beaker and dried overnight at 105°C.  After drying, the roughened glass 

beads were transferred to a clean 250 mL HDPE Nalgene bottle where they were covered 

and stored until further use.   

Analysis of Surface Roughness   

The analysis of the surface roughness for each batch of chemically roughened 

glass beads was conducted with atomic force microscopy (AFM, Digital 

Instruments/Veeco Metrology Group, Santa Barbara, CA, USA).  The AFM was a 

Dimension 3100 AFM with a Nanoscope IIIa controller.  The two batches of glass beads 

were analyzed using the AFM.  The first batch consisted of glass beads that were 

chemically etched by soaking them in chromic acid for 12 hours, and the second batch 

consisted of glass beads which were soaked and roughened in a citric acid/ammonium 

fluoride solution.   

A thin layer of epoxy was spread on a microscope slide and allowed to slightly 

dry and harden for approximately 30 seconds.  A layer of glass beads was sprinkled on 

the epoxy and dried completely before being stored in a desiccator.  The epoxy was 

allowed to dry for 30 seconds before the layer of glass beads were sprinkled on top so 
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that the beads would stick to the epoxy when dried but would also be elevated above the 

layer of epoxy.  This was necessary in order for the AFM probe to tap the surface of the 

beads and not tap the actual epoxy layer.  The epoxy would cause the probe to stick to the 

surface and would in turn give an incorrect measurement of surface height.   

The AFM was used to tap and measure the surface height on three different beads 

for each batch.  On each of these three beads, the AFM measured three surface areas of 

25.0 µm
2 
with dimensions of 5.0 µm x 5.0 µm.  Thus, for each batch of beads, a total of 

nine surface areas were measured in order to provide some statistical information when 

analyzing the data.  Within the 25.0 µm
2 
area, the AFM measured the surface height of 

the bead by tapping the surface in a matrix of 512 x 512 points.  This analysis resulted in 

a data spreadsheet which contained 512 rows by 512 columns with the surface height 

measurement in nanometers (nm) given for each point within the matrix.  The surface 

height was designated as the z-direction and the rows and columns represented movement 

in the x-direction and y-direction respectively.  Therefore, with the total distance in either 

the x-direction or y-direction being 5000 nm and the matrix containing 512 rows and 512 

columns, the distance from one point in the matrix to the next when moving in either the 

x-direction or y-direction was approximately 9.76 nm.   

With the data for each of the 27 bead areas (three 25.0 µm
2 

surface areas on three 

different beads for each of three batches) collected and transferred into a spreadsheet in 

SigmaPlot (Sigmaplot 8.0.2, Systat Inc., 2002), the roughness for each of the three 

batches of beads could be analyzed using different roughness metrics.  The first 

parameter used to analyze the surface was the root mean square (RMS) roughness.  RMS 

can be determined using Equation 1.   
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In the analysis, an RMS1 and an RMS2 parameter were defined.  The RMS1 parameter 

was used to define the RMS value for the entire 25.0 µm
2 

surface area while three RMS2 

values were used to define three smaller 0.25 µm
2 

surface areas within the entire 25.0 

µm
2
 surface area.   Using SigmaPlot, an RMS1 value was determined for each bead area 

which meant that a total of nine RMS1 values were estimated for each batch of beads.  

The mean of these nine values was used as the RMS1 roughness for the selected batch of 

glass beads.  Similarly, SigmaPlot was used to determine three RMS2 values for each 

bead area which meant that a total of 27 RMS2 values were estimated for each batch of 

beads.  The mean of these 27 values was used as the RMS2 roughness for the selected 

batch of glass beads.  In regards to the RMS2 roughness parameter, the same three 0.25 

µm
2
 surface areas were used for each measurement.  The three surface areas were defined 

by same three matrices in SigmaPlot each time.  In SigmaPlot, a matrix is defined by 

(columnstart, rowstart, columnend, rowend).  The three matrices used for each bead area to 

determine the three RMS2 values were (10,10,61,61), (176,176,227,227), and 

(375,375,426,426).  An overall RMS value was calculated using Equation 2. 

      
2

2

2

1OVERALL RMSRMSRMS +=                                          (2) 

The second parameter used to define surface roughness was the peak to peak 

distance (λ), the distance between peaks on the surfaces.  Similar to the RMS roughness 

parameter, a primary peak to peak distance (λ1) and a secondary peak to peak value (λ2) 

were defined.  Three primary peak to peak values were determined for each bead area.  

Using SigmaPlot, the cross sections of columns 35, 201, and 400 were illustrated.  The 
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total distance displayed on each cross section was 5000 nm.  Using the total cross section, 

a λ1 value was estimated for each of the columns.  With three λ1 values for each bead 

area, a total of 27 λ1 values were recorded for each batch of glass beads.  The mean of 

these 27 values defined the λ1 parameter.  The λ2 parameter was determined using a 

similar process.  The same cross sections of columns 35, 201, and 400 were used.  Three 

500 nm sub-sections within each column cross section were then magnified using 

SigmaPlot.  The three sub-sections used were 1000 – 1500 nm, 2000 – 2500 nm, and 

3500 – 4000 nm.  Within each of these sub-sections, the peak to peak distance was 

measured and represented a value for λ2.  With a total of nine λ2 values estimated for each 

bead area, a total of 81 λ2 values were recorded for each batch of beads.  The mean of 

these 81 values defined the λ2 parameter.   

The third and final parameter used to define surface roughness was the peak to 

valley height.  The peak to valley height (P/V height) is defined as the distance from the 

top of peak to the bottom of the adjacent valley.  Using the total cross sections of 

columns 35, 201, and 400 in SigmaPlot, the maximum P/V height was located and 

measured within each 5000 nm cross section.  A total of three P/V heights were 

determined for each bead area meaning that 27 P/V heights were measured for each batch 

of glass beads.  The mean of these 27 values was used to represent the P/V height 

parameter.       

Colloids 

 Surfactant-free carboxyl white polystyrene latex microspheres of different sizes 

(Interfacial Dynamics Corporation, Portland, OR) were used.  There were three sets of 

microspheres ranging in size from 0.12 µm to 1.1 µm.  The first set of polystyrene 
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microspheres had a diameter of 1.1 µm with a standard deviation of 0.019 µm.  The 

microspheres had a surface charge density of 12.5 µC/cm
2
, and the density of the 

polystyrene at 20ºC was 1.055 g/cm
3
.
 
 The concentration of the batch was 5.5 x 10

10
 

particles per mL of latex, and this concentration was diluted to 1.1 x 10
7
 particles per mL 

of latex before the experiments began.   

 The second set of polystyrene particles had a diameter of 0.51 µm with a standard 

deviation of 0.010 µm.  These microspheres had a surface charge density of 12.0 µC/cm
2
.  

The initial concentration of the batch was 5.5 x 10
11

 particles per mL of latex, but this 

was diluted to 1.1 x 10
8 
particles per mL of latex for experimentation.   

 The final set of microspheres had the smallest diameter of 0.12 µm with a 

standard deviation of 0.014 µm.  The surface charge density on the microspheres was  

1.8 µC/cm
2
 and had an initial batch concentration of 4.4 x 10

13
 particles per mL of latex 

which was diluted to 7.04 x 10
10 

particles per mL of latex prior to being used for 

experimentation.  Table 1 shows the parameters for each batch of microspheres. 

Table 1:  Parameters for Carboxyl Polystyrene Latex Particles 

Batch 

# 

Mean 

diameter 

(µm) 

Standard 

Deviation of 

diameter(µm) 

Surface Charge 

Density 

(µC/cm
2
) 

Concentration 

as Received 

(particles/mL 

of latex) x 10
9 

Concentration 

Used in Exps. 

(particles/mL 

of latex) x 10
6 

1 1.1 0.019 12.5 55 11 

2 0.51 0.010 12.0 550 110 

3 0.12 0.014 1.8 44000 70400 
        

Colloid concentration and optical density 

 The colloid concentration was measured with optical density using a 

spectrophotometer.  A sample of approximately 4 mL of colloids at a measured 

concentration was transferred to a clear, disposable cuvette with the dimensions 45 mm x 

12.5 mm x 12.5 mm.  A blank sample of approximately 4 mL of deionized water was first 
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used to zero the spectrophotometer.   The cuvette containing the colloids was then placed 

in the spectrophotometer where the optical density was measured at a wavelength of 650 

nm for batches one and two, and at 500 nm for batch 3.  These wavelengths were selected 

because they produced the highest optical density reading for each batch of the 

polystyrene latex particles.     

 Five point standard curves were used.  Figure 1 shows the strong positive 

correlation between colloid concentration and optical density and the particle 

concentration increases linearly as a function of the optical density measured by the 

spectrophotometer.   
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Figure 1:  Colloid concentration as a function of the optical density for Batch 1 measured by the 

spectrophotometer at a wavelength of 650nm  
 

Measurement and Adjustment of pH 

 The pH of a solution used for attachment or detachment had to be adjusted and 

measured accurately.  Hydrochloric acid and sodium hydroxide were used to reduce and 

increase the pH respectively.  There were two concentrations of HCl and NaOH used 
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depending on the size of pH adjustment.  For larger reductions in pH, concentrated HCl 

(37.3 %, Fisher Scientific, Pittsburgh, PA) was used, while a diluted HCl solution 

(approximately 4.7 %, made from concentrated HCl) was used for the smaller reductions 

in pH.  Similarly, a 5 N solution of NaOH (made from 97 % NaOH pellets, Mallinckrodt 

Chemical Works, St. Louis, MO, New York, NY) was used for the larger increases in pH 

while a further diluted solution of 0.5 N NaOH (made from 97 % NaOH pellets, 

Mallinckrodt Chemical Works, St. Louis, MO, New York, NY) was used for the smaller 

increases in pH.   

 The pH was measured using a model 720A pH meter (Orion Research Inc, 

Boston, MA) with a Thermo Orion combination pH probe (Orion Research Inc, Boston, 

MA).  The pH meter was calibrated each day using three buffer solutions having a pH of 

4.01, 7.00, and 10.01.  The probe was stored in the buffer with a pH of 4.01 each night 

and rinsed with deionized water before and after each pH measurement.  Each pH 

measurement was made using an identical method to ensure accuracy.  The probe was 

removed from the buffer solution having a pH of 4.01, rinsed with deionized water, and 

then placed into the flask containing the solution.  The probe rested in the middle of the 

solution for approximately two minutes while a slow swirling motion was made with the 

flask.  After two minutes, the digital pH measurement stopped fluctuating and the pH was 

recorded.  The probe was rinsed with deionized water and stored back in the 4.01 pH 

buffer solution. 

EXPERIMENTAL PROCEDURE  

Experimental Setup 
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 The experimental equipment was constructed as shown in Figure 2.  The influent 

passed from the erlenmeyer flask through low density polyethylene (LDPE) tubing which 

had an OD of 1/8” and an ID of 5/64” (Cole-Parmer, Vernon Hills, IL).  The LDPE 

tubing was connected to the Masterflex L/S 25 pump tubing which had an ID of 0.19” 

(Cole-Parmer, Vernon Hills, IL).   The LDPE tubing was inserted into the wider pump 

tubing and clamped together.  The Masterflex easy-load pump head, model 7518-00 

(Cole Parmer, Vernon Hills, IL), was used to pump the solution through the column.  At 

the outlet of the pump, the wider pump tubing was connected to the smaller diameter 

LDPE tubing by using a plastic clamp as it was done before entering the pump.  The 

pump calibration curve is shown in Figure 3.   

 
Figure 2:  Experimental Apparatus including tubing materials and sizes 

 

The solution was pumped into the glass column (Ace Glass Incorporated, 

Vineland, NJ) which had a length and inner diameter of 100 mm and 25 mm respectively.  

The LDPE tubing was attached to a polypropylene male pipe adapter with an OD of 1/8” 

and a NPT of 1/8” (Cole Parmer, Vernon Hills, IL) affixed to a nylon reducing bushing 
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with a male NPT of 1/4” and a female NPT of 1/8” (Cole Parmer, Vernon Hills, IL).  The 

reducing bushing was attached to the column which developed a tight seal.  The glass 

beads filled approximately 2/3 of the glass column.  The stream exited at the top of the 

column where the fitting setup was identical to that at the bottom of the column.  Before 

the stream entered the spectrophotometer cell, a Teflon PFA
3
 reducing union with an OD 

of 1/8” and 1/16” (Cole Parmer, Vernon Hills, IL) was used to attach the LDPE tubing to 

the smaller cell tubing.  The stream passed through the cell in the spectrophotometer 

(Varian Cary 50 Scan UV-Visible Spectrophotometer, Varian Australia PTY LTD, 

Australia) where an optical density reading was measured at a predetermined wavelength.  

The stream exited the spectrophotometer and passed through the effluent cell tubing. A 

Teflon PFA
3
 reducing bushing, identical to that at the inlet of the spectrophotometer, was 

used to attach the cell tubing to the larger effluent stream LDPE tubing.  The effluent was 

collected in an erlenmeyer flask.   
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Figure 3:  Pump calibration curve for determining RPM setting for a desired flowrate using a 

Masterflex model 7518-00 pump head and Masterflex 0.19” ID L/S 25 tubing  
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Attachment 

 

The particles were attached using a solution with a pH of 4.5 ± 0.05 along with an ionic 

strength (I) of 0.01 M, favorable conditions for attachment.  The attachment step was 

done at a constant flowrate of 5 mL/min.  The particles in solution were sonicated for 2 

minutes immediately prior to the attachment process in order to break up any weak 

aggregates which may have formed.  Before the attachment step, 10 pore volumes or 140 

mL of particle free solution with a pH of 4.5 ± 0.05 and an ionic strength of 0.01 M was 

pumped through the column at a rate of 5 mL/min to remove any air from within the 

column and to adjust the solution chemistry in the column to the desired conditions.  The 

attachment step was performed using 20 pore volumes of particle containing solution 

with a pH of 4.5 ± 0.05 and an ionic strength of 0.01 M at a constant flowrate.  The 

concentration of the particles in the attachment solution depended on the batch and size 

of the latex particles used.  For each size and batch of latex particles, a concentration 

versus optical density plot was developed prior to any attachment/detachment 

experimentation.  The 20 pore volumes of particle containing attachment solution were 

followed by 10 more pore volumes of a particle free solution of the same pH and ionic 

strength at the same flowrate.  The flushing solution removed any particles that were not 

attached to the porous glass media leaving behind only those particles which were 

successfully attached.   

 The particle containing solution was mixed with sodium chloride as the 

electrolyte.  The colloids, which were previously sonicated for 2 minutes, were added to 

the solution using a pipet to reach the desired concentration.  The solution was sonicated 

for another 2 minutes.  Before attaching the particles, the original optical density, Co, was 
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measured.  The wavelength of the spectrophotometer was set to 650 nm for particle 

batches one and two and to 500 nm for batch 3, and zeroed using a cuvette containing 

approximately 4 mL of deionized water.  A sample of 4 mL of the particle containing 

solution was then placed into a cuvette and inserted into the spectrophotometer where a 

measurement of the Co was recorded. The Co was used in determining the actual number 

of particles which attached to the porous glass media. 

Throughout the attachment and detachment runs, the spectrophotometer was set to 

continuously record optical density measurements every 0.5 seconds for 200-400 minutes 

(depending on the detachment experiment duration) at a constant wavelength of either 

650 nm or 500 nm depending on the particles used.  All data was saved as a spreadsheet 

ascii file to be later analyzed using Sigmaplot.   

Detachment 
 

Flowrate Perturbations:  After the polystyrene latex microspheres had been attached to 

the glass bead media in the glass column, the flowrate of the influent solution was 

increased in order to promote detachment.  However, the influent solution chemistry was 

first changed to either a pH of 6 or 8 and an ionic strength of either 0.01 M or 1.0 mM to 

represent possible conditions in an actual system and to promote detachment.  The 

detachment experiments were labeled and identified based on the solution chemistry of 

the detachment solution.  Table 2 shows the four detachment solutions used in 

experiments involving flowrate perturbations.   

The detachment solution was pumped through the column at increasing flowrates 

with each flow duration lasting 25 pore volumes.  The flowrate was initially identical to 

the attachment flowrate of 5 mL/min and then increased to 25, 50, 75, and 100 mL/min, 
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pump settings of 14.1, 28.1, 42.1, and 56.1 RPM respectively.  Each flowrate of 

detachment solution was held constant for 25 pore volumes and the spectrophotometer 

measured the amount of detachment which occurred due to each change in flowrate.  A 

final rinse with a solution having a pH of 11.0 and an ionic strength of 10
-5.5

 M 

(deionized water) was used to remove more of the remaining attached particles.  After the 

final rinse, the operation was complete and the data was saved.  In order to remove the 

remaining attached particles, the column was fluidized with approximately 30 pore 

volumes of a solution with a pH of 11.0 and an ionic strength of 10
-5.5

 M (DI).  Figure 4 

shows the detachment curve for particles with a diameter of 1100 nm using a detachment 

solution with a pH of 8.0 and an ionic strength of 0.01 M. 

Table 2:  Detachment solutions used in experiments with flowrate perturbations 

Detachment Solution pH Ionic Strength 

M4 6.0 0.01 M 

M5 8.0 0.01 M 

M6 6.0 0.001 M 

M7 8.0 0.001 M 

 

Solution Chemistry Perturbations:  The particles were attached at a pH of 4.5 and an 

ionic strength of 0.01 M operating at a flowrate of 5 mL/min.  The particles were then 

detached by keeping the flowrate and ionic strength constant and increasing the pH of the 

influent solution.  Each solution of increasing pH was pumped through the system for 20 

pore volumes. For example, in the first case, with a constant ionic strength of 0.01 M, the 

solution pH was increased to 7.0, 9.0, and 10.0. A final rinse was pumped through the 

column using DI at a pH of 11.0 at the same constant flowrate.   
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Figure 4:  Results for a typical attachment and detachment curve: particles are attached for 20 pore 

volumes at a pH of 4.5 and I = 0.01 M, flushed with an identical solution for 10 pore volumes, then 

detached in this case under M5 conditions which include a pH of 8.0 and I = 0.01 M with each flow 
being pumped through the packed bed for 25 pore volumes  

 

The optical density of the effluent was measured at a constant wavelength of 650 

nm or 500 nm, depending on the particles used, throughout the process of increasing the 

pH to measure the magnitude of detachment.  This process of increasing the pH was 

performed for two different constant ionic strengths.  In the second scenario, the ionic 

strength of the detachment solution was held constant at 1mM.  After the attachment 

process, the influent tubing was placed in a flask containing a solution with a pH of 4.5 

and an ionic strength of 1mM.  The solution was pumped through the column for 20 pore 

volumes.  The process then followed with increasing increments of pH as done in the first 

case with the (I) remaining constant at 1mM and the flowrate remaining constant at 5 

mL/min.   
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RESULTS AND DISCUSSION 

Surface Roughness 

The roughness parameter of concern for determining particle detachment was the 

peak to peak distance (λ).  For both batches of chemically etched glass beads, this λ 

parameter became the significant measurement for the difference in surface roughness.  

Table 3 shows values for the three roughness parameters and the fraction of detachment 

measured for a minimum shear of 100.6 s
-1

 using a solution with a pH of 6.0 and ionic 

strength of 0.01 M (M4Z conditions).   

Table 3:  Roughness parameters and measured detachment using a solution with M4Z conditions  

 

A two sample T-test with unequal variances was used to statistically measure the 

significance of the RMS and P/V heights for the two batches.  Based on the two-tailed P 

values in the T-test, the hypothesis which stated RMS1, RMS2, (P/V)1 height, and (P/V)2 

height were equal for both batches couldn’t be shown to be not true based on a 95% 

confidence interval.  The trends for λ1 and λ2 with detachment in Table 3 show the 

significance of the peak to peak distance.  For particles with diameters of 1100 nm and 

510 nm, more detachment occurred from beads chemically etched using the chromic acid 

procedure.  The λ1 for beads etched with chromic acid was much less than that for beads 
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etched with the citric acid/ammonium fluoride solution.  The trend shows λ1 is the 

controlling roughness parameter on detachment of particles with diameters of 1100 nm 

and 510 nm.   

For particles with a diameter of 120 nm, the opposite detachment trends were 

measured.  Greater detachment occurred from beads chemically etched with the citric 

acid/ammonium fluoride solution.  The measured detachment can be explained by the 

trends of the secondary roughness parameter, λ2.  The λ2 for beads chemically etched 

with chromic acid is larger than the λ2 for beads chemically etched with the citric 

acid/ammonium fluoride.  The trend shows that the controlling roughness parameter on 

detachment for particles with a diameter of 120 nm is λ2.     

The λ1 parameter was a measurement for the larger scale overall surface peak to 

peak roughness, while the λ2 parameter was a measurement for the smaller scale peak to 

peak roughness.  The mean λ1 and λ2 values for the beads etched using the citric 

acid/ammonium fluoride solution were 823.1 nm and 53.9 nm respectively.  Similarly, 

the mean λ1 and λ2 values for the beads etched using chromic acid were 551.1 nm and 

57.5 nm respectively.     

For experiments where the larger colloids (1100 nm and 510 nm in diameter) were 

detached, the determining factor was λ1, but for the smallest particles of 120 nm, the 

secondary λ2 became the major parameter.  The particle diameter to λ ratios can be used 

to evaluate the significance of both the λ1 and λ2 parameters on the three particle sizes.  

Table 4 shows the three particle sizes along with the d/λ1 and d/λ2 ratios for both batches 

of chemically etched glass beads.  For the largest particles with a diameter of 1100 nm, 

the d/λ1 values for glass beads etched using citric acid/ammonium fluoride and chromic 
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acid are 1.34 and 2.00 respectively.  The d/λ2values are much larger at 20.41 and 19.13 

for the beads etched using citric acid/ammonium fluoride and chromic acid respectively.  

The d/λ1 values are closer to unity (a value of 1.0) than the d/λ2 values meaning the 

particle diameter and λ1 values are much closer in scale than the particle diameter and λ2 

values.  Based on this analysis and the trends from Table 3, the λ1 parameter proves to be 

the significant factor when discussing detachment of particles having a diameter of 1100 

nm.   

Table 4:  The d/λ1 and d/λ2 ratios for each of the three particle sizes and each batch of chemically 

etched glass beads 

Citric Acid/Ammonium Fluoride Chromic Acid Particle 

Diameter(nm) d/λ1 d/λ2 d/λ1 d/λ2 

1100 1.34 20.41 2.00 19.13 

510 0.62 9.46 0.93 8.87 

120 0.15 2.23 0.22 2.09 

 

Similar to the behavior of the particles with a diameter of 1100 nm, the λ1 

parameter proves to be the significant factor in analyzing the detachment of particles with 

a diameter of 510 nm.  For particles with a diameter of 510 nm, the d/λ1 values for beads 

etched with citric acid/ammonium fluoride and chromic acid are 0.62 and 0.93 

respectively.  The d/λ2 values for the two batches of glass beads are 9.46 and 8.87 

respectively.  As for the largest particles, the d/λ1 values are closer to unity than the d/λ2 

values.  The λ1 parameter is the controlling roughness parameter when dealing with the 

detachment of particles with a diameter of 510 nm. 

 In the case of the particles with a diameter of 120 nm, the d/λ1 values for beads 

etched with citric acid/ammonium fluoride and chromic acid are 0.15 and 0.22 

respectively.  However, the d/λ2 values are 2.23 and 2.09 respectively for the two batches 
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of glass beads.  Unlike the previous two cases, the d/λ2 values are closer to unity than the 

d/λ1 values meaning that the particle diameter and λ2 values are much closer in scale than 

the particle diameter and λ1 values.  For particles with a diameter of 120 nm, the 

controlling roughness factor proves to be the λ2 parameter.  

Qualitative Detachment for Hydrodynamic Shear 

 A qualitative analysis was developed to evaluate the detachment of particles from 

the media surface.  The analysis focused on the cumulative fraction of detachment which 

occurred at a flowrate of 75 mL/min.  For each particle size, there were a total of four 

trials, each having a unique detachment solution.  For a given particle size, it was 

expected that there would be less detachment as the λ-value increased.  Therefore, it was 

expected that there would be less detachment as the d/λ-value decreased and more 

detachment as d/λ increased.   

Figure 5 shows the cumulative fraction of particles detached at a flowrate of 75 

mL/min as a function of the d/λ parameter.  Figure 5 displays detachment for all four 

trials and a regression line for each of the three particle sizes.  For particles with a 

diameter of 1100 nm and 510 nm, λ = λ1, but for particles with a diameter of 120 nm, λ = 

λ2.  The d/λ values are normalized with the lower of the two values set to 1.0.  In the case 

where λ = λ1, the higher λ-value is associated with the beads that were chemically etched 

using the citric acid/ammonium fluoride solution.  This means that the d/λ values for the 

beads etched using the citric acid/ammonium fluoride solution were the lower of the two 

and were normalized to a value of 1.0.  In the case where λ = λ2, the higher λ-value 

represented the beads that were chemically roughened using the chromic acid solution.  

This means that the d/λ values for the beads etched using the chromic acid were lower 
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and were set to a value of 1.0.  The data was normalized in order to display it all on a 

single plot in Figure 6.    

 The detachment results support the expected trends.  For each particle size in 

Figure 5, there is an increase in the cumulative fraction of particles detached as the d/λ-

value increases.  The slope of the regression line is shown on each plot only to give a 

value to the positive trend between particles detached and the d/λ-value.  The R
2
 value for 

particles with a diameter of 1100 nm is 0.9043 showing a strong positive correlation 

between the data.  The R
2
 values drop to 0.7232 and 0.5516 for particles with diameters 

of 120 nm and 510 nm respectively.  Although these correlations are not as strong as for 

the 1100 nm particles, the focus of the analysis was to show the positive trend between 

the fraction of particles detached and the d/λ-value.  In all three cases, there is a clear 

increase in cumulative fraction of particles detached for an increase in the d/λ-value.  

Figure 6 shows the same qualitative analysis, but displays the data for all three particle 

sizes on one plot.  In order to completely understand particle detachment and the effect of 

roughness of the media surface, a mathematical model incorporating roughness must be 

developed.       
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Figure 5: Fraction of particles detached at a flowrate of 75 mL/min as a function of d/λ where λ = λ1 

for particles with a diameter of 1100 nm or 510 nm and λ = λ2 for particles with a diameter of 120 nm 

d = 1100 nm 

d = 510 nm 

d = 120 nm 
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Figure 6:  Fraction of particles detached at a flowrate of 75 mL/min as a function of d/λ and 

normalized such that the lower d/λ value is set to 1.0, where λ = λ1 for particles with d = 1100 nm and 

510 nm and λ = λ2 for particles with d = 120 nm   

 

Moment Balance  

After the attachment solution has been passed through the column and the 

flushing solution has removed any particles which were not attached to the media surface, 

the detachment solution is pumped through the column.  During detachment, there are 

three forces acting on the particle.  These three forces are the drag force (Fd), lift force 

(FL), and the force of adhesion (Fad).  Figure 7 displays an attached particle contacting a 

rough surface at two points and the three forces acting on it.  Assuming the forces act on 

the center of the particle, the moment balance on the attached particle around the 

downstream point of contact is represented by Equation 3.   

 Fad(X) = Fd(Z) + FL(X)           (3) 
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The X-value and Z-value represent the horizontal and vertical distances respectively from 

the center of the particle to the downstream point of contact.  Upon detachment, the 

particle will rotate around the downstream point of contact.  The moment balance is 

essential in determining the minimum required shear to remove an attached particle from 

the media surface.                

 
Figure 7:  Attached particle and the three forces acting on it during detachment 
 

The values for X and Z must be determined in order to perform the moment 

balance.  Two distinct cases develop when determining the values for X and Z.  In the 

first case, the particle contacts the media surface at two points within the “valley” as 

shown in Figure 7.  The dimensions, parameters, and mathematical relationships used in 

determining the X and Z values for the initial case are illustrated in Figure 8.  The point 

at the base of the valley in which the particle is attached is set as the origin, (0,0), using 
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the rectangular coordinate system.  The angle θ is calculated using Equation 4, where H is 

the P/V height and λ is the peak to peak distance. 

          θ = arctan[(λ/2)/H]           (4) 

 
Figure 8:  Dimensions, parameters, and mathematical relationships used in determining the X and   

Z values for analyzing the moment balance when the particle is attached within the “valley” 

 
The angle θ and the radius of the particle, R, are used in Equation 5 to determine the b-

value.  

              b = R/sin(θ)            (5) 

The b-value represents the distance from the bottom of the valley of the media surface to 

the center of the attached particle.  The radius intersects the media surface line which 

must be tangent to the spherical particle.  This forms a right angle which allows Equation 

5 and the trigonometric relationship in it valid.  With the b-value known, a series of two 
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equations with two unknowns can be developed.  Equation 6 represents the line starting 

at the origin and tangent to the attached particle.   

         Y = [(2H/λ)]X            (6)  

Equation 7 represents the surface of the spherical particle, where the center of the particle 

is located at the coordinate point (0, b). 

                                                  X
2
 + (Y – b)

2
 = R

2
                           (7) 

spherical particle, where the center of the particle is located at the coordinate point (0, b). 

The system of equations can be solved by substituting Equation 6 into Equation 7, 

solving for the X-value, and then using the X-value to solve for the Y-value.  Equation 8 

is used to determine the Z-value, the final unknown parameter required to complete the 

moment balance. 

                                                             Z = b – Y            (8)   

The mathematical relationships for finding X and Z become simplified when the particle 

is attached at the two peaks of the media surface   Figure 9 illustrates a particle which 

contacts the media surface at the two peaks rather than within the valley.  The 

parameters, dimensions, and simplified mathematical relationships used in finding the X 

and Z-values are included in Figure 9.  Based on Figure 9, the X-value can be determined 

using Equation 9.   

     X = λ/2            (9) 

With the X-value and the radius, R, of the attached particle, the Pythagorean Theorem is 

used to calculate the Z-value in Equation 10. 

       Z
2
 = R

2
 – X

2
          (10) 
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Figure 9:  Dimensions, parameters, and mathematical relationships used in determining the X and   

Z-values when the particle is attached at the two peaks of the media surface 

 
The X and Z-values are used to perform the moment balance in Equation 4.  The 

moment balance is used to determine the minimum shear required to roll and remove an 

attached particle from the media surface.  The force of adhesion (FAd) must be determined 

before the minimum required shear for detachment can be calculated.  The force of 

adhesion is estimated using Equation 3.  With the X and Z-values previously determined, 

the drag force and lift force must be defined.  The drag force (Fd) is defined using 

Equation 11 (Bergendahl and Grasso, 1998), where µ is the dynamic viscosity of water at 

25°C (8.998 x 10
-4

 N-s/m
2
) and S is the fluid shear passing through the porous media bed 

within the column. 

  Fd = 10.205 
.
 π 

.
 µ 

.
 S 

.
 R

2
         (11) 
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Equation 11 represents the drag force experienced by a spherical particle attached to a 

smooth media surface.  When attached to a smooth surface, the entire cross sectional area 

of the particle is exposed to the fluid flow.  However, in the case where the media surface 

has been chemically etched, the fraction of area exposed to the fluid flow decreases based 

on the roughness of the media surface and the particle diameter.  Equation 12 

incorporates the fraction of exposed area (fA) for determining the drag force on an 

attached particle.   

Fd = 10.205 
.
 fA 

.
 π 

.
 µ 

.
 S 

.
 R

2
         (12) 

The fraction of exposed area is estimated based on two situations.  In the first situation 

the center of the spherical particle (b) is located above the P/V height (H) and the fraction 

of exposed area is greater than 0.50.  Figure 10 shows a particle with its center above the 

P/V height and the mathematical expressions used in determining the fraction of exposed 

area.  The concealed area in Figure 10 is the area below the two points of contact.  The 

angle associated with the concealed area (δ) is estimated using Equation 13. 

           cos(δ/2) = (b – H)/R                     (13) 

The angle δ is subtracted from the total angle of a circle, 2π radians, in Equation 14 to 

determine the angle associated with the exposed area (γ). 

        γ = 2π – δ          (14) 

The angle γ is used in Equation 15 to determine the exposed area above the P/V height 

(Mays, 2001).   

         Ae = 1/8 
.
 (γ – sin(γ)) 

.
 d

2
         (15) 

The fraction of exposed area is calculated using Equation 16, where πd
2
/4 represents the 

total cross-sectional area of the spherical particle. 
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     fA = Ae/(πd
2
/4)         (16) 

 
Figure 10:  Spherical particle with its center located above the P/V height and the mathematical 

expressions used to determine the fraction of exposed area above the two points of contact 

 

 In the second situation, the center of the particle is located below the P/V height, 

and the fraction of area exposed to fluid flow is less than 0.50.  Figure 11 illustrates a 

particle with its center located below the P/V height and the mathematical relationships 

used to determine the fraction of exposed area.  In this case, the angle associated with the 

exposed area, γ, can be estimated using Equation 17.   

                 cos(γ/2) = (H – b)/R         (17) 

As done in the prior analysis, Equations 15 and 16 are then used to determine the actual 

fraction of exposed area for this scenario. 
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Figure 11: Spherical particle with its center located below the P/V height and the mathematical 

expressions used to determine the fraction of exposed area above the P/V height 

 

The lift force, FL, can be estimated using Equation 18 (Bergendahl and Grasso, 

1998), where ν is the kinematic viscosity of water at 25°C (9.025 x 10
7
 m

2
/s).   

  FL = 81.2 
. 
µ 

.
 R

3
 
.
 S

3/2
/ν

1/2
         (18) 

The minimum fluid shear through the packed column at 75 mL/min is assumed to be 

100.6 s
-1 

(Bergendahl and Grasso, 2000).   

The column detachment experiments showed that particles with a diameter of 

1100 nm experienced approximately 50% detachment at a flowrate of 75 mL/min when 

attached to media that was chemically etched using the chromic acid procedure.  For X 

and Z-values of 275.547 nm and 475.998 nm respectively, and a fluid shear of 100.6 s
-1

, 
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Equation 3 was used to determine the force of adhesion for particles with a diameter of 

1100 nm (1.4854 x 10
-12

 N).    

 However, the force of adhesion is not constant and changes with particle diameter 

based on the extended-DLVO theory (Bergendahl and Grasso, 1999).  The total 

interaction energy between particles and media surfaces, ∆G
Σ
, is expressed in Equation 

19 (Bergendahl and Grasso, 1999) as the sum of the electrostatic (∆G
EL

), van der Waals 

(∆G
VDW

), Born repulsion (∆G
Born

), and Lewis acid-base (∆G
AB

) interaction energies.   

           ∆G
Σ
 = ∆G

EL
 + ∆G

VDW
 + ∆G

Born
 + ∆G

AB
        (19) 

   

Based on the linear superposition approximation (LSA), a prediction for the 

electrostatic interaction energy for dissimilar surfaces can be made.  Values for the 

electrostatic interaction energy that are estimated by the LSA equation are between the 

range of those determined from electrostatic equations based on constant charge and 

constant potential assumptions (Elimelech et al., 1995).  Equation 20 (Gregory, 1975) 

represents the sphere-plate LSA equation used to determine the electrostatic interaction 

energy between the colloid and media surface, 

       ( )sexp
z

kT
R64G 21

2

j

EL κγγπε −
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e
        (20) 

where:  
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2

ε
κ

Σ
=  

The difference in size scale of the particles and the porous media allows for the sphere-

plate geometry to be used.  Equation 21 (Gregory, 1981) predicts the retarded van der 

Waals interaction energy. 
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The Born repulsion interaction energy is determined using Equation 22 (Ruckenstein and 

Prieve, 1976).   
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The collision diameter (σc) in Equation 22 was varied to achieve a primary minimum 

depth at 0.158 nm which is a commonly accepted distance of closest approach do (van 

Oss, 1994).  The Lewis acid-base interaction energy is estimated using Equation 23 (van 

Oss, 1994).   
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λπ         (23) 

Equation 23 demonstrates that the interaction energy between the particle and media 

surface decays exponentially as a function of distance.  The extended DLVO-theory is 

used to predict the change in interaction energy due to varying particle diameter.  The 

interaction energy is directly proportional to the force of adhesion, and thus the extended 

DLVO-theory predicts the change in the force of adhesion as a function of particle 

diameter.  The interaction energy and the Langbein approximation for the interaction area 

are used in Equation 24 to determine the interaction energy per unit area (W) 

(Israelachvili, 1992). 

      W = ∆Gmin/(2 
.
 π 

.
 R 

.
 do)                    (24) 

The interaction energy per unit area is used in the JKR model, Equation 25 (Johnson, 

Kendall, and Roberts, 1971), to estimate the force of adhesion.  

          Fad = 3/2 
. 
π 

. 
W 

.
 R         (25) 
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Figure 12 shows the linear relationship between the adhesion force and the 

particle diameter.  However, the actual values for the adhesion force shown in Figure 12 

are those represented by the interaction energy between the particles and a flat, smooth 

surface.  The extended DLVO theory is only used to determine the effect of changing 

particle diameter on the adhesion force relative to that for particles of 1100 nm.  As 

shown in Figure 12, there is a direct linear correlation between the particle diameter and 

the adhesion force.  Based on the adhesion force of 1.4854 x 10
-12

 N determined for 

particles with a diameter of 1100 nm and the direct linear relationship between particle 

size and adhesion, Equation 26 is developed to estimate the adhesion force for any given 

particle size.   
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Figure 12:  Adhesion force as a function of particle diameter based on the JKR model and extended 

DLVO theory 

 

The overall focus of performing the moment balance around the point of contact 

between the attached particle and the media surface is to determine values for the 

minimum fluid shear required to remove the attached particles from the media surfaces.  
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The analysis begins with assigning a fluid shear of 100.6 s
-1

 to the experimental data set 

where the particles had a diameter of 1100 nm and the media was chemically etched 

using the chromic acid procedure.  The force of adhesion is determined for particles with 

a diameter of 1100 nm and then used in Equation 26 to determine the force of adhesion 

for any given particle diameter.  The force of adhesion along with the X and Z-values are 

then used in Equation 3 to estimate the minimum fluid shear required to detach the 

particles.  The X and Z-values are dependent on the particle diameter and the roughness 

of the media surface, which consists of both the λ-value and the P/V height.  A 

parametric study showing the change in minimum fluid shear required for detachment as 

a function of surface roughness was performed.    

Parametric Study  

The parametric study investigated the effect of the particle diameter and the media 

surface roughness (λ-value and P/V height) on the minimum fluid shear required to 

detach the attached particles.  The three parameters were varied in order to show the 

change in minimum fluid shear.  The first part of the parametric study used values for 

particle diameter ranging from 1300 nm to 300 nm which decrease by increments of 200 

nm.  The media λ-values range from 300 nm to 1300 nm and increase by increments of 

100 nm.  The study was done for two P/V heights including 1000 nm and 500 nm.  This 

first parametric study represents primary roughness conditions where the λ1-value and 

(P/V)1 height are the significant variables in considering surface roughness.  A second 

part of the parametric study was done looking at the effect of secondary roughness where 

the λ2-value and (P/V)2 height were the significant variables.  The particle diameter was 

varied from 50 nm to 250 nm increasing by increments of 50 nm, and the λ-value ranged 
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from 50 nm to 250 nm increasing by increments of 50 nm.  The (P/V) height was held 

constant at 100 nm.  In both parts of the parametric study the fraction of particle area 

exposed to fluid flow was limited to greater than 0.50.  Conditions which caused the 

center of the particle to lie below the (P/V) height (fraction of exposed area less than 

0.50) were not considered.  The mechanism for detachment with particles having a 

fraction of exposed area less than 0.50 may involve parameters and factors which need 

further investigation.   

  For each set of conditions in the parametric study, the minimum fluid shear 

required for detachment was determined.  Bergendahl and Grasso (2000) used a similar 

experimental setup and determined the constricted tube model was the best representation 

of the void space between spherical media in a packed column.  According to the 

constricted tube model, the minimum fluid shear through a pore in the packed bed due to 

a fluid flowrate of 75 mL/min is approximately 100.6 s
-1

.   

The results of the model with P/V height held constant at 1000 nm are shown in 

Figure 13.  The model shows that the shear required for detachment increased as λ 

increased.  The shear required for detachment for particles with diameters of 1300 nm, 

1100 nm, and 900 nm is below 100 s
-1

 for media with a λ-value of 300 nm.  With a peak 

to peak distance of 300 nm on the media surface, these particles are attached to the peaks 

of the surface.  As λ is increased, meaning the peak to peak distance becomes further 

apart, the particle moves further into the “valley” although still attached to the peaks.  

This causes a reduction in the fraction of exposed area, an increase in X, and a decrease 

in Z.  These are the three parameters which work simultaneously to either increase or 

decrease the shear required for detachment as roughness changes.  In the scenario where 
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λ increases, the changes in each of the three parameters all contribute to an increase in 

shear.  Thus, an increase in the fraction of exposed area, a decrease in the X-value, or an 

increase in the Z-value contributes to reducing the shear required for detachment.   
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Figure 13:  Shear required to achieve particle detachment as a function of λ for a constant P/V height 

of 1000 nm 
 

In this first case where the P/V height is constant at 1000 nm, there is a point on 

the curves representing particles a diameters of 1300 nm and 1100 nm where the slope 

appears to approach zero.  The λ-values where the slope begins to approach zero for 

particles with a diameter of 1300 nm and 1100 nm are approximately 1200 nm and 1000 
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nm respectively.  At these λ-values, the particle was no longer attached to the peaks of 

the media surface, but rather penetrated into the “valley” where it became attached to two 

points below the peaks.  The curve begins to level off as a result of the change in the 

fraction of exposed area, the X-value, and the Z-value.  When the particle was attached to 

the peaks of the valley of the media surface, the increasing λ-value caused all three 

parameters to change in a manner which causes an increase in shear requirement. 

However, when the particle penetrates into the valley and becomes attached to the surface 

within this valley, an increase in the λ-value no longer changes the three parameters in 

such a way that they all contribute to an increase in shear requirement.  As the λ-value 

increases, the fraction of exposed area continues to decrease which still contributes to an 

increase in required shear.  The X-value decreases and the Z-value increases which both 

contribute to a decrease in the required shear.  In this case where the P/V height is large 

at 1000 nm, the increase in required shear due the decreasing exposed area is slightly 

larger than the decrease in required shear due to the changing X and Z-values.  Therefore, 

the overall shear requirement still continues to increase although at a minimal rate as the 

λ-value increases.  As an example, an increase in the λ-value beyond the value of 1200 

nm for particles with a diameter of 1300 nm causes only a minor increase in the required  

shear for 50% detachment compared to previous identical increments of increases in the 

λ-value.   

The shear requirements for particles with diameters of 1300 nm and 1100 nm 

when attached to a media surface with a λ of 1300 nm are 302.6 s
-1

 and 468.1 s
-1

.  For 

particles with a diameter of 900 nm, the largest value for shear occurs at a λ of 1000 nm 

and equals 725.6 s
-1

.  The fraction of exposed area for particles with a diameter of 900 
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nm attached to a media surface with a λ of 1100 nm or greater is below 0.5.  The shear 

requirement is not estimated for particles with a fraction of exposed area less than 0.5.  

The total number of data points for particles with a diameter of 700 nm and 500 nm 

decreases compared to the larger particles.  This is due to the fraction of exposed area 

dropping below 0.5 at smaller λ-values for these smaller particles.  The largest shear 

requirements for particles with a diameter of 700 nm and 500 nm occur at 700 nm and 

500 nm respectively.  At λ-values greater than these, the fraction of exposed area drops 

below 0.5 and the data points are not determined.  The largest shear requirement for 

particles with diameters of 700 nm and 500 nm are 1098.0 s
-1

 and 2135.9 s
-1

 respectively.   

The shear present in the pores of the porous media may increase to more than 

twice that present at the widest part of the pore based on the constricted tube model.  The 

constricted tube model is an idealistic model that makes several assumptions.  The model 

assumes ideal conditions including smooth surfaces and uniform, identical, parabolically 

shaped pore spaces.  However, with the media chemically etched, the pore spaces formed 

by these no longer smooth, spherical beads vary throughout the column.  This causes the 

pore velocity of the fluid and the shear produced by the fluid flow through the pores to 

vary more than that previously determined by the constricted tube model.  There are pore 

spaces within the packed bed where the shear developed is below the 100.6 s
-1

 and above 

the shear at the pore throats predicted by the constricted tube model to be 980.8 s
-1

.  

These shear values found by the detachment model of 1098.0 s
-1

 and even 2135.9 s
-1

 may 

be present in localized areas within the packed bed.   

The results of the model for a P/V height of 500 nm are similar to those at a P/V 

height of 1000 nm.  Figure 14 shows the shear required for detachment as a function of  
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Figure 14:  Shear required for detachment as a function of λ for a constant P/V height of 500 nm 

 

the λ-value for a constant P/V height of 500 nm.  The shear requirements are identical to 

those for a constant P/V height of 1000 nm when the particle is attached to the peaks of 

the valley.  However, for particles with diameters of 1300 nm, 1100 nm, and 900 nm, the 

particle begins to attach to the surface within the valley at a lower λ-value than it does for 

a constant P/V height of 1000nm.  For example, at a P/V height of 1000 nm, particles 

with a diameter of 1300 nm begin to attach to the media surface within the valley at a λ-

value of 1200 nm.  When the P/V height is 500 nm, particles with a diameter of 1300 nm 
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begin to attach to the surface within the valley at a λ-value of 1000 nm.  When the 

particle begins to attach to the surface within the valley, the shear requirements begin to 

differ significantly for P/V heights of 1000 nm and 500 nm.   

The point where the particle begins to penetrate the valley and attach to the 

surface within the valley is represented by the peak of the curves in Figure 14.  After this 

point of initial penetration, the shear requirement decreases as the λ-value is increased.  

For a P/V height of 1000 nm, the normalized shear requirement continued to slightly 

increase after this point, but this is not the case with a constant P/V height of 500 nm.  As 

discussed when the P/V height was 1000 nm, the three parameters affecting the shear 

required for detachment are the fraction of exposed area and the X and Z-values.  For λ-

value increases beyond this initial point of valley penetration, the fraction of exposed area 

decreases contributing to an increase in the shear requirement.  Similar to the P/V height 

of 1000 nm, at a P/V height of 500 nm, the X-value decreases and the Z-value increases 

for an increase in λ-value which both contribute to a decrease in the shear requirement.  

However, the magnitude of the decrease in shear requirement due to the change in X and 

Z-values is greater than the magnitude of the increase in shear requirement due to the 

decrease in the fraction of exposed area.  The overall result is a decrease in the shear 

requirement as the λ-value increases beyond the point of initial particle attachment within 

the valley of the media surface.   

Figure 15 shows the shear required for detachment as a function of the λ-value for 

a constant P/V height of 500 nm for only particles with a diameter of 1100 nm.  An 

illustration is displayed corresponding to each of the three positions where the particle is 

attached to the media surface.  The first phase represents an increasing shear requirement 
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for an increasing λ-value which corresponds to the particle being attached at the peaks of 

the valley.  The second phase occurs at the peak of the shear requirement curve where the 

particle first begins to attach to the surface within the valley.  The third phase is 

represented by the decreasing shear requirement where the particle attaches to the media 

surface well within the valley.  This third phase is similar to the third phase when the P/V 

height is constant at 1000 nm.  The difference between the two as discussed previously is 

that at a P/V height of 500 nm, the fraction of exposed area remains much greater than 

that when the P/V height is 1000 nm.   
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Figure 15:  Shear required for detachment as a function of λ for a constant P/V height of 500 nm 

while illustrating the particle position in regards to the attachment points on the media surface 

 

At a P/V height of 1000 nm, the particle falls deeper into the valley leaving a 

smaller fraction of exposed area, larger X-value, and smaller Z-value than that produced 

by the same size particle attached to the media surface with a P/V height of 500 nm.  
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These parameters cause the difference in the change in shear requirement for increases in 

the λ-value.  At a P/V height of 1000 nm, the shear requirement continues to increase 

while at a P/V height of 500 nm, the shear requirement begins to decrease as a result of 

increasing the λ-value.  The parametric study shows that the shear required for 

detachment decreases as the P/V height decreases for a constant particle diameter and 

constant λ-value.  At a λ-value of 1200 nm and P/V height of 1000 nm, the shear 

requirement for detachment for a particle with a diameter of 1300 nm is 299.8 s
-1

.  With 

the particle size and λ-value constant, the shear requirement for a P/V height of 500 nm 

drops to less than half of that for a P/V height of 1000 nm at 143.0 s
-1

.    

 In the smaller particles, the λ2-value and the (P/V)2 height became the roughness 

variables of concern.  Figure 16 shows the shear required for detachment as a function of 

the λ-value for a constant P/V height of 100 nm.  The results show identical trends to 

those for a P/V height of 500 nm.  There is an initial increase in shear required for 

detachment when the particle is attached to the peaks of the media surface.  The shear 

curve reaches a peak where the particle initially attaches to the media surface below the 

peaks and within the valley.  For λ-values greater than the initial penetration point the 

curve begins to decrease as the particle attaches to the media surface further into the 

valley.  The actual values for the shear requirement in Figure 16 range from a low of 

153.0 s
-1

 for particles with a diameter of 250 nm at a λ-value of 50 nm to a high of 2308.9 

for particles with a diameter of 150 nm at a λ-value of 150 nm.   
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Figure 16:  Shear required for detachment as a function of λ for a constant P/V height of 100 nm for 

particles ranging from 150 nm to 250 nm 

 

Experimental Data Points for Hydrodynamic Shear 

The theoretical parametric study has developed a model to predict the shear requirement 

curves for detachment for various particle diameters, λ-values, and P/V heights.  The 

experimental data collected must be compared to the theoretical curves developed by the 

study to determine the validity of the model.  The first two experimental data points are 

shown in Figure 17 for particles with a diameter of 1100 nm.  The data point at 551.1 nm, 

data point 1, represents the minimum shear in the packed bed at a flowrate of 75 mL/min.  

This minimum shear value of 100.6 s
-1

 was used along with particles with a diameter of 

1100 nm and media chemically etched using chromic acid as the base point for the 

parametric study.  This point falls exactly on the detachment curve for particles with a 

diameter of 1100 nm.  The values for the fraction of detachment for particles with a 

diameter of 1100 nm attached to media surfaces chemically etched using the chromic 

acid method range from 0.45 to 0.58.   
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Figure 17:  Theoretical shear requirement curves for detachment as a function of λ showing the two 

experimental data points 

 

 The data point at a λ-value of 823.1 nm, data point 2, represents the minimum 

shear at a flowrate of 100 mL/min of 134.2 s
-1

.  A flowrate of 100 mL/min was the 

highest experimental flow pumped through the packed bed.  The actual experimental 

detachment due to the minimum shear of 134.2 s
-1

 ranged from 0.41 to 0.48.  The model 

predicts that the actual shear required for detachment of particles with a diameter of 1100 

nm for a λ-value of 823.1 nm and P/V height of 925.7 nm is 210.3 s
-1

.  The experimental 

percent detachment should be and is less than 50% for a flow producing a minimum 

shear of 134.2 s
-1

.   

 The experimental detachment was less than 50% for particles with a diameter of 

120 nm.  For these smaller particles, the λ2-value and (P/V)2 height were used in 

determining the theoretical shear required to achieve detachment.  At a λ-value of 53.9 

nm and P/V height of 125.7 nm, the predicted shear required for detachment is 798.6 s
-1

.  

The greatest flowrate used to detach the particles was again 100 mL/min producing a 

minimum shear of 134.2 s
-1

.  The experimental range of detachment for these conditions, 

data point 3, was 0.24 to 0.32 and is represented by the red data point in Figure 18.   

d = 1100 nm 
λ = 551.1 nm 
P/V height = 950.6 nm 

Frac. Detach. = 0.45 – 0.58 

d = 1100 nm 
λ = 823.1 nm 
P/V height = 925.7179 

Frac. Detach. = 0.25 – 0.35 
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Figure 18:  Theoretical shear requirement curves for detachment as a function of λ showing two 

experimental data points 

 

The second experimental data point in Figure 18, data point 4 (green), represents 

conditions including a λ-value of 57.5 nm and a P/V height of 120.8 nm.  The model 

predicted a shear for detachment to be 872.0 s
-1

 which is greater than that predicted for 

the same size particles attached to a media surface with a λ-value 53.9 nm.  With the 

experimental minimum shear remaining 134.2 s
-1

, the fraction of particle detachment for 

this fourth experimental data point is expected to be less than that for the first point.  The 

actual fraction of detachment ranged from 0.20 to 0.22 which was expected based on the 

prediction of the shear predicted by the model to achieve detachment.   

The ranges for the fraction of particle detachment for the two experimental data 

points show similar trends based on the model’s prediction for shear requirement.  The 

model predicts a shear requirement for particles attached to a surface with a λ-value of 

53.9 nm and a P/V height of 125.7 nm of 798.6 s
-1

.  The shear requirement predicted by 

the model for these same size particles attached to a surface with a λ-value 57.5 nm and a 

P/V height of 120.8 nm is 73.4 s
-1

 more at 872.0 s
-1

.  Based on the theoretical shear 

d = 120 nm 
λ = 53.9 nm 
P/V height = 125.7 nm 

Frac. Detach. = 0.24 – 0.32 

d = 120 nm 
λ = 57.5 nm 
P/V height = 120.8 nm 

Frac. Detach. = 0.20 – 0.22 
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requirements, it’s expected that less detachment would be achieved for the fourth 

experimental data point when comparing it to the third.  The actual experimental 

detachment ranges show the expected trend with the third data point having a range of 

detachment of 0.24 to 0.32 and the fourth having a range of detachment of only 0.20 to 

0.22.   

The experimental fraction of detachment and the theoretical shear required for 

50% detachment for particles with diameters of 1100 nm and 120 nm are shown in Table 

5.  Table 5 shows three experimental data points experiencing a constant minimum shear  

of 134.2 s
-1

 and one data point with a smaller minimum shear of 100.6 s
-1

.  In the case 

where the minimum shear of 100.6 s
-1

 was used, an actual fraction of detachment of 

approximately 0.50 was achieved.  For the other three cases, 50% detachment was not 

achieved and the greatest flow pumped through the packed bed produced a minimum 

shear of 134.2 s
-1

.  The trends for particle detachment are clearly shown in Table 5.  As 

the shear requirement for detachment predicted by the model increases, the actual 

fraction of detachment decreases for a constant minimum shear experienced in the pore 

spaces.  Based on the trends shown in Table 5, it would be expected that for a model 

shear requirement greater than 872.0 s
-1

, the actual fraction of particle detachment would 

be less than 0.20.   

 The remaining two experimental data points for particles with a diameter of 510 

nm are not compared to the theoretical model.  The fraction of exposed area when these 

particles are attached to the glass beads chemically etched using the chromic acid 

procedure, data point 5, is approximately 0.41.  Conditions where the fraction of exposed 

area was less than 0.50 were not considered by the theoretical model due to the 
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uncertainty which the role of exposed area takes on the drag force and therefore the shear 

requirement.  In the prior four experimental data points which included the particles with 

a diameter of 1100 nm and 120 nm, the lowest fraction of exposed area was 

approximately 0.90 meaning the fraction of exposed area did not have a large effect on 

the results.  However, for data point 5, the fraction of exposed area will play a major role 

in decreasing the drag force and will therefore cause a large theoretical shear requirement 

for 50% detachment.  If data point five was considered in the model, the shear 

requirement for detachment would be 2396.6 s
-1

.  Even at this high theoretical shear 

requirement for 50% detachment, the actual range for the fraction of particle detachment 

is 0.37 to 0.48 for a minimum shear of 134.2 s
-1

.  Based on the previous four 

experimental data points, the expected experimental fraction of detachment would be 

below 0.20.   

Table 5:  Experimental data points for particles with a diameter of 1100 nm and 120 nm showing the 

theoretical shear required for 50% detachment predicted by the model, the actual minimum shear 

developed in the pore spaces, and the actual experimental fraction of detachment achieved in each 

case  

Experimental 

Data Point 

Model Shear for 

50% Detachment 

Minimum Shear 

through Pore Spaces 

Experimental Fraction 

of Detachment 

1 100.6 s
-1 

100.6 s
-1 

0.45 – 0.58 

2 210.3 s
-1 

134.2 s
-1 

0.41 – 0.48 

3 798.6 s
-1 

134.2 s
-1

 0.24 – 0.32 

4 872.0 s
-1 

134.2 s
-1

 0.20 – 0.22 

 

Data point 6 represents conditions where particles with a diameter of 510 nm are 

attached to the media surface chemically etched using the citric acid/ammonium fluoride 

solution.  Similar to the previous data point, data point 6 is not considered by the 

theoretical model due to the fraction of exposed area being below 0.5.  In this case, the 

particle is attached deep within the valley producing a fraction of exposed area of zero 
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and meaning the particle is completely concealed from the fluid flow.  This would mean 

that the expected fraction of particle detachment should be zero.  However, the 

experimental fraction of detachment is 0.33 to 0.40 showing that the fraction of exposed 

area takes a different role than that defined by the model for particles with a fraction of 

exposed area greater than 0.50.   

In comparison to the same size particles attached to the media surface chemically 

etched using the chromic acid (data point 5), the fraction of particles detached for data 

point 6 is less.  This means that the trend of less detachment achieved when identical 

particles are attached to media surfaces with higher λ-values holds true even for these 

particles not considered by the model.  However, the experimental values for the actual 

fraction of particles detached does not fall within the expected range based on the 

theoretical model and the experimental fractions of detachment for the first four data 

points.  The reason for the discrepancy must be the inaccurate usage of the fraction of 

exposed area in Equation 13 when the value for the fraction of exposed area decreases 

further from a value of unity of 1.0. 

Experimental Detachment with Solution Chemistry Changes 

 Colloid detachment due to changing solution chemistry was measured for the two 

batches of chemically etched glass beads.  Particles were attached and detached at a 

constant flowrate of 5 mL/min.  Solutions of increasing pH at a constant ionic strength 

were used to detach the attached colloids.  Figure 19 shows the fraction of detachment 

due to increasing the pH for particles with a diameter of 1100 nm at a constant ionic 

strength of 0.01 M and 0.001 M.  Figure 19 shows less detachment occurs from the 

rougher beads with a greater λ.  The trend of less detachment with a greater λ may be 
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explained by the van der Waals attraction force.  At a greater λ, the particles attach closer 

to the center of the media.  As the particles move closer to the center of the media, more 

molecules from both the colloid and the media interact with each other causing an 

increase in the force of adhesion.  The increase in the force of adhesion makes it more 

difficult for detachment to occur, and the trends shown in Figure 19 were observed.    

 Similar trends were observed for particles with a diameter of 510 nm.  Figure 20 

shows the fraction of detachment as a function of pH and ionic strength.  The fraction of 

detachment is less for particles attached to the rougher glass beads which have a greater 

λ.  Similar to the analysis for particles with a diameter of 1100 nm, as λ increases, the 

colloids attach closer to the media center.  Closer attachment increases molecular 

interactions, van der Waals attraction, and the force of adhesion.  Roughness was found 

to decrease the detachment of particles with diameters of 1100 nm and 510 nm.  

 For the smallest particles with a diameter of 120 nm, the difference in detachment 

from one batch of beads to the other was not significant.  The overall detachment in both 

cases was much less than that observed for the two larger particle sizes.  The van der 

Waals attraction may give some explanation as to why there was no difference.  The 

smallest particles attach well within the “valley” on the primary roughness scale.  The 

difference in colloid position and closeness to the media center due to secondary 

roughness from one batch of beads to the other was not significant, and the difference in 

the van der Waals attraction between the two batches of beads was negligible.    
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Figure 19:  Fraction of colloid detachment as a function of pH and ionic strength for particles with a 

diameter of 1100 nm 
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Figure 20:  Fraction of colloid detachment as a function of pH and ionic strength for particles with a 

diameter of 510 nm  
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SUMMARY 

 Research has been done looking at the attachment and detachment of particles 

from porous media.  Column tests with smooth glass beads have been used by other 

researchers to determine the effects of solution chemistry and hydrodynamic shear on 

detachment.  However, real surfaces in the environment are not smooth.  The objectives 

of this research were to alter and quantify the roughness of porous media, to determine its 

effect on colloid detachment, and develop a model to predict the effects of surface 

roughness on detachment. 

 Two batches of glass beads were chemically etched.  Using a modified procedure 

from Logan and Shellenberger (2002), the first batch was chemically roughened using 

chromic acid.  The second batch was chemically etched using a citric acid/ammonium 

fluoride solution based on a procedure used by Itälä et al. (2001).  Atomic Force 

Microscopy was used to measure surface roughness which was defined by three 

parameters.  The Root Mean Square (RMS) roughness and peak to valley heights (P/V 

height) of the two batches could not be shown statistically to be not equal.  Based on the 

detachment trends measured in column tests, the third roughness parameter, peak to peak 

distance (λ), was determined to be the controlling roughness parameter. 

 The effects of roughness on detachment were quantified.  A moment balance on 

the attached particle around the downstream point of contact was used to perform a 

parametric study.  The moment balance and parametric study were used to develop a 

model to predict the hydrodynamic shear required for detachment based on particle 

diameter, P/V height, and λ.  The model showed an increase in the required shear for 

detachment with a decrease in particle diameter and an increase in λ and P/V height.  
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Experimental detachment showed trends similar to those established by the model.  

During hydrodynamic testing less detachment was observed from surfaces with a greater 

λ for particles identical in size.  Similarly, for solution chemistry perturbations, less 

detachment was observed from surfaces with a greater λ for particles identical in size.  

The trends found during hydrodynamic testing were attributed to the physical positioning 

of the attached particle on the peaks or within the “valley” of the media surface.  The 

trends found during solution chemistry testing were attributed to a larger van der Waals 

attraction force for particles attached closer to the center of the porous media.             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 59 

ENGINEERING IMPLICATIONS AND FUTURE WORK 

 Researchers have been trying to relate the principles learned in column tests to 

real situations to predict colloid attachment and detachment from porous media.  The 

problems which can occur due to colloid mobilization are extensive and the mechanisms 

involved must be understood.  The effect of roughness on colloid detachment is a 

significant extension to predicting the mobilization of colloids.  Research has been done 

predicting colloid detachment from smooth surfaces.  Surfaces are not smooth in natural 

and engineered systems.  Real surfaces have “peaks” and “valleys” which cause 

significant alterations in the colloid detachment mechanisms.  The model was developed 

through the use of a moment balance around the downstream point of contact.  

Detachment with hydrodynamic shear based on particle size, λ, and P/V height can be 

predicted by the model. 

 Colloids have been found to be naturally present in groundwater systems.  

Problems can arise from the detachment and mobilization of these colloids in the 

subsurface.  Groundwater is a primary case of fluid flow through porous media where the 

model developed can contribute to making better predictions of colloid detachment.  The 

installation and use of drinking water wells and groundwater sampling wells can cause 

changes in the pressure gradient and flowrate of groundwater.  When the flowrate of the 

groundwater is increased, colloids detach and increase the turbidity of the water.  

Turbidity reduces the quality of drinking water and the accuracy of measurements in 

groundwater sampling.   

 The health of humans and animals can be affected by colloid transport.  

Pathogenic bio-colloids such as viruses, bacteria, protozoa, etc. can be removed from 
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fluid flow in natural and engineered filtration systems.  Conditions which can cause these 

particles to become detached and mobilized back into the water stream must be defined.  

River bank filtration is still in certain areas around the world.  This natural filtration 

process relies on proper particle removal to supply clean drinking water to residents in 

the area.  Understanding the properties of the sediment and its nanoscale roughness can 

contribute to predicting the change in water flow required to detach and remobilize the 

pathogens into the water supply.   

 Engineered systems such as slow sand and deep bed filters in drinking water and 

wastewater treatment rely on significant filtration and removal of particles.  Before the 

filters are manufactured, Atomic Force Microscopy can be used to measure the surface 

roughness of the media used.  Knowing the size of the particles in question, the 

roughness can be used to predict the hydrodynamic shear required to detach pathogens 

once they are attached.  The flowrate through filter systems can be maintained at a rate 

promoting attachment and preventing detachment. 

 Colloid mobilization has been found to significantly increase contaminant 

transport in the environment, primarily in groundwater.  Hydrophobic contaminants such 

as organic solvents and radionuclides which may otherwise be stagnant due to low 

solubility in water may become noticeably mobile in groundwater.  The contaminants 

adsorb to the surface of colloids which, when mobilized, carry these contaminants over 

significant distances.  Plutonium has been thought to be immobile in groundwater due to 

its low solubility and high sorption to rock surfaces.  Recent research at the Nevada Test 

Site where hundreds of underground nuclear tests have been performed has found 

plutonium concentrations outside detonation cavities.  The findings indicate that the 
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transport of plutonium has been greatly increased possibly due to the detachment and 

mobilization of colloids in the subsurface (Kersting et al., 1999).     

 Colloid mobilization may not have only negative impacts on the environment.  A 

process known as Selective Colloid Mobilization (SCM) may increase the remediation of 

contaminated sediment and groundwater systems.  In a normal pump and treat process, 

contaminated groundwater can be pumped from the subsurface, treated, and then returned 

to the aquifer.  However, in the case where a contaminant is adsorbed to colloids which 

are attached to the immobile solids phase, the remediation process is limited.  After the 

water is treated and returned to the aquifer, the contaminant adsorbed to attached colloids 

can re-saturate the groundwater.  In the SCM process, chemicals are added to the water to 

detach the contaminated colloids from the immobile sediment.  The water containing 

these contaminant covered colloids is pumped to ground level, treated, and returned to 

the aquifer.  SCM can significantly increase the remediation of groundwater 

contaminated with hydrophobic materials (Seaman and Bertsch, 1998).   

 Future column tests to obtain additional detachment data for varying roughness 

should be done to compare with the model developed by this research.  The accuracy of 

accounting for the fraction of exposed area requires more investigation.  The developed 

model is simplistic.  It may be accurate when the fraction of exposed area is close to 1.0, 

but its accuracy may decrease when the fraction of exposed area is reduced.  A 

computational fluid dynamics study must be done to better understand the fluid 

interactions with the colloid when it’s attached within the “valley” of the media surface.  

Relating column test detachment curves to real environmental and engineered systems is 

the ultimate goal of research in this field.  Due to the complexities and differences 
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between each situation, making predictions has been difficult.  Continued research on the 

effects of roughness on detachment will significantly contribute to understanding the 

mechanisms responsible for colloid mobilization.          
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APPENDIX A: CONCENTRATION-OPTICAL DENSITY RELATIONSHIPS 
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Latex particles with a diameter of 1100 nm, OD measured with λ = 650 nm 
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Latex particles with a diameter of 510 nm, OD measured with λ = 650 nm 
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Latex particles with a diameter of 120 nm, OD measured with λ = 500 nm 
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APPENDIX B: MEDIA SURFACE ROUGHNESS PARAMETERS 
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Mean λ1 Values with Bars representing 95% Confidence Intervals 
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Mean λ2 Values with Bars representing 95% Confidence Intervals 
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Mean (P/V)1 Height Values with Bars representing 95% Confidence Intervals 
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Mean (P/V)2 Height Values with Bars representing 95% Confidence Intervals 

 

0

20

40

60

80

100

120

140

160

180

P
/V

 H
e

ig
h

t 
2

 (
n

m
)

Chromic-12

CA/AF

 
 

 

 

 



 74 

 

 
 

 

 

 

 

 

 



 75 

Mean RMS1 Values with Bars representing 95% Confidence Intervals 
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Mean RMS1 Values with Bars representing 95% Confidence Intervals 
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APPENDIX C: DATA FOR EXPERIMENTAL DETACHMENT WITH 

HYDRODYNAMIC SHEAR CHANGES 
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APPENDIX D: DATA FOR EXPERIMENTAL DETACHMENT WITH 

SOLUTION CHEMISTRY CHANGES 
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APPENDIX E: NORMALIZED DETACHMENT DATA AT A FLOWRATE OF 75 

mL/min FOR FLOWRATE PERTURBATION EXPERIMENTS 
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APPENDIX F: MATHCAD SHEETS FOR MOMENT BALANCE ANALYSIS ON 

ATTACHED COLLOIDS  
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To Determine X and Z Values when Y = P/V Height (Colloid Attachment to Peaks) 

 

(m = nm) 
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To Determine X and Z Values when Y < P/V Height (Colloid Attached in Valley) 

 

(m = nm) 
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:=  
θ 0.1973955598=  

r 150 m⋅:=  

b
r

sin θ( )
:=  

b 764.852927m=  a 0m:=  

Initial Guesses 
x 25 m⋅:=  y 50 m⋅:=  z 20m:=  

Given 

x a−( )
2

y b−( )
2

+ r
2
 z b y−  x

y

λ

2









H
 

Find x y, z,( )

147.0871018

735.4355089

29.4174181











m=  
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Shear Requirement to Achieve a Detachment of 50% 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

µ 8.99810
4−

⋅ N
s

m
2

⋅:=  ν 9.02510
7−

⋅
m

2

s
:=  Fa 1.485410

12−
N⋅:=  

X 150 10
9−

⋅ m:=  Z 529.1510
9−

⋅ m:=  R 550 10
9−
m⋅:=  

A 0.9956:=  
S 48.325

1

s
⋅:=

 

Fd 10.205A⋅ π⋅ µ⋅ S⋅ R
2

⋅:=  Fl 81.2 µ⋅ R
3

⋅
S

3

2









ν

1

2









⋅:=  

Fd 4.198 10
13−

× N=  

Fl 4.299 10
15−

× N=  

Fa 1.4854 10
12−

× N=  

Fd Z⋅ Fl X⋅+( )

X
1.4854 10

12−
× N=  
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APPENDIX G: PARAMETRIC STUDY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 91 

 

 

 



 92 

 

 



 93 

 

 
 

 

 

 

 
 


