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Table 1.  Key Equations to Evaluate Particle-Particle and Particle-Surface Interactions  
 

Interactio
n 

Geometr
y 

Type of 
Interactio

n 
Expressiona Ref 

○ – | EDL    hΓΓzeTkaV BprEDL   exp/64 21

2

0
                                        

(3)  

(103
) 

○ – | VDW 

 /1416

123

hh

aA
V

p

VDW


                                                                                    

(4)  

(143
) 

○ – | STERICb 

 













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

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




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

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
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

















 1
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8
1

2

5

8
2

4/74/5

3 l

hl

h

ll

s

Tk
ahF B

pST            

(5a) 






h

STST dhhFhV )()(                                                                                   

(5b) 

(144
, 

145) 
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
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21                                            

(6) 

(103
) 

○ – ○ VDW 

  /1416 21

21121

haah
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
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(7) 
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

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




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




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8
1
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8
2)(
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3

21
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h
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s

Tk
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hF B

ST   (8a) 


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h
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(8b) 
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a
All variables are defined in the Nomenclature section. 

b
This expression is for the case where both the particle and the surface are polymer-

coated.  For the case where only   a single surface is polymer-coated, a factor of 2 is 
removed preceding each l term in eq. 5a.  

  
 
 
 
 
 



 

 Table 2.  Summary of Laboratory Studies on Nanoparticle Aggregation 

nanoparticle 

type

nominal size and 

concentration
experimental approach solution chemistry main findings and conclusions references

n B
dTEM = 25 nm                                                

C = n/a
DLS

20 - 1000 mM NaCl                                                                    

0.2 - 20 mM MgCl2                                                                                              

0.2 - 10 mM CaCl2                                                                                                                     

pH 5.6 

Aggregation is similar to classical colloidal particles and 

follows DLVO theory
Liu et al. 2009

n C60, n C70 and 

organic 

derivatives

d = n/a                                                          

C = n/a
DLS 10 mM NaCl, pH 4 - 10

Isoelectric point ~0, nanoparticles stable at pH > 3.0; 

synthesis parameters control their stability and fate

Ma and Bouchard, 

2009

n C60

dDLS = 101.0 nm                                

11.62 mg/L                                                             

dDLS = 166.2 nm                                   

3.34 mg/L

time-resolved DLS 10 - 1000 mM KCl, pH = 5.5

nC60 prepared by prolonged stirring in water more stable 

than nC60 prepared by sonication in toluene; stability curves 

in agreement with DLVO theory

Chen and Elimelech, 

2009

n C60 and 

organic 

derivatives

d = n/a                                                                         

0.22 - 2.42 mg/L
time-resolved DLS 25 - 1000 mM NaCl, pH = n/a 

Presence of phenyl alkyl ester moieties increases colloidal 

stability

Bouchard et al. 

2009

n C60

dDLS = 92 ± 0.3 nm                                                        

1.0 - 2.7 mg/L
DLS

1-100 mM NaCl                                                                               

1-100 mM CaCl2                                                                                                                             

pH 7.0

Suspension stable at ≤1 mM ionic strength, regardless of 

electrolyte species, solution addition rate, or mixing 

sequence

Wang et al. 2008

n C60

dTEM =59.2 ± 22.7 nm                                  

5.92 mg/L

time-resolved DLS                                         

TEM

90 - 650 mM NaCl ± 1 - 5 mg/L HA                                                                             

4 - 100 mM MgCl2 ± 1 mg/L HA                                                                                                        

2.5 - 40 mM CaCl2 ± 1 mg/L HA                           

pH 7.5 - 8.5 

Aggregation kinetics consistent with DLVO theory; HA 

increases nC60 stability at low ionic strength due to steric 

repulsion; at > 10 mM CaCl2, intermolecular bridging of HA 

macromolecules with Ca
2+

 results in increased light 

scattering and  a >1.0

Chen and Elimelech, 

2007

n C60

dTEM =59.2 ± 22.7 nm                                

5.92 mg/L
time-resolved DLS

60 - 350 mM NaCl                                                                       

2.5 - 20 mM CaCl2                                                                         

pH 5.2

Stability ratios in good agrement with DLVO theory with 

reaction-limited and diffusion-limited aggregation zones 

clearly defined; CCCs at 120 and 4.8 mM for NaCl and 

CaCl2, respectively

Chen and Elimelech, 

2006

n C60 and n C70

dDLS = 63 nm                                                                  

C = n/a

DLS                                                    

TEM
171 mM NaCl, pH = n/a

Monodisperse and polycrystalline nC60 clusters negatively 

charged and stable in pure water due to electrostatic 

repulsion; adding salt destabilizes cluster suspension

Deguchi et al. 2001

n C60

dTEM = 7 - 36 nm                                              

130 mg/L
TEM DI water, pH = n/a

nC60 nanoparticles form fractal clusters in hydrated state; 

size of individual clusters can be as low as 1 - 4 nm

Andrievsky et al. 

1999

n C60

d ≤ 200 nm                                                      

80 - 140 mg/L
UV-Vis spectroscopy

0.005 - 85 mM NaCl                                                                

0.005 - 85 mM NH4Cl                                                                                                      

0.005 - 85 mM CaCl2                                                                                                                                                                                             

0.005 - 85 mM Na2SO4                                                          

0.005 - 85 mM La(NO3)3                                                                                               

pH 5 - 6

nC60 nanoparticles behave as  typical  colloidal particles 

and follow Schulze-Hardy rule

Mchedlov-

Petrossyan et al. 

1997
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fullerols 

(C60(OH)n)

dTEM = 100 - 250 nm                                        

30 - 220 mg/L

UV-vis spectroscopy                      

SEM                                                

TEM

0.1 - 500 mM Fe(NO3)3,                                                                                

500 mM each of Al(NO3)3, CaCl2, CoCl2, 

CuCl2,KMnO4, Ag(NO3) and ZnCl2                                                                                                                                   

pH 3 - 9

Fullerols react rapidly with metal to produce metal-fullerol 

cross-linked aggregates 

Anderson and 

Barron, 2005

MWNTs 

dTEM = 0.6 ± 0.5 nm                                                       

L = 0.1 - 5.8 mm                                           

0.75 - 7.5 mg/L

Time-resolved DLS                                       

TEM                                                         

AFM                                                                  

XPS

35 - 900 mM NaCl, pH 4, 6 and 8
Good correlation between CCC, total oxygen concentration, 

and MWNT surface charge
Smith et al. 2009

MWNTs 

dTEM = 0.6 ± 0.5 nm                                                   

L = 0.1 - 5.8 mm                                                

< 3.0 mg/L

Time-resolved DLS

30 - 900 mM NaCl                                                                    

30 - 200 mM Na2SO4                                                                                                         

1 - 8 mM MgCl2                                                                             

0.7 - 6.2 mM CaCl2                                                                                                                           

pH 3 - 10

Oxidized MWNT CCC values consistent with electrostatic 

stabilization; surface charge correlates with pH-dependent 

MWNT colloidal stability variations

Smith et al. 2009

MWNTs 

dTEM < 10 - 100 nm                                                    

L = 1 - 2 mm                                                  

100 - 200 mg/L

TEM                                                                           

UV-vis spectroscopy

1 - 20 mM Na + 25 mg/L TA                                                               

0.05 - 1.0 mM Mg + 25 mg/L TA                                                                             

0.05 - 1.0 mM Ca + 25 mg/L TA                                                                               

0 - 0.04 mM La + 25 mg/L TA                                                                                             

pH 3 - 11

Aggregation rate independent of MWNT diameter; CCC 

values proportional to valence by an exponential factor of 

5.5 

Lin et al. 2009

MWNTs 

d* = 140 ± 30 nm                                                       

L = 7 ± 2 mm                                                   

50 - 500 mg/L

Thermal optical transmittance 

analyzer                                                                       

UV-vis spectroscopy 

river water                                                                                                        

1% SDS ± 10 - 100 mg/L NOM                              

pH = n/a

MWNTs remain stable in presence of organic matter and 

river water; stability increases in presence of surfactant
Hyung et al. 2007

MWNTs 

dTEM = 17.6 ± 7.9 nm                                               

L = 1.5 ± 1.5 mm                                              

C = n/a

Time-resolved DLS

1 - 500 mM NaCl ± 5 mg/L HA                                                                                

0.1 - 30 mM CaCl2 ± 5 mg/L HA                                                                                                                                                                                                                                                      

0.05 - 30 mM MgCl2 ± 5 mg/L HA                                                                                 

pH 3 - 9

Electrostatic interactions control MWNT stability in 

electrolyte solutions; humic acid increases MWNT stability 

due to steric repulsion

Saleh et al. 2008

MWNTs 

d = 10 - 30 nm                                                

L = 10 - 30 mm                                                

C = n/a

DLS 100 mg/L NOM, pH = n/a
Functionalization increases stability: (hydroxyl-modified > 

carboxyl-modified > bare)
Kennedy et al. 2008 

MWNTs 
dTEM ~ 30 nm                                                              

50 mg/L
UV-vis spectroscopy

DI water                                                                                           

172 mM NaCl                                                                             

pH 0 - 12

COOH functionalized MWNTs stable at pH ≥ 4 as a result of 

carboxylic acid deprotonation to carboxylate anions 
Shieh et al. 2007

SWNTs 
d = n/a                                                            

100 mg/L

absorbance 

spectroscopy/photoluminesce

nce

57.5 - 570 mM NaCl + 1% SDS                                                      

8.75 mM MgSO4 + 1% SDS                                                                   

6.9 mM MgCl2 + 1% SDS                                                                                               

3.8 mM ErCl3 + 1% SDS                                                                       

pH = n/a

Once intertube van der Waals attraction overcome by 

sonication, SDS sorbed to SWNTs prevents reaggregation
Niyogi et al. 2007

SWNTs 
d* = 1.2 nm                                                 

< 600 mg/L
UV-vis spectroscopy 

1-100 mM NaCl                                                                                                     

(-) mM KCl, MgCl2, CaCl2, LaCl3, and 

CeCl3                                                                                                              

pH = n/a

SWNTs treated with H2SO4/H2O2 well-dispersed in water; 

CCC values follow Schulze-Hardy rule
Sano et al. 2001

SWNTs d* = 0.9-1.4 nm                                                 Time-resolved DLS

1-100 mM NaCl                                                                                                     

0.1-10 mM CaCl2                                                                                                            

pH 6                                                  + 

2.5mg/L (as TOC) of HA and 

biomacromolecules

HA and biomacromolecules (BSA, alginate, LB) impart 

steric stabilization; BSA had the most dramatic effect due 

to its globular molecular structure.

Saleh et al. 2010

QD
d* = 3.5 - 4.5 nm                                                                               

680 mg/L 
DLS

0 - 150 mM KCl                                                                       

0 - 20 mM CaCl2                                                                                                      

0 - 20 mM MgCl2                                                                                                                                            

0 - 13.3 mM Al2(SO4)3                                                                                                                                                                                        

pH 5, 8 

QD stability controlled by ionic nature in solution; divalent 

and trivalent cations form strong complexes with QD 

capping ligands/functional groups, bridging QDs or 

neutralizing their surface charges

Zhang et al. 2008
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QD
d* = 3.5 nm                                                     

100 mg/L

DLS                                                    

Microscopy
DI water, pH 3 - 12 

Decrease in pH causes surface ligands/functional group 

detachment; surface protonation promotes QD aggregation
Zhang et al. 2008

QD
d = n/a                                                              

0.37-0.67 mM (Cd)
FCS

1-100 mM Na2HPO4 + 0.2-20 mM 

KH2PO4 + 0.3-27 mM KCl + 1.4-1370 

mM NaCl                                                               

pH = 7.4 - 9.0

Aggregation rate depends on QD size (small QDs 

aggregate quickly); above 'photoactivation critical 

concentration', aggregation and subsequent 

photoactivation rapid under laser irradiation

Dong et al. 2007

n Ag
dTEM = 1 - 3 nm                                              

C = n/a

UV-vis spectroscopy                                    

TEM

0-800 mM Ba
2+                                                                             

0-800 mM Ca
2+                                                                                              

0-20 mM each of Zn
2+

, Cr
3+

, Cu
2+

, Pb
2+                                                                                                  

pH= 9.3

Change in position of absorption spectra during cation 

induced aggregation useful in identifying interaction 

mechanism between Ag nanoparticles and electrophilic 

transition metal cations or less polarizable alkaline metals

Liu et al. 2003

n Ag
dDLS = 23 - 42 nm                                        

0.26 -7.0 x 10
9
 particles/L

DLS                                                                          

UV-vis spectroscopy

10-1000 mM NaCl                                                                    

200 mM NaCl + 0.005-0.1% hydroxy-

ethylcellulose                                                                   

pH = n/a

Fractal dimensions increase with time in reaction limited 

aggregation regime but not in diffusion limited aggregation 

regime

Trinh et al. 2009

n ZVI
 d = n/a                                                             

1 mg/L

photography                                      

spectroscopy

1.2 mM NaHCO3 ± 20 - 200 mg/L NOM, 

pH 7.1 

NOM sorption onto nZVI results in reduced sticking 

coefficient and enhanced stability
Johnson et al. 2009

n ZVI
dDLS = ≤ 200 nm                                                 

154 mg/L
DLS

≤ 500 mM NaCl± ≤1 g/L guar gum                                    

≤10 mM CaCl2 ± ≤1 g/L guar gum                                                  

pH 7.0 

 At high salt concentrations (500 mM NaCl and 3 mM 

CaCl2), guar gum stabilizes ZVI 
Tiraferri et al. 2008 

n ZVI
dTEM = 10 - 80 nm                                        

3000 mg/L
DLS

1 mM NaHCO3 ± 5 - 1000 mg/L 

polystyrene sulfonate                                                                               

1 mM NaHCO3 ± 5 - 1000 mg/L CMC                                                      

1 mM NaHCO3 ± 5 - 1000 mg/L PA                                                                                                                              

pH 9.5 - 10.5 

Larger ZVI particles unstable due to strong attractive 

magnetic forces 
Phenrat et al. 2008

n ZVI
dDLS = 15.2 - 3000 nm                                  

C = n/a
DLS

≤200 mM NaCl                                                                               

≤10 mM CaCl2                                                                                                                                   

pH = n/a

High cation concentrations promote aggregation of stable 

ZVI particles He and Zhao, 2007

n ZVI
dTEM = 10 - 80 nm                                        

3000 mg/L

DLS                                                              

optical microscopy
1 mM NaHCO3, pH 7.4

Aggregation rapid; increased aggregation with increasing 

saturation magnetization (magnetic moment) 
Phenrat et al. 2007

n TiO2

dRG = 6 - 7 nm                                                    

3000 - 10000 mg/L
 absorption spectroscopy 500 - 2000 mM KCl, pH 0 - 2.0

Aggregation slow at pH 0.1 - 2.0; aggregate structure 

depends on ionic strength and medium pH

Pavlova-Verevkina 

et al. 2009 

n TiO2

d* = 5 nm                                                      

1 mg/L
FCS

5 - 100 mM NaNO3 ± 0.2 - 5 mg/L FA                       

pH 2 - 8

Rapid aggregation in vicinity of pHZPC; adsorbed FA 

increases nanoparticle stability due to increased steric 

repulsion

Domingos et al. 

2009

n TiO2

d* = 4 - 6 nm                                                                  

80 - 83 mg/L
DLS

4.5 - 16.5 mM NaCl                                                                

12.8 mM CaCl2                                                                     

pH 4.8 - 8.2

Aggregation rate significantly higher in CaCl2 than in NaCl French et al. 2009

n TiO2

d* = 35 nm                                                  

2000 mg/L (40mg/g of soil)
DLS

50 g/L diluted soil solution                                                              

pH 6.15 - 8.58

In soil solution, high ionic strength and low DOC result in 

heightened aggregation rates 
Fang et al. 2008

n TiO2

d* = 5, 32 nm                                                

2 - 200 mg/L
DLS

20 mM NaCl ± 0.1 - 2.2 mM organic 

acids, pH 2 - 6.5 

Aggregation occurs at all pH values; finer particles 

aggregate faster than larger particles

Pettibone et al. 

2008

n TiO2

d = n/a                                                                 

30 mg/L
DLS

0.01- 10 mM KCl                                                                          

1 mM each LiCl, KBr, CsCl, LiF                                                                                                                                                                                                                                               

pH 2 - 12 

Hydrated ion radius determines extent of adsorption; 

isoelectric point changes due to ion adsorption

Tkachenko et al. 

2006

n TiO2

d* = 7 - 20 nm                                            

C = n/a

fractal dimension 

measurement

DI water                                                                   

pH = n/a

Diffusion-limited aggregation results in fractal-like 

aggregates
Tseng and Lin, 2003
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Table 3.  Summary of Laboratory Studies on Nanoparticle Deposition

nanoparticle type deposition system particle size and concentration collector surfaces solution chemistry main findings and conclusions references

n Al                                                                                
packed column                                                      

H: 16 cm, D: 1.5 cm

d* = 100 nm                                                     

large 1-10 µm agglomerates                          

50 mg/L

quartz sand                                        

d50 = n/a                                      
0.01M NaCl, pH 4, 7                                                       

Greater mobility at pH 4;                                           

Aluminum oxide coated particles more 

prone to leaching; leach most at pH 7     

Doshi et al. 2008

alumoxane                                                                
packed column                                              

H: 9.25 cm, D: 2.5 cm

dDLS = 74 nm                                                                                             

0 - 10 mg/L

glass beads                                             

d = 300 - 425 µm (d50 = 355 µm)                
0.01 M NaCl, pH 7                                                    High mobility; approximately 80% passage Lecoanet et al. 2004

n B
packed column                                                 

H: 15 cm, D: 1.5 cm

d* = 10 - 20 nm                                                                        

dTEM = 25 nm                                               50 

mg/L

quartz sand                                             

d = 212 - 270 µm (d50 = 250 µm)                                 

0.01 - 0.4 M NaCl,                                

pH 5.6                                              

Attachment efficiency increases with 

increasing IS up until 0.2 M
Liu et al. 2009

n CeO2                                      

model wastewater 

treatment plant                                       

(biological treatment only)

dXDC,TEM = 20 - 50 nm                                                        

100 mg/L ± dispersing agents

fresh, stabilized clearing sludge   

1.5 - 2.5 g/L dry content

nCeO2, synthetic wastewater and 

drinking water mixed into aeration 

chamber, pH 8 - 8.5                                             

Significant portion of n CeO2 present as 

large aggregates, bound to bacteria; high 

unagglomerated n CeO2 levels 

Limbach et al. 2008

n CuO
2-D flow cell                                                  

Length: 11.3 cm

d* = 118 - 637 nm                                                

dDLS = 372 nm                                                                           

9 mg/L ± SDS 

etched glass                                         

d = 0.87 mm                                         
0.01 M NaCl, pH 7                                   

n CuO aggregates form within porous 

medium; velocity affects aggregate 

deposition density and location; SDS 

enhances particle elution 

Jeong & Kim, 2009

ferroxane                                                                 
packed column                                              

H: 9.25 cm, D: 2.5 cm

dDLS = 303 nm                                                   

0 - 10 mg/L

 glass beads                                        

d = 300 - 425 µm (d50 = 355 µm)                 
0.01 M NaCl, pH 7                                                

Least mobile of 8 nanoparticles tested in 

study; mobility appears to decrease with 

time

Lecoanet et al. 2004

n C60

packed column                                                               

H: 9.25 cm, D: 2.5 cm

dDLS,TEM = 20, 135, 168 nm                                                                            

0 - 10 mg/L

glass beads                                       

d50 = 355 µm                                          
0.001, 0.1 M NaCl, pH 7                                                                    

Increased deposition with increasing IS; 

repulsive interactions between EDLs key to 

n C60 stability in suspension

Brant et al. 2005

n C60 QCM
dDLS = 50.5 nm                                                

5.8 mg/L

silica surface                                          

(bare or coated)  

10 - 100 mM NaCl, pH 5.5                                                                         

0.3 - 3 mM CaCl2, pH 5.5                                                                                                                                     

Behavior consistent with DLVO theory; 

humic acid and alginate decrease 

deposition rate due to steric repulsion

Chen and Elimelech, 

2008

n C60 QCM-D
dDLS = 55.7 nm                                                       

~ 3 mg/L                                     
silica surface                                  

1 - 300 mM NaCl, pH 5.2                                                                                                     

0.1 - 1.0 mM CaCl2, pH 5.2                                                                                                                                          

Above CCC, rate of deposition decreases 

as a result of concurrent n C60 aggregation

Chen and Elimelech, 

2006

n C60

packed column                                                             

H: 5 cm, D: 0.9 cm

dTEM ~ 100 nm                                                                      

48 mg/L

lula soil                                                   

(92% sand, 6% silt, 2% clay)                                                 

d50 ~ 250 µm                                     

0.02M (NaCl + NaN3),                           

pH 6.7 - 7.2                                                                                                                   

n C60 particles most mobile at higher  

velocities; column ripening possibly 

observed at low velocity

Cheng et al. 2005

n C60

packed column                                               

H: 10 cm, D: 2.65 cm

TTA/nC60: dDLS = 92 nm                                        

1.26 mg/L                                                               

THF/nC60: dDLS = 111 nm                                    

2.34 mg/L                                                        

glass beads                                           

d50 = 360 µm                                          

0.01 - 0.6 M NaCl ± TA, alginate, 

pH 6.5 - 7.5                                                    

other electrolytes considered                  

Increased deposition with increasing IS and 

decreasing velocity;                                                        

transport affected by preparation method

Espinasse et al. 2007

n C60

packed column                                              

H: 4.3 cm, D: 1.6 cm

dDLS = 101 nm                                                            

65 ± 5 µg (pulse injection)

natural soil                                        

(58% sand, 29% clay, 13% silt)                                  

d = 420 - 1000 µm                                        

KCl or CaCl2 (selected IS to 

compare with SWNT studies),               

pH 5.6 - 5.8                         

Compared to SWNT transport in soil packed 

columns, fullerene deposition more sensitive 

to IS; exhibits lower deposition rates 

Jaisi & Elimelech, 2009

n C60

packed column                                                

H: 9.25 cm, D: 2.5 cm

dDLS = 168 nm                                                                                                                 

0 - 10 mg/L (step function)

glass beads                                             

d = 300 - 425 µm (d50 = 355 µm)              
0.01 M NaCl, pH 7                                                      

Fullerenes experience greater retention than 

fullerols and SWNTs 
Lecoanet et al. 2004

n C60

packed column                                                

H: 9.25 cm, D: 2.5 cm

dDLS = 168 nm                                                 

10 mg/L

glass beads                                             

d = 300 - 425 µm (d50 = 355 µm)            
0.01 M NaCl, pH 7                                                   

Higher velocities alter break-through curve 

appearance but do not result in increased 

elution 

Lecoanet & Wiesner, 

2004

n C60

packed column                                              

H: 15 cm, D: 2.5 cm

dDLS = 120 nm                                                   

3 mg/L

Ottawa sand (4 fraction sizes)                                         

d50 = 125, 165, 355, 710 µm                                            

3.065 mM (CaCl2 + NaHCO3),                    

pH 7                                                                                                                                         

Transport behavior not in agreement with 

DLVO; primary minimum deposition 

attributed to surface charge heterogeneities

Li et al. 2008
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n C60

packed column                                                                       

H: 15 cm, D: 2.5 cm

dDLS = 95 nm                                                                  

1-3 mg/L                                                

Ottawa sand                                        

d50 = 360 µm                                                                                 

glass beads                                      

d50 = 360 µm                                                    

1 mM CaCl2, pH 7                                              

Transport and deposition behavior 

consistent with batch retention data and 

DLVO theory 

Wang et al. 2008

n C60

packed column                                                   

H: 15 cm, D: 2.5 cm

dDLS = 92 nm (stock)                                                         

3 mg/L

quartz sand                                       

d50 = 125, 335 µm                              

3, 30 mM NaCl, pH 7                         

3, 30 mM CaCl2, pH 7                                 

Little nC60 retention observed in coarser 

sand at low IS; > 95% retention at high IS 

with finer sand (regardless of electrolyte)

Wang et al. 2008

fullerols                                                           

C60(OH)n                          

packed column                                               

H: 10 cm, D: 2.65 cm

dDLS = 120 nm                                                                                   

18 mg/L

glass beads                                                  

d50 = 360 µm                                          
0.01 - 1 M NaCl, pH 6.5 - 7.5                                                     Increased deposition with increasing IS Espinasse et al. 2007

fullerols                                                           

C60(OH)n                          

packed column                                                 

H: 9.25 cm, D: 2.5 cm

d* = 1.2 nm                                                                        

0 - 10 mg/L (step function)

glass beads                                       

d = 300 - 425 µm (d50 = 355 µm)            
0.01 M NaCl, pH 7                                                Fullerols have little affinity for porous media Lecoanet et al. 2004

fullerols                                                           

C60(OH)n                          

packed column                                               

H: 9.25 cm, D: 2.5 cm

d* = 1.2 nm                                                           

10 mg/L

glass beads                                       

d = 300 - 425 µm (d50 = 355 µm)                   
0.01 M NaCl, pH 7                                                

Extremely low attachment levels; 99% 

passage achieved at both flow velocities

Lecoanet & Wiesner, 

2004

Pd-n ZVI
subsurface delivery test site                               

4.5 x 3.0 m, 6 m deep 

  dSEM = 100 - 200 nm                                 

1.7 kg nanoparticles injected

aquifer                                                                                   

hydraulic conductivity = 0.2 cm/s 

groundwater present = 14.1 m
3                                          

groundwater:                                  

pH 4.6 - 5.2 prior to injection                  

pH 5.1 - 7.7 post injection                            

Pd-nZVI behavior in line with classical 

colloid transport concepts and reactions in 

porous media

Elliot & Zhang, 2001

Pd-n ZVI
packed column                                              

H: 3.4 cm, D: 1 cm

bare particles:                                             

form dendritic flocs (TEM)                                                     

CMC-stabilized particles:                             

dTEM = 4.3 nm                                               

dDLS = 17.2 nm                                                            

1 g/L

soil                                                          

(84% sand, 10% silt, 6% clay)                                                                                                      

d = n/a                                         

particle suspensions, pH 6.8, 8.3                                              

DI water to elute retained particles                                                  

CMC-stabilized particles well dispersed in 

soil; ~ 98% of stabilized Fe-Pd collected 

from eluent (no irreversible binding)

He et al. 2007              

n ZVI
packed column                                               

H: < 100 cm, D: 1.6 cm

dTEM = 50 - 100 nm                                                                                                       

5 mg/mL

Ottawa sand                                       

d = 160 ± 45 µm                                  

PAA + PSS + bentonite clay 

mixtures, pH = n/a                                         

Particle elution dependent on electrolyte 

composition but not on total [poly(anion)]; 

higher PSS and lower PAA and clay 

concentrations result in highest elution

Hydutsky et al. 2007

n ZVI

packed column                                              

H: 10 cm, D: 2.5 cm                                      

H: 50 cm, D: 6 cm

bare: dSEM = 10 - 160 nm                                                                                                                     

surfactant stabilized: dTEM = 2 - 10 nm                                                                                                   

1 g/L 

glass beads                                                                 

sand (unbaked and baked)                                                                                                                                        

all collector types: d = 425-600 µm

0.01 M NaCl (± surfactant),                     

pH 7                                                                                    

Adding surfactant, breakthrough occurs 

earlier in column packed with glass beads; 

nZVI is immobile in absence of surfactant 

Kanel et al. 2007

n ZVI

2-D physical model                                           

L*: 50 cm, W: 2 cm, H: 28.5 

cm

size = n/a                                                         

4 g/L

silica beads                                        

d50 = 1,100 ± 100 µm                     

freshwater                                                   

steady-state flow                                                 

pH = n/a                                                

Nonstabilized nZVI not transported; PAA-

nZVI transported with negligible retardation; 

transport influenced by density gradients

Kanel et al. 2008

n ZVI
packed column                                              

H: 25.5 cm, D: 1.1 cm                                      

3 particle fractions:                                       

bimodal size distributions (DLS)                                                                               

0.03 - 6 g/L

quartz sand                                    

d50 = 300  µm                            

10 mM (NaCl + NaHCO3),                      

pH 8                                                

At 0.03 g/L concentration, all modified nZVI 

particles mobile; at higher concentrations, 

larger particles with higher Fe
0
 content 

experience heightened deposition

Phenrat et al. 2009

n ZVI
packed column + QCM-D                                             

H: 61.3 cm, D: 1.1 cm                             

bare: dDLS = 146 nm                                                      

Triblock co-polym mod.: dDLS = 212 nm                              

PA mod.: dDLS = 66 nm                                                  

SDBS mod.: dDLS = 190 nm                                                               

30 mg/L

quartz sand                                           

d50 = 300 µm                                     

1 - 1000 mM NaCl, pH 7.7                                               

0.1 - 50 mM CaCl2, pH 7.7                                                 

Bare nZVI was immobile, while both PA and 

SDBS-modified particles mobile at lower IS; 

Triblock co-polymer-modified particles have 

greatest mobility

Saleh et al. 2008

n ZVI
packed column                                               

H: 13 cm, D: 1.2 cm

carbon stabilized iron                                   

dTEM = 30 - 100 nm                                                                                    

5 mg/mL         

Ottawa sand                                      

d = 200 - 700 µm                                                                   

3 soil types                                                         

loam, sandy loam, clay loam                                                               

Nanopure water, pH 6.7                                                

All collector types retain unsupported nZVI; 

supported particle retention highest in loam 

and sandy loam (≥ 80%); elution decreases 

with time   

Schrick et al. 2004

n ZVI
packed column                                              

V: 10 mL (in 50 mL buret)

bare: d* = 30 - 70 nm                                     

Fe-silica: dTEM = 358 ± 249 nm                         

3 g/L

Ottawa sand                                         

d ≥ 300 µm                                 

DI water                                                 

pH = n/a                                                      

Bare nZVI trapped in top portion of column; 

~70% of Fe-silica particles reach bottom of 

column and elute

Zhan et al. 2008



 5 

 
 

n ZVI
horizontal capillary tube                                             

H: 3 cm, D: 0.15-0.18 cm                        

bare: d* = 30 - 70 nm                                          

Fe-silica: dTEM = 358 ± 249 nm                               

3 g/L 

Ottawa sand                                       

d ≥ 300 µm                                   

DI water                                                 

pH = n/a                                                      

Bare nZVI aggregates accumulate at inlet; 

Fe-silica particles form small clusters and 

distribute uniformly throughout capillary

Zhan et al. 2008

polystyrene latex                                        

(sulfate-modified)                                                                     

packed column                                                                                                                                                           

H: 20 cm, D: n/a 

d* = 46 nm                                                                     

1 - 4 mg/L

glass beads                                          

d = 200, 400 µm                                     

3 - 300 mM KCl, pH = 6.7                                                       

13 - 800 mM (CaCl2 + KCl),                      

pH = 6.7                                                          

Deposition rates increase with increasing IS 

until 0.1M KCl and 0.01M CaCl2 (above 

which deposition rates drop off again) 

Elimelech & O'Melia, 

1990

polystyrene latex                                         
packed column                                                      

H: 15, 20 cm, D: n/a                                                      

d* = 46 nm                                                                     

0.5 ppm

glass beads                                          

d = 200, 400 µm                                     
3 - 300 mM KCl, pH 6.7                                                  Deposition rates increase with increasing IS

Elimelech & O'Melia, 

1990

polystyrene latex                                   

(sulfate-modified)                                             

packed column                                                    

H: 25 cm, D: 2.5 cm

d* = dDLS = 98 nm                                              

1 mg/L

glass beads                                     

d = 200 µm                                       

0 - 500 mM NaCl ± 1 mg C/L 

SRHA, pH 7.2                                                                                  

Increased particle deposition with increasing 

IS; particles depositing at lower IS more 

prone to reentrainment; reduction in particle 

deposition and enhanced reentrainment in 

presence of SRHA

Franchi & O'Melia, 

2003

polystyrene latex                                               

(sulfate modified)            

packed column                                                  

H: 20 cm, D: 2.5 cm

d* = 72 nm                                                                

1 mg/L                                                                    

glass beads                                           

d = 400 µm                                 
0.01 M NaClO4, pH 10                                                   

Latex particles exhibit little affinity for glass 

beads
Hahn et al. 2004

polystyrene latex                                        
packed column                                                     

H: 20 cm, D: 10 cm

d* = 53 nm                                                                               

1 mL pulse injection, C = n/a                                    

Munich gravel                                      

d = 250 µm                                                                 

Sengenthal sand                              

d = 100 µm                                                                               

1, 10 mM NaCl, pH = n/a                              

1, 10 mM CaCl2, pH = n/a                                      

Deposition in agreement with DLVO theory; 

particle elution increases with decreasing IS; 

removal efficiency in sand more affected by 

IS, impact of counterion valence more 

apparent in gravel 

Huber et al. 2000

polystyrene latex                                    

(sulfate-modified)                                                    

  packed column                                            

H: 15 - 16.5 cm, D: 1 cm

d* = 50 nm                                                                     

C = n/a

quartz sand                                         

d50 = 256 µm                                      

1 - 100 mM KCl ± 5.0 mg/L SRHA, 

pH 5.7                                                                       

Increase in IS results in increased 

attachment; addition of SRHA decreases 

attachment 

Pelley & Tufenkji, 2008

polystyrene latex                                          

(carboxyl-modified)                                            

    packed column                                          

H: 20 cm, D: 5.4 cm

d* = 20 nm                                                                

pulse injection, C = n/a

dune sand (3 preparations) 

washing: none, dH2O, acid                  

d50 = 0.31 - 0.32 mm                         

3 - 4 mM artificial rainwater,           

pH 7 - 8                                                                                                                                     

Colloid retention greater in unwashed 

(natural) sand than in washed types
Shani et al. 2008

polystyrene latex                                            

(carboxyl-modified)                                             

packed column                                                   

H: 10 cm, D: 3.8 cm

d* = 30, 66 nm                                                     

10 mg/L                                             

glass beads (3 fraction sizes)                                     

d = 88 - 125 µm, d50 = 110 µm                                  

d = 180 - 250 µm, d50 = 220 µm                            

d = 590 - 840 µm, d50 = 720 µm                                   

DI water                                            

0.2 M NaCl, pH 10                                                                                                                         

Using DI water, 100% nanoparticle elution 

observed; addition of DI water to columns 

run using NaCl releases colloids deposited 

in secondary minima

Shen et al. 2008

polystyrene latex                                 

(carboxyl-modified)                        

packed column                                               

H: 12.6 cm, D: 1.6 cm

d* = 63 nm                                                            

3.6 x 10
8
 - 3.6 x 10

9
 particles/mL

glass beads                                   

d50 = 330 µm                                    

20 - 200 mM KCl,                                    

pH 8, 11                                                                                                                                                          

Increasing IS results in a marked increase in 

retention

Tufenkji & Elimelech, 

2005

chloromethyl latex                           

(sulfate-modified)

packed column                                                    

H: 10 cm, D: 4.5 cm                            

saturated and unsaturated 

conditions

d* = 20, 100 nm                                                

100 mg/L

quartz sand                                             

d = 300 - 355 µm                                

1 mM (NaCl + NaHCO3),                   

pH 7.5                                  

Transport is size dependent under saturated 

and unsaturated conditions; colloid retention 

sensitive to saturation 

Zhuang et al. 2005

QDs QCM-D

d* = 10 nm                                                       

dDLS = 45 - 100 nm                                          

0.96 mg/mL

silica surface 
1 - 300 mM KCl, pH 5, 7            3 - 

17 mM CaCl2, pH 5                                         

Heightened QD deposition in presence of 

Ca
2+

 (vs K
+
) and at pH 5 (vs pH 7)

Quevedo & Tufenkji, 

2009

nS iO2

packed column                                              

H: 9.25 cm, D: 2.5 cm

2 particle sizes                                                        

type 1: dDLS = 57 nm, d* = 47 nm                                                       

type 2: dDLS = 135 nm, d* = 103 nm                                                          

0 - 10 mg/L

glass beads                                 

300 - 425 µm (d50 = 355 µm)                  
0.01 M NaCl, pH 7                                                   

Smaller silica particles very mobile with low 

affinity for collector; heightened retention 

with larger particles

Lecoanet et al. 2004

nS iO2

packed column                                              

H: 9.25 cm, D: 2.5 cm

dDLS = 57 nm                                                      

10 mg/L

glass beads                                   

300 - 425 µm (d50 = 355 µm)              
0.01 M NaCl, pH 7                                                   

Very low retention; flow rate has no 

significant impact on silica removal  

Lecoanet & Wiesner, 

2004

SWNTs                                                       
packed column                                              

H: 6.3 cm, D: 1.6 cm

dRS = 0.9 - 1.6 nm                                                                                           

87 mg/L

quartz sand                                        

d = 225 - 300 µm (d50 = 263 µm)                                                                     

(bare and silanized)                                                                                   

0.1 - 55 mM KCl ± 5 mg/L SRHA, 

pH 7.0                                                                                        

10 mM (KCl + CaCl2) ± 5 mg/L 

SRHA, pH 7.0                                                                                                                                                                                         

Results consistent with DLVO theory; SWNT 

straining restricts mobility at low IS
Jaisi et al. 2008
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SWNTs                                                       
packed column                                              

H: 4.3 cm, D: 1.6 cm

dDLS = 244 nm                                                            

7 - 125 µg (pulse injection)

soil                                                     

(58% sand, 29% clay, 13% silt)                                  

d = 0.42 - 1.0 mm                                        

0.1 - 100 mM KCl, pH 5.6 - 5.8                                                                              

0.03 - 10 mM CaCl2, pH 5.6 - 5.8                                                                                                       

High retention with little change above 0.3 

mM KCl or 0.1 mM CaCl2; physical straining 

plays important role in SWNT deposition  

Jaisi & Elimelech, 2009

SWNTs                                                       
packed column                                              

H: 9.25 cm, D: 2.5 cm

d* = 0.7 - 1.1 nm                                                      

L = 80 - 200 nm                                                                   

dDLS = 21 nm                                                          

0 - 10 mg/L

glass beads                                 

300 - 425 µm (d50 = 355 µm)               
0.01 M NaCl, pH 7                                                               SWNTs show little affinity for porous media Lecoanet et al. 2004

SWNTs                                                             
packed column                                              

H: 9.25 cm, D: 2.5 cm

d* = 0.7 - 1.1 nm                                                      

L = 80 - 200 nm                                                    

dDLS = 21 nm                                                        

10 mg/L

glass beads                                  

300 - 425 µm (d50 = 355 µm)                
0.01 M NaCl, pH 7                                                      

Extremely low attachment; increased velocity 

alters breakthrough curve appearance

Lecoanet & Wiesner, 

2004

MWNTs
packed column                                              

H: 10 cm, D: 5 cm

dTEM = 7 - 70 nm                                                

LSEM =  100 nm - 2 µm, avg. 407 nm                                                         

100 mg/L

quartz sand                                       

d50 = 476 µm                                                 

glass beads                                           

d = 425 - 500 µm                                        

10 mM solution (NaHCO3 + 

Na2CO3 + NaBr or  NaCl), pH 10                                                                               

0.1 mM NaOH solution, pH 10                                         

Breakthrough at 43, 21 and 4.0 m/d similar, 

with time-dependent C/Co; particle mobility 

likely enhanced beyond critical pore water 

velocity  

Xueying et al. 2009

SWNTs & MWNTs                                       
packed column                                                   

H: 15 cm, D: 2.5 cm

SWNTs: d* = 1.4 nm                                            

MWNTs: d* = 35 ± 10 nm                                     

C = n/a

quartz sand                                          

d50 = 350 µm                                                                    

0.01 - 10 mM KCl                                                                                      

0.01 - 10 mM CaCl2                                                                                                                              

pH = n/a                                                

Filtration of MWNTs higher than SWNTs; 

straining insignificant
Wang et al. 2008

n TiO2

       soil cell                                                  

H: 1.27 cm, D: 2.54 cm

d* = 21 nm                                                 

dDLS = 123.2 ± 7.6 nm                                        

25 mg/L

glass beads                                          

d = 500 µm                                       
0.2 mM NaCl, pH 10                                            

Considers unsaturated nTiO2 transport; 

increased retention with decreasing 

saturation and slower drainage rates 

Chen et al. 2008

n TiO2

packed column                                                     

H: 30 cm, D: 15 cm

dAFM < 0.1µm                                                         

50, 75, 100 mg/L

quartz sand                                        

d50 = 20 µm                                    
0.01 M NaCl, pH = 4.5                                                              

Very high particle retention; existing models 

limited in ability to predict nTiO2  behavior
Choy et al. 2008

n TiO2

pyrex wafers                                                   

(2-D microchannel model)                                             

L*: 7.0 cm, W: 3.0 cm, H: 

87 - 92 µm 

dXRD = 5 - 12 nm                                             

dDLS depends on pH                                         

0.07 - 0.14 g/L                                         

pyrex                                                    

d = 700 µm                                           

hydrolysis synthesis solution,        

pH 1 - 12                                                

Suspended nanoparticle aggregates very 

mobile; lower mobility seen at pH 3 and 7 

(aggregates settle at pH 7)

Guzman et al. 2006

n TiO2

packed column                                                 

H: 10 cm, D: 2.5 cm

d50 = 35 nm                                                           

2 g/L

12 surface soil types                       

d50 = 30 - 132 µm                               

0.15 - 4.95 mM soil suspensions, 

pH 6.2 - 8.6                                          

nTiO2 most mobile in soil solutions with 

smaller grain diameters and lower IS; 

heightened retention with increasing clay 

content and salinity

Fang et al. 2009

n TiO2 QCM-D

d* = 5 nm                                                     

dDLS = 350 - 750 nm; dFCS = 7 - 189 nm                                        

dAFM = 30 nm                                                

dTEM ~ 30 nm with larger aggregates                                          

10 mg/L

silica surface
1 - 100 mM NaNO3,                                  

pH 3, 5, 9                             

Strong attractive electrostatic interactions 

between silica and nTiO2 at pH 3, 5 and at 

low IS; generally good agreement with 

DLVO theory 

Fatisson et al. 2009

n TiO2

packed column                                              

H: 10 cm, D: 1.1 cm

d* = 10 nm                                                           

bare: dTEM = 14 ± 1 nm                              

CMC-modified: dTEM = 15 ± 1 nm                                          

dDLS varies with solution chemistry                                                    

20 mg/L

quartz sand                                          

d50 = 290 µm ± aluminum or iron 

hydroxide coating                                      

ultrapure water                                   

1, 30 mM NaCl, pH 5.5 - 7.6                                                                                 

30 mM CaCl2, pH = 7.1                                                                                                                

CMC coating greatly enhances mobility 

(bare nTiO2 is immobile)
Sung et al. 2009

n TiO2

packed column                                              

H: 9.25 cm, D: 2.5 cm

d* = 40 nm                                                        

dDLS = 198 nm                                                                                  

0 - 10 mg/L

glass beads                                          

300 - 425 µm (d50 = 355 µm)                    
0.01 M NaCl, pH 7                                                 

nTiO2 exhibits greater retention than 

alumoxane but more mobile than ferroxane; 

mobility slightly increasing with time

Lecoanet et al. 2004

n TiO2

packed column                                                

H: 9.25 cm, D: 2.5 cm

 d* = 40 nm                                                  

dDLS = 198 nm                                                                             

10 mg/L

glass beads                                  

300 - 425 µm (d50 = 355 µm)            
0.01 M NaCl, pH 7                                                               

Decreased nTiO2 retention at faster flow 

velocity

Lecoanet & Wiesner, 

2004

n TiO2

    packed column                                          

H: 100 cm, D: 1.27 cm

d* = 40 - 60 nm (before functionalization)                           

Injected as ~ 60 wt% aqueous slurry 

quartz sand                                       

20 - 30 mesh                                    

~ 60 wt% TiO2 aqueous slurry + 

2% ammonium carboxylate,             

pH = n/a                                       

Functionalized nTiO2 distributed uniformly 

throughout column, Cu-EDA functionalized 

nTiO2 candidate for groundwater treatment

Mattigod et al. 2005
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 TTA-nC
60

 in NaCl, pH~7; from (65)

 TTA-nC
60

 in NaNO
3
, pH~7; from (65)

 46 nm CML in KCl, pH 6.7; from (62)

 121 nm CML in KCl, pH 6.7; from (62)

 63 nm CML in KCl, pH 8; from (91)

 63 nm CML in KCl, pH 11; from (91)

 50 nm SML in NaCl, pH 7.2; from (67)

 50 nm SML in NaCl, pH 5.7; from (83)

 110 nm SML in NaCl, pH 5.7; from (83)

 SDBS-nZVI in NaCl, pH 7.7; from (86)

 PMAA...-nZVI in NaCl, pH 7.7; from (86)

 PA-nZVI in NaCl, pH 7.7; from (86)

 SWNT in KCl, pH 7; from (73)
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