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XDLVO Calculations

Interaction energy profiles of TiO2 with proteins were calculated by XDLVO 

theory. Calculation equations of TiO2-TiO2 and TiO2-sand were as follows (Einarson 

et al., 1993; Shang et al., 2010; Song et al., 2011; Sun et al., 2015; Xu et al., 2017):
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where A121 is the Hamaker constant for TiO2-water-TiO2, A123 is the Hamaker 

constant for TiO2-water-sand, H is the separation distance between TiO2 and TiO2, h is 

separation distance between TiO2 and sand surface, λ0 is a characteristic length of 100 

nm,  is the dielectric permittivity of vacuum,  is the dielectric constant of water, 𝜀0 𝜀𝑤

NA is Avogadro constant, is the Flory-Huggins solvency parameter, V is the molar 

volume of water,  is the volume fraction of the protein, Γmax is maximum surface P

concentration, ρ is the density of the protein, MW is the molecular weight of the protein, 

 is van der Waals interaction energies,  is electrical double layer interaction VDW EDL

energies,  is osmotic pressure,  is elastic-steric repulsion.OSM ELAS
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Fig. S1 The particle size distribution profiles of TiO2 in the absence/presence of protein 
at different IS.
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Fig. S2 ATR-FTIR spectra of 8 mg L-1 different proteins (a), TiO2 without/with 8 mg 
L-1 BSA, OVA, and A-LA (b). 

Fig. S3 TEM images of (a) TiO2 with 4 mg L-1 BSA concentration, and (b) TiO2 with 
16 mg L-1 BSA concentration at IS 1 mM. The dark color is TiO2, and the white layer 
is the adsorption layer of protein.
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Fig. S4 TEM images of TiO2 in the (a) absence and presence of 8 mg L-1 (b) BSA, (c) 
OVA, and (c) A-LA in IS 5 mM NaCl solution. The red area is the enlarged images, 
shown in Fig. 4.
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IS 1 mM.



S8

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

2000

4000

w/o Protein
w/   BSA
w/   OVA
w/   A-LA

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

2000

4000

6000

8000

10000

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

5000

10000

15000

20000

10 20 30 40

-2

-1

10 15 20 25

-6

-4

-2

10 15 20 25

-8
-6
-4
-2

1 mM 5 mM

10 mM

(a) (b)

(c)

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

2000

4000

w/o Protein
w/   BSA
w/   OVA
w/   A-LA

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

2000

4000

6000

8000

10000

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

5000

10000

15000

20000

10 20 30 40
-0.10

-0.05

10 15 20 25
-0.10

-0.05

10 15 20 25
-0.15

-0.10

-0.05

1 mM 5 mM

10 mM

(a) (b)

(c)

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

2000

4000

w/o Protein
w/   BSA
w/   OVA
w/   A-LA

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

2000

4000

6000

8000

10000

Separation Distance (nm)
0 2 4 6 8 10

In
te

ra
tio

n 
En

er
gy

 (k
T)

0

5000

10000

15000

20000

10 20 30 40
-0.10

-0.05

10 15 20 25
-0.10

-0.05

10 15 20 25
-0.15

-0.10

-0.05

IS 1 mM IS 5 mM

IS 10 mM

(a) (b)

(c)

Fig. S6 Interaction energy profiles between TiO2 with 8 mg L-1 different protein 
(BSA/OVA/A-LA) at different IS.
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Fig. S8 Electrophoretic mobility (EPM) of TiO2 in the presence of different proteins at 
different IS (1, 5, 25, 50, 100, and 200 mM) for pH 7. The dashed lines connect the 
best-fitted points with the Ohshima’s soft particle theory.
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Fig. S10 Interaction energy profiles between grain surface and TiO2 with BSA at IS 1 
mM.
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Fig. S13 The relationship between adsorbed layer thickness and (a) energy barrier or 
(b) hydrodynamic diameter, under TiO2 with different BSA concentrations at IS 1 mM 
conditions.
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Fig. S16 The relationship between adsorbed layer thickness and (a) energy barrier or 
(b) breakthrough rates, under TiO2 with different molecular weight proteins at IS 10 
mM conditions.
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Table S1 Hydrodynamic diameters (DH) of TiO2, TiO2 with different BSA concentrations, and TiO2 with different proteins in suspensions prior 
to and at the end of the column experiment.

DH (nm)
IS

(mM)
TiO2

(mg L-1)
BSA

(mg L-1)
OVA

(mg L-1)
A-LA

(mg L-1) Prior to the 
experiment

End of  
experiment

DH/dc
a

1 25 0 0 0 378 ± 10 3228 ± 159 0.0063
5 25 0 0 0 517 ± 25 4604 ± 235 0.0090
10 25 0 0 0 565 ± 13 4865 ± 169 0.0095
1 25 2 0 0 393 ± 18 411 ± 13 0.0008
1 25 4 0 0 334 ± 35 324 ± 9 0.0006
1 25 8 0 0 292 ± 9 277 ± 13 0.0006
1 25 16 0 0 284 ±20 286 ± 10 0.0006
1 25 0 8 0 253 ± 6 264 ± 7 0.0005
1 25 0 0 8 235 ± 13 253 ± 9 0.0005
5 25 8 0 0 296 ± 18 281 ± 10 0.0006
5 25 0 8 0 259 ± 31 276 ± 16 0.0005
5 25 0 0 8 249 ± 35 256 ± 13 0.0005
10 25 8 0 0 359 ± 31 401 ± 28 0.0008
10 25 0 8 0 339 ± 20 388 ± 23 0.0008
10 25 0 0 8 324 ± 8 389 ± 24 0.0008

a Ratio of average TiO2 hydrodynamic diameter (DH) at the end of column experiment over median grain size (dc)
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Table S2 Charge density (ZN/NA), adsorbed layer thickness (d), and softness parameter 
(1/λ) are estimated by fitting electrophoretic mobility with the Ohshima’s soft particle 
theory.

Particle
Protein 

type
Concentration

(mg L-1)
ZN/NA

(mol m-3)
d 

(nm)
1/λ 

(nm)
R2

BSA 2 0.23 4.7 5.5 0.99
BSA 4 0.33 4.8 5.1 0.99
BSA 8 0.21 5.4 5.8 0.98
BSA 16 0.35 5.8 5.6 0.99
OVA 8 0.72 5.7 5.1 0.97

TiO2

A-LA 8 0.58 7.5 5.6 0.97


