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Text S1. The zeta potentials of heterogeneous mixtures 

The zeta potentials of heterogeneous mixtures (uncoated and Fe oxide coated sand grains) 

were calculated using an empirical equation reported in literature [1,2], as follows: = 	 + (1 − )  

where  is the overall zeta potential of the collectors,  is the portion of Fe oxide coated sand, 	  and  are the zeta potentials of the Fe oxides and the sand colloids, respectively, 

which were measured using a NanoBrook 90Plus PALS analyzer (Brookhaven, US). 

 

Text S2. Analysis for Cu 

Before experiments, we compared two different methods for a good separation of dissolved 

Cu2+ from bulk solution in the presence of GO. The mixture of GO and CuCl2 was centrifuged at 

11,000 × g for 30 min, and then filtered through a 0.22-µm membrane filter. Comparably, a 

Amicon Ultra-30kD membrane filter (Millipore, US) was applied to separate dissolved Cu in the 

aqueous suspension. The filter device was spun at 45,000 × g for 20 min. The concentrations of 

Cu in filtrates were analyzed using an atomic absorption spectrophotometer (AAS, Hitachi Z-2000, 

Japan). The results showed no significant difference with regard to the detected Cu in Figure S2. 

 

Text S3. Langmuir fitting for the adsorption isotherm 

In order to describe the adsorption behavior of Cu2+ on GO, the isotherm was fitted using 

Langmuir model as follow: 

= 1 +  

where  is the amount of Cu adsorbed on GO at equilibrium (mg g−1),  is the 

maximum adsorption capacity (mg g−1),  is the Langmuir sorption coefficient (L mg−1),  is 

the equilibrium concentration of Cu2+ in aqueous solution (mg L−1). 

 



Text S4. Numerical Model 

A one-dimensional form of the convection-dispersion equation with two types of kinetic 

retention sites [3,4] has been successfully applied to simulate the transport of GO in saturated sand 

covered with iron oxides, biofilms, and extracellular polymeric substances [5,6], as below: ∁ + ( ) + ( ) = ∁ − ∁																																																														(S1) 
where θ is the volumetric water content [-],	∁ is the GO concentration in the aqueous phase [N L−3, 

where N and L denote number and length, respectively], t is the time [T], ρ  is the bulk density of 

the porous matrix [M L−3, where M denotes the unit of mass], x is the vertical spatial coordinate 

[L], D is the hydrodynamic dispersion coefficient [L2 T−1], q is the Darcy velocity [L T−1], and  

[N M−1] and  [N M−1] are the solid-phase concentration associated with retention sites 1 and 2, 

respectively. 

The two kinetic retention sites described mass transfer of GO between aqueous and solid 

phases. The first kinetic site (site 1, Eq. S2) assumes reversible retention, whereas the second 

kinetic site (site 2, Eq. S3) assumes irreversible and time-dependent retention as: ( ) = ∁ − 																																																																																																						(S2) ( ) = tψ ∁																																																																																																																					(S3) 
where k  [T−1] and k  [T−1] are first-order retention coefficients on sites 1 and 2, respectively, k  

[T−1] is the first-order detachment coefficient, and tψ  is a dimensionless function to account for 

time-dependent retention [-]. The value of tψ  is given as [7]: 

tψ  = 1 − 																																																																																																																													(S4) 
where  [N M−1] is the maximum solid-phase concentration of GO on site 2. 

  



Figure S1. 

Elements w.t. % 

C 28.76 

O 49.52 

Si 20.30 

Fe 1.43 

Total 100.0 

 

Figure S1. Selected SEM image of Fe oxide coated quartz sand used in the study and the 

corresponding energy dispersive x-ray spectroscopy for elemental composition analysis. 

 



Figure S2. 
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Figure S2. Method comparison for separating dissolved Cu2+ from bulk solution in the presence 

of 20 mg L−1 GO. 

 

Figure S3. 
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Figure S3. The total (a) and dissolved (b) concentrations of Cu in the effluents as a function of 

Fe oxide fraction (ω) at pH 5.0 and 1 mM KCl. 



 

Figure S4. 

0 2 4 6 8 10

0.00

0.25

0.50

0.75

1.00

1.25  0.05 mM Cu2+ transport
C

/C
0

PV  

Figure S4. The breakthrough curve of 0.05 mM CuCl2 in sand column (ω = 0) at pH 5.0 and 1 

mM KCl. 
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