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1. Non-reactive tracer tests

To characterize water flow and hydrodynamic dispersion, a non-reactive tracer test was 

conducted for each column experiment using a pH and DO concentration adjusted 10 mM NaBr 
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solution.  Effluent bromide ion concentrations were measured using an Ion-Selective 

Electrode (Cole-Parmer, IL) and fit to a one-dimensional form of the advective-dispersive-

reactive (ADR) transport equation using CXTFIT 1 ver 2.163 to obtain the hydrodynamic 

dispersion coefficient (DH) and retardation factor (RF), as shown in Figure S1. The fitted 

retardation factors are 0.99±0.02 and the dispersion coefficients ranged from 0.00027 to 

0.00067 cm2 s-1.

Figure S1. Representative experimental and fitted bromide tracer breakthrough curve.

2. nAg dissolution kinetics

Batch experiments were conducted to investigate dissolution kinetics of nAg in aqueous 

suspensions as a function of rhamnolipid concentration under three environmentally-relevant 

solution chemistries: 1) pH = 4.0±0.2 and DO = 8.8±0.2 mg L-1, 2) pH = 7.0±0.2 and DO = 

8.8±0.2 mg L-1, 3) pH = 7.0±0.2 and DO = 2.0±0.2 mg L-1 . . Batch reactors were prepared by 

pH and DO adjustment, followed by nAg addition. Ag+ concentration in batch reactors were 

monitored over 48 hours. The results for pH = 4.0±0.2 with DO = 8.8±0.2 mg L-1 are shown in 

Figure 1. The results for pH = 7.0±0.2 with DO = 8.8±0.2 mg L-1 and pH = 7.0±0.2 with DO = 

2.0±0.2 mg L-1 are shown in Figures S2a-b and S2c-d, respectively. 
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Here, the first order silver nanoparticle dissolution kinetics developed by Zhang et al. 2 was 

modified to account for initial Ag+ concentration in the nAg aqueous solution. The 

mathematical expression assumes passivation of surface dissolution sites:

ln (1 ‒
𝐶𝐴𝑔 +

𝑤 ‒ 𝐶𝐴𝑔 + , 𝑖
𝑤

𝐶𝐴𝑔 + , 𝑚𝑎𝑥
𝑤

) =  ‒ 𝑘𝑑𝑡                                                         (𝑆1)

Where  is the initial silver ion concentration in the solution,  is the maximum 𝐶𝐴𝑔 + , 𝑖
𝑤 𝐶𝐴𝑔 + , 𝑚𝑎𝑥

𝑤

dissolvable concentration of nAg, and  is the first order effective dissolution rate constant (h-𝑘𝑑

1). Assuming that nAg provides the only source of Ag+, the following expression can be derived 

from equation S1 to calculate the Ag+ concentration in the solution:

𝐶𝐴𝑔 +
𝑤 =  𝐶𝐴𝑔 + , 𝑚𝑎𝑥

𝑤 (1 ‒ 𝑒
‒ 𝑘𝑑𝑡) + 𝐶𝐴𝑔 + , 𝑖

𝑤                                     (𝑆2)

Figure S2. (a-b) nAg dissolution kinetics at pH 7.0±0.2 and dissolved oxygen concentration of 
8.8±0.2 mg L-1 over 48 hours, early time data (first 3 h, in the red box) are enlarged in (b). (c-d) 
nAg dissolution kinetics at pH 4.0±0.2 and dissolved oxygen concentration of 2±0.2 mg L-1 over 
48 hours, early time data (first 3 h, in the red box) are enlarged in (d). Data were fit to a first order 
dissolution kinetics equation. Error bars represent the standard deviation of duplicate or triplicate 
measurements.
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The modified first-order model assumes that only a limited number of silver nanoparticle 

surface sites are available for dissolution during a given time frame. The model was fit to 

experimental data using a Matlab nonlinear least square procedure (MATLAB, R2020a). 

Three model parameters, including maximum dissolvable concentration , effective dissolution 𝐶𝐴𝑔 + , 𝑚𝑎𝑥
𝑤

rate constant and initial Ag ion concentration , were fit. The initial Ag ion concentration could 𝑘𝑑 𝐶𝐴𝑔 + , 𝑖
𝑤

not be measured directly since at least 20 mins of centrifugation is needed to separate the ions from the 

solution after the batch experiments begin. Therefore, the data start from time = 0.5 hours and the 

 was fitted in this study. 𝐶𝐴𝑔 + , 𝑖
𝑤

The relatively high values and variations in fitted can be attributed to a number of factors: 1) 𝐶𝐴𝑔 + , 𝑖
𝑤

During storage, it is likely that silver ions slowly released from nAg and absorbed on nAg surfaces 3. 

Once diluted, this absorbed Ag+ could be desorbed from the surface quickly. The batch experiments 

were conducted and repeated over a period of 2 months and longer storage times resulted in more 

surface-absorbed Ag+, leading to higher and varied initial Ag+ concentrations. 2)Similarly, Ag2O layers 

would also gradually form on the nAg surfaces during storage, which then could dissolve rapidly under 

low pH onditions, and result in higher initial concentrations for all pH 4 batches.

Table S1. Batch experimental conditions (pH, DO, and Rhamnolipid concentration) and corresponding 

nAg dissolution parameters (maximum dissolvable concentration , effective dissolution rate 𝐶𝐴𝑔 + , 𝑚𝑎𝑥
𝑤

constant and initial Ag ion concentration ). The parameters were obtained by fitting batch 𝑘𝑑 𝐶𝐴𝑔 + , 𝑖
𝑤

experimental results to the first order nAg dissolution kinetics (Equation S2).

pH DO Rham.Conc
(mg L-1) (mg L-1)𝐶𝐴𝑔 + , 𝑚𝑎𝑥

𝑤
(h-1)𝑘𝑑

(mg L-1)𝐶𝐴𝑔 + , 𝑖
𝑤

4 8.8 0 0.6526 0.0537 0.3331
4 8.8 1 0.4553 0.0701 0.2947
4 8.8 2 0.1134 0.1448 0.3066
4 8.8 5 0.1015 0.0168 0.2806
4 8.8 50 0.0467 0.0552 0.2593
7 8.8 0 0.1751 0.1755 0.1689
7 8.8 1 0.1022 0.1162 0.1746
7 8.8 5 0† 0.0000 0.1666
7 8.8 50 0† 0.0002 0.1599
7 2.0 0 0.1042 0.0669 0.1959
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7 2.0 5 0.0000 0.0000 0.1873

†The fitted values in these cases are negative numbers which are close to 0, given  ≥ 0, here 𝐶𝐴𝑔 + , 𝑚𝑎𝑥
𝑤

take 0 as fitted values instead.
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3. nAg aggregation kinetics at pH = 7 and DO = 8.8 or 2.0 mg L-1
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Figure S3. (a-b) nAg aggregation kinetics at pH 7.0±0.2 and dissolved oxygen concentration of 
8.8±0.2 mg L-1 over 2 hours (short term) and 48 hours (long term). (c-d) nAg aggregation kinetics at 
pH 4.0±0.2 and dissolved oxygen concentration of 2±0.2 mg L-1 over 2 hours (short term) and 48 
hours (long term). Error bars represent the standard deviation of duplicate/triplicate measurements.
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4. nAg zeta potential and UV-Vis adsorption spectrum
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Figure S4. (a) nAg surface zeta potential under three pH and DO scenarios as a function of 
rhamnolipid concentration. (b-d) Absorption spectrum of nAg under three pH and DO scenarios as a 
function of rhamnolipid concentration. 
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5. nAg TEM images at pH = 7 and DO = 8.8 or 2.0 mg L-1

Figure S5. Representative TEM images of nAg (a) without rhamnolipid and (b) with 5mg L-1 
rhamnolipid at 0.5 and 24 hours in aqueous solutions at pH 7.0 ± 0.2 and DO 8.8 ± 0.2 mg L-1. 

Figure S6. Representative TEM images of nAg (a) without rhamnolipid and (b) with 5mg L-1 
rhamnolipid at 0.5 and 20 hours in aqueous solutions at pH 7.0±0.2 and DO 2.0±0.2 mg L-1.



9

6. Energy profile calculations for nanoparticle-nanoparticle and nanoparticle-sand 
interactions
6.1. Nanoparticle-nanoparticle interactions

Derjaguin, Landau, Verwey and Overbeek (DLVO) theory4, 5 can be used to evaluate the 

interactions between nanoparticles in varied solution chemistries. Based on DLVO theory, 

equations for calculations of Van der Waals interaction and electrostatic interactions are: 6, 7

𝑉𝑉𝐷𝑊 =  ‒
𝐴𝐻𝑟

12𝑘𝐵𝑇
[1 ‒  

𝑏ℎ
𝜆

𝑙𝑛⁡(1 +
𝜆

𝑏ℎ
)]                                              (𝑆3) 

𝑉𝐸𝐷𝐿 = 64𝜋𝜀0𝜀
𝑟

2𝑘𝐵𝑇
(
𝑘𝐵𝑇

𝑒
)2(𝑡𝑎𝑛ℎ

𝑒𝜓
4𝑘𝐵𝑇

)2exp ( ‒ 𝜅ℎ)                                                 (𝑆4)

Here,  is the distance between nanoparticles, b is a constant with a value of 5.32, λ is the ℎ

characteristic wavelength for the interaction (100 nm),  is the permittivity of free space,  is 𝜀0 𝜀

the dielectric constant of water,  is the nanoparticle radius,  is the ζ-potential of nanoparticles, 𝑟 𝜓

κ-1 is the Debye-Hückel screening length, and  is the Hamaker constant for the nAg-water-𝐴𝐻

nAg system, here 3.7E-20 J. 8  When rhamnolipid was present in the solution and absorbed 

on nanoparticle surfaces, steric repulsive interactions were also calculated based on equations 

presented in Fritz et al, 9 including osmotic interactions:

𝑉𝑂𝑆𝑀 = 0                          2𝑑 < ℎ

             𝑉𝑂𝑆𝑀 =
4𝜋𝑟
𝑣1

𝜓2(0.5 ‒ 𝜒)(𝑑 ‒
ℎ
2) 2                      𝑑 ≤ ℎ < 2𝑑                                              

             𝑉𝑂𝑆𝑀 =
4𝜋𝑟
𝑣1

Φ2(0.5 ‒ 𝜒)𝑑2( ℎ
2𝑑

‒ 0.25 ‒ 𝑙𝑛
ℎ
𝑑)      ℎ < 𝑑                 (𝑆5)               

and elastic repulsion:

𝑉𝐸𝐿𝐴𝑆 = 0                𝑑 ≤ ℎ 

 𝑉𝐸𝐿𝐴𝑆 = (
2𝜋𝑟
𝑀𝑊

Φ𝑑2𝜌𝑃)(
ℎ
𝑑

ln (ℎ
𝑑(3 ‒

ℎ
𝑑

2 )2) ‒ 6𝑙𝑛(3 ‒
ℎ
𝑑

2 )   + 3(1 +
ℎ
𝑑)2)   ℎ < 𝑑    (𝑆6)      

Here,  is the Flory-Huggins solvency parameter, which is assumed to be 0.286 for 𝜒

rhamnolipid, 10   is the volume fraction of absorbed rhamnolipid within the brush layer,  is Φ 𝑑

the thickness of the rhamnolipid brush layer, and  is the volume of a solvent molecule.  𝑣1 Φ

was calculated based on the equation reported by Phenra et.al. 11 and  was estimated by the 𝑑
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size change measured by DLS at pH 7 and DO 9 mg L-1. The resultant energy profiles are 

shown in Figure S7.

Figure S7. Interaction energy profiles between  nAg particles under (a) three pH and DO scenarios; 
(b) for pH 4.0±0.2 and DO 8.8±0.2 mg L-1 with varying rhamnolipid concentrations in solution, (c) 
for pH 7.0±0.2 and DO8.8±0.2 mg L-1 with varying rhamnolipid concentrations in solution, (d) pH 
7.0±0.2 and DO2.0±0.2 mg L-1 with varying rhamnolipid concentrations in solution. When 
rhamnolipid was present, steric repulsion was added to the total interactions and resulted a larger 
energy barrier.

(a) (b)

(d)(c)
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6.2. Nanoparticle-sand interactions

DLVO theory can also be applied to the nanoparticle-sand interaction calculation. In this case, 

the double layer electrostatic repulsion and Van de Waals attraction between nanoparticle and 

sand surfaces were calculated as: 12, 13

𝑉𝐸𝐷𝐿 ‒ 𝑝𝑠

=  
𝜋𝜀𝑟𝜀0𝜅(𝜓2

𝑠 + 𝜓2
𝑝)

𝑘𝐵𝑇

𝑎

∫
0

( ‒ 𝑐𝑜𝑡ℎ⁡[𝜅(𝐷 + 𝑎 ‒ 𝑎 1 ‒ (𝑟
𝑎)2)] + 𝑐𝑜𝑡ℎ⁡[𝜅(𝐷 + 𝑎 + 𝑎 1 ‒ (𝑟

𝑎)2

)] +
2𝜓𝑠𝜓𝑝

𝜓2
𝑠 + 𝜓2

𝑝

{𝑐𝑠𝑐ℎ⁡[𝜅(𝐷 + 𝑎 ‒ 𝑎 1 ‒ (𝑟
𝑎)2)] ‒ ] ‒ 𝑐𝑠𝑐ℎ⁡[𝜅(𝐷 + 𝑎 + 𝑎

1 ‒ (𝑟
𝑎)2)]})]})𝑟𝑑𝑟                                                                    (𝑆7)

𝑉𝑉𝐷𝑊 ‒ 𝑝𝑠 =‒
𝐴𝑝𝑠

6 [𝑎
𝐷

+
𝑎

𝐷 + 2𝑎
+ ln ( 𝐷

𝐷 + 2𝑎)]                                            (𝑆8)

Here,  and  are surface potentials of nanoparticles and sand grains, 14 respectively;  is 𝜓𝑠 𝜓𝑝 𝐷

the closest approach from nanoparticle to sand surface;  is the radius of nanoparticles; and 𝑎

 is the Hamaker constant for nAg-water-quartz(silica) system, here 2.02E-20 J. 15𝐴𝑝𝑠

Similar to the nanoparticle-nanoparticle interaction, the steric interaction energy ( ) can 𝑉𝑆 ‒ 𝑝𝑠

be calculated between a rhamnolipid-coated nAg and an uncoated sand grain9, 10 and summed 

with the  and values to obtain the total extended interaction energy:𝑉𝐸𝐷𝐿 ‒ 𝑝𝑠 𝑉𝑉𝐷𝑊 ‒ 𝑝𝑠 

𝑉𝑆 ‒ 𝑝𝑠 = 0                𝑑 ≤ ℎ 

            𝑉𝑆 ‒ 𝑝𝑠 =
𝑑

∫
ℎ

2𝜋𝑟
𝑘𝐵𝑇

𝑠3
(
4𝐿
5 ((ℎ

𝑑)
5
4 ‒ 1) +

4𝐿
7 ((𝑑

ℎ)
7
4 ‒ 1))𝑑𝐷   ℎ < 𝑑    (𝑆9)      

Here,  is the separation distance between rhamnolipid on the nanoparticle surface, which𝑠

was estimated to be 0.68 nm, based on the nanoparticle surface area, average rhamnolipid 

molecular weight and rhamnolipid surface excess. The resulting interaction energy profiles 

based on these equations are shown in Figure S8.
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Figure S8. Interaction energy profiles for nAg and sand under (a) three pH and DO scenarios; (b) for 
pH 4.0±0.2 and DO 8.8±0.2 mg L-1 with a varying rhamnolipid concentration in solution, (c) for pH 
7.0±0.2 and DO8.8±0.2 mg L-1 with a varying rhamnolipid concentration in solution, (d) for pH 7.0±0.2 
and DO2.0±0.2 mg L-1 with a varying rhamnolipid concentration in solution. When rhamnolipid was 
present in the solution, steric repulsion was added to the total interactions and resulted a larger energy 
barrier. Figures in the second column are enlarged views of the secondary minimum region in 
Figures(a-d).

(a)

(b)

(c)

(d) 



13

7. Energy-dispersive X-ray spectroscopy (EDS) analysis

Following SEM imaging, Energy-dispersive X-ray spectroscopy (EDS) analysis was 

conducted to confirm that the observed particles on the sand surface were silver nanoparticles 

(Figure 4c-d and Figure S9a, same sample with different magnifications). The electron 

acceleration voltage was 10 kV. The resulting elemental mapping and elemental spectroscopy 

of the sand surface (Figure S9a) are shown in Figure S9b-d and Figure S10, respectively. Three 

primary elements (silver, silica and oxygen) were detected on the sample surface and were 

labeled with different colors (Figure S9b-d): red, green and blue represent silver, silica and 

oxygen, respectively.

Figure S9. (a) SEM image of sand surface deposited with particles. (b-d) EDS elemental 
mapping of silver, silica and oxygen on the sand surface in (a), elements were labeled with 
different colors.

Silver

Silica Oxygen

(a) (b)

(c) (d)
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    Figure S10. EDS spectroscopy of sand surface with deposited nAg in Figure S9a.

The amount of each element on the sand surface was obtained by analyzing the EDS 

spectroscopy and the results are presented in Table S2.

Table S2. Elemental weight and atomic percentages for nAg deposited on the sand surface (Figure 
S9a), obtained from elemental analysis of EDS spectroscopy (Figure S10).

Element Weight% Atomic%
     
C K 1.69 2.83
O K 54.94 69.14
Si K 37.89 27.16
Ag L 3.58 0.67
Au M 1.91 0.20

Totals 100.00
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