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1.  Transmission Electron Microscopy (TEM) Characterization of Oleic Acid Coated Iron Oxide 

Nanoparticles (IONPs)
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Figure S1. (a) Representative TEM image of oleic-acid coated iron oxide nanoparticles (IONPs). (b) 

Histogram of diameter range vs relative % of frequency of particles analysed using Image J software (U. 

S. National Institutes of Health, Bethesda, Maryland). TEM samples were prepared by placing a small 

drop (10 µL) of diluted IONP suspension on a carbon coated copper grids and left to dry at room 

temperature (22 ± 0.5 °C). The mean IOPN size was determined to be 8nm. (c) Zeta potential distribution 

of IONP in aerobic medium.



2. Column Experimental Setup

Figure S2.  Schematic diagram of one-dimensional column experimental setup. The influent ca.5mg L-1 (as 

iron) IONP solution was prepared by mixing IONP stock solution and the background solution right before 

the injection to keep a constant influent nanoparticle size/size distribution. For columns incorporating IONP 

transport with rhamnolipid, rhamnolipid (10 mg L-1 or 50mg L-1) was added to background solution 

beforehand.



3. Deposition of IONPs Confirmed by Energy Dispersive Spectrometry (EDS)

Figure S3. EDS imaging of (a) IONPs deposited and (b) bare sand surface. Samples were secured on carbon 

conductive tape and coated with a layer of gold and platinum prior to EDS analysis (Zeiss LEO 1530 VP 

SEM). The detected iron amount is 0.45% by weight in spectrum 1, compared to 0% iron in bare sand 

surface (spectrum 2).
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4. Influent Nanoparticle Size Distributions

Figure S4. Typical number based influent size distributions for (a) aerobic medium columns when IONP 

are transported alone(AE-IONP) or with 10 or 50 mg L-1 rhamnolipid (AE-R10&IONP or AE-

R50&IONP) and (b) 10mM NaCl columns with IONP transported alone (NaCl-IONP) or with 50mg L-

1 rhamnolipid(NaCl-R50&IONP). The polydispersity indexes (PDIs) for all column influents were lower 

than 0.2, indicating a monodisperse suspension of injected IONP. The addition of rhamnolipid in the 

influent slightly increased the IONP size, consistent with the zeta potential results shown in Figure 3b 

that suggested rhamnolipid was absorbed on IONP surfaces.



5. DLVO Calculations

5.1 Nanoparticle-Nanoparticle Interactions

Derjaguin, Landau, Verwey and Overbeek (DLVO) theory1, 2 was invoked to evaluate the interactions 

between nanoparticles in aerobic medium and 10mM NaCl solution. Based on DLVO theory, equations for 

calculations of Van der Waals interaction and electrostatic interactions are: 3, 4

𝑉𝑉𝐷𝑊 =  ‒
𝐴𝐻

6𝑘𝐵𝑇
[

𝑟2

ℎ2 + 4𝑟ℎ
+  

𝑟2

ℎ2 + 4𝑟ℎ + 4𝑟2
+ 𝑙𝑛⁡(

𝑟2 + 4𝑟ℎ

ℎ2 + 4𝑟ℎ + 4𝑟2
]                                 (𝑆1) 

𝑉𝐸𝐷𝐿 = 64𝜋𝜀0𝜀
𝑟

2𝑘𝐵𝑇
(
𝑘𝐵𝑇

𝑒
)2(𝑡𝑎𝑛ℎ

𝑒𝜓
4𝑘𝐵𝑇

)2exp ( ‒ 𝜅ℎ)                                                                (𝑆2)

Here,  is the distance between nanoparticles,  is the permittivity of free space,  is the dielectric constant ℎ 𝜀0 𝜀

of water,  is the nanoparticle radius,  is the ζ-potential of nanoparticles, κ-1 is the Debye-Hückel screening 𝑟 𝜓

length, and  is the Hamaker constant for the IONP-water-IONP system, here 4.0E-20 J. 5𝐴𝐻

When rhamnolipid is present in the solution and absorbed on nanoparticle surfaces, steric repulsive 

interactions were also calculated based on equations presented in Fritz et al, 6 including osmotic interaction:
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Here,  is the Flory-Huggins solvency parameter, which is assumed to be 0.286 for rhamnolipid, 7   is the 𝜒 Φ

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

layer, and  is the volume of a solvent molecule.  was calculated based on the equation reported by 𝑣1 Φ

Phenra et.al.3 and  was estimated by the size distribution change shown in Figure S4. Both parameters are 𝑑

summarized in Table S1.

Table S1. Parameters used in calculations of steric repulsion interactions.

absorbed rhamnolipid

(mg L-1)

Fraction volume of 

rhamnolipid Φ
thickness of rhamnolipid brush 

layer (nm) 𝑑 

10 mg L-1 rhamnolipid in 

aerobic medium

0.5 0.0021 1.11

50 mg L-1 rhamnolipid in 

aerobic medium

4.5 0.0190 2.98

50 mg L-1 rhamnolipid in 

10mM NaCl

11 0.0495 2.25

The resulting interaction energy profiles are shown in Figure S5.

Figure S5. Interaction energy profiles for IONPs in (a) aerobic medium and (b) 10mM NaCl.  When 

rhamnolipid was present in the aerobic medium or 10mM NaCl, steric repulsion was added to the total 

interactions and resulted a larger energy barrier. 



5.2 Nanoparticle-Sand Interactions

DLVO theory can also be applied to the nanoparticle-sand interaction calculation when rhamnolipid is 

present. In this case, the double layer electrostatic repulsion and Van de Waals attraction between 

nanoparticle and sand surfaces were calculated as: 8, 9

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 (𝑆5)

𝑉𝑉𝐷𝑊 ‒ 𝑝𝑠 =‒
𝐴𝑝𝑠

6 [𝑎
𝐷

+
𝑎

𝐷 + 2𝑎
+ ln ( 𝐷

𝐷 + 2𝑎)]                                            (𝑆6)

Here,  and  are surface potentials of nanoparticles and sand grains, 10 respectively.  is the closest 𝜓𝑠 𝜓𝑝 𝐷

approach from nanoparticle to sand surface.  is the radius of nanoparticles.  is the Hamaker constant 𝑎 𝐴𝑝𝑠

for IONP-water-quatz(silica) system, here 2.2E-20 J. 11

The resulting interaction energy profiles of nanoparticle-sand in aerobic medium and 10mM NaCl are 

shown in Figure S6.

Figure S6. DLVO interaction profiles for IONP and sand grain surface in aerobic medium (IS=50.4mM) 

and 10mM NaCl solution.

6. Rhamnolipid Only Column Experiments



To obtain rhamnolipid baseline transport data and to estimate retention capacity of Ottawa sands for 

rhamnolipid, four column experiments were performed using either 10 mg L-1 or 50 mg L-1 rhamnolipid as 

the influent.  Specifically, ca.5PVs 10 mg L-1 in aerobic medium (AE-R10) or 50 mg L-1  rhamnolipid in 

aerobic medium(AE-R50-1 and AE-R50-2) or 50 mg L-1 r in 10mM NaCl solution(NaCl-R50) was injected 

into water-saturated columns, followed by a 3PV injection of a corresponding rhamnolipid-free background 

solution. Effluent rhamnolipid concentrations were determined and mass breakthrough was calculated, as 

summarized in Table S2.

Table S2. Summary of rhamnolipid baseline transport experiments.

a “AE”: Aerobic medium as background electrolyte, “NaCl”:10mM NaCl as background electrolyte, “R10”: 10 mg L-1 rhamnolipid; 
“R50”: 50 mg L-1 rhamnolipid; “-1” and “-2” indicate duplicate experiments. 

 b Input rhamnolipid concentration. 

c Pulse width. 

d Rhamnolipid breakthrough. 

e Rhamnolipid adsorption rate coefficient 

f Maximum retention capacity

 g Rhamnolipid desorption rate coefficient. The 95% confidence limits of fitted parameters are presented in parentheses. The 
relatively large 95% confidence intervals for desorption rate indicate that the model predictions are not sensitive to desorption rate 
under the experimental conditions. Additionally, zero-truncation for the lower bound of CI was used, given that kdes are positive 
values.

Experimental parameters Mathematically fitted parameters

Column identifiera
C0

b

(mg L-1)

PWc

(pv)

BTd

(%)

kads
e

(h-1)

Qmax
f

(µg g-1)

kdes
g

(h-1)
R2

AE-R10 10.3 5.1 82.1
0.03

(0.02,0.04)

3.31

(0.80,5.82)

0.003

(0,0.012)
0.98

AE-R50-1 47.4 4.7 84.7
0.05

(0.04,0.07)

9.41

(6.65,12.17)

0.004

(0,0.011)
0.98

AE-R50-2 52.2 5.0 87.1
0.04

(0.03,0.06)

11.84

(6.73,16.96)

0.004

(0,0.015)
0.97

NaCl-R50 51.7 5.1 77.2
0.20

(0.17,0.23)

13.07

(11.98,14.15)

0.008

(0.003,0.013)
0.99



The effluent data were fit using a modified filtration model (Figure S7a) with a limiting capacity term and 

a desorption term, the fitted parameters are listed in Table S2. The rhamnolipid retention profiles were also 

simulated using the modified filtration model, as shown in Figure S7b.

Additionally, to verify the retention capacity obtained from rhamnolipid column experiments, batch studies 

of rhamnolipid sorption on Ottawa sand were also conducted. A Langmuir type isotherm model was used 

to fit the experimental data in Figure S8.

Figure S7. (a) Experimental and fitted effluent BTCs and (b) simulated rhamnolipid retention profiles 

for 10 mg L-1 and 50 mg L-1  rhamnolipid transport experiments using aerobic medium as background 

and 50mg L-1 rhamnolipid transport experiments using 10mM NaCl as background in saturated columns 

packed with 80-100 mesh Ottawa sands at a pore water velocity of 0.43m/day.



7. Mathematical Modeling

7.1 One-Site and Two-Site Multi-Constituent Models

For one-site and two-site multi-constituent models (MCB and TMC models), the relationship between the 

sand surface area covered by deposited IONP/rhamnolipid (AP or AR) and the deposited solid phase 

concentration (SP and SR) were calculated using conversion factors, which are:

𝜏 =   
𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑃 ∗ 𝑚𝑠𝑎𝑛𝑑

𝜌𝑃 ∗ 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑃

                  (𝑆7)
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𝑀𝑅
𝑤

         (𝑆8)

Where  is the area covered by a single iron oxide nanoparticle (m2/particle) and  is the mass 𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑃  𝑚𝑠𝑎𝑛𝑑

of the sand (g).  is the density of iron oxide(5.2 g cm-3) and  is a volume(m3) of the core iron oxide  𝜌𝑃 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑃

particle which has an diameter of 8nm.  is Avogadro’s Number (6.02 x 1023 molecules/mol),  𝑁𝐴 𝐴𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
𝑅

the area covered by a single rhamnolipid molecule and  represents the molecular weight of rhamnolipid(g 𝑀𝑅
𝑤

mol-1).

Using and  to convert S and Smax for IONP and rhamnolipid to their respective areas resulted:𝜏 𝜁

𝐴𝑃

𝐴𝑡𝑜𝑡𝑎𝑙
=  

𝜏 ∗ 𝑆𝑃

𝜏 ∗ 𝑆 𝑃
𝑚𝑎𝑥

=
𝑆𝑃

𝑆 𝑃
𝑚𝑎𝑥

       (𝑆9)

Figure S8. Experimental and Langmuir fitted adsorption isotherm of rhamnolipid on 80-100 mesh Ottawa 

sand in (a) Aerobic Medium and (b) 10mM NaCl.



𝐴𝑅

𝐴𝑡𝑜𝑡𝑎𝑙
=  

𝜁 ∗ 𝑆𝑅

𝜁 ∗ 𝑆 𝑅
𝑚𝑎𝑥

=
𝑆𝑅

𝑆 𝑅
𝑚𝑎𝑥

       (𝑆10)

and   are all available surface area (single layer) for attachment/adsorption for both constituents, so:𝐴𝑡𝑜𝑡𝑎𝑙

𝐴𝑡𝑜𝑡𝑎𝑙 =  𝜏 ∗ 𝑆 𝑃
𝑚𝑎𝑥 = 𝜁 ∗ 𝑆 𝑅

𝑚𝑎𝑥       (𝑆11)

Rearranging these equations yields:

𝑆 𝑅
𝑚𝑎𝑥 =  

𝜏
𝜁

∗ 𝑆 𝑃
𝑚𝑎𝑥 (𝑆12)

To calculate and , volumes of mono- and di- rhamnolipid were first estimated using Molinspiration 𝜏 𝜁

(http://www.molinspiration.com/cgi-bin/properties) to be 625.35 Å-3 and 501.49 Å-3 , respectively. 

Assuming a spherical geometry both for mono- and di-rhamnolipid, the average area occupied by a single 

rhamnolipid molecule was then calculated as 1.033 nm2 since the rhamnolipid used in this research is a 

mixture of 3:2 mono- and di-rhamnolipid.

Based on the hydrodynamic size of IONP, which is about 40 nm in DI water, the area occupied by an 

individual nanoparticle was calculated to be 1256.6 nm2.

Then equation (S12) becomes:

𝑆 𝑅
𝑚𝑎𝑥 =  1.127 ∗ 𝑆 𝑃

𝑚𝑎𝑥 

which means the surface area for 1 µg g-1(as iron) deposition of IONP can absorb 1.127 µg g-1 rhamnolipid. 

Complete monolayer coverage values of IONP and rhamnolipid biosurfactant were also estimated for 80-

100 mesh Ottawa sand (dc = 0.165mm), assuming spherical grains(Table S3); however, it should be noted 

that these values are conservative estimates, as sand surface topography heterogeneity will create 

substantially more available surface area than that estimated for a spherical geometry.

Table S3. Calculated rhamnolipid and IONP properties used when relating nanoparticle retention capacity 
to polymer adsorption capacity.

Property Value Units
Rhamnolipid area occupied 1.033 nm2

Theoretical monolayer coverage for 
rhamnolipid (dc = 0.165mm)

12.42 µg g-1

Conversion factor 6.8847E3 m2*g-sand g-1 rhamnolipid
IONP area occupied 1256.6 nm2

Theoretical monolayer coverage for 
IONP (dc = 0.165mm) as Fe

11.02 µg g-1

http://www.molinspiration.com/cgi-bin/properties


Conversion factor 7.7591E3 m2*g-sand g-1 IONP (as Fe)

7.2 Mathematical Model Comparisons and Selection

Four mathematical models (TSC, CFT, DDS and TRS models, Table S4) were explored to model 

experimental observations that had evidence of filter ripening (e.g. downward C/C0 plateau and hyper 

exponential retention profile). The fitted BTCs and retention profiles (RPs) are shown in Figure S9.

Table S4. Mathematical models used when filter ripening was suspected to have occurred. 12-14

Models Governing equations Transport 
mechanism (other 
than advection and 

dispersion)

Fitted 
parameters*

Ref

Classical
filtration
theory 
model
(CFT)

1.   

∂𝐶
∂𝑡

+
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝐷ℎ
∂2𝐶

∂𝑥2
‒  𝑣𝑝

∂𝑆
∂𝑥

2.   
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝑘𝑎𝑡𝑡𝐶

Attachment 
(unlimited surface)

katt (12)

Depth 
dependent 
straining 
model
(DDS)

1.   

∂𝐶
∂𝑡

+
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝐷ℎ
∂2𝐶

∂𝑥2
‒  𝑣𝑝

∂𝑆
∂𝑥

2.   
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝑘𝑎𝑡𝑡𝐶 + 𝑘𝑠𝑡𝑟Φ𝐶 

3. Φ =  
(𝑑𝑐 + 𝑥) ‒ 𝛽

𝑑𝑐
  

Attachment 
(unlimited surface), 

and 
Physical straining

katt , kstr , β (13),
(14)



Two-site 
single-

constituent 
model
(TSC)

1.
∂𝐶
∂𝑡

+
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝐷ℎ
∂2𝐶

∂𝑥2
‒  𝑣𝑝

∂𝑆
∂𝑥

2.
𝜌𝑏

𝜃𝑤

∂𝑆1

∂𝑡
= 𝑘𝑎𝑡𝑡Ψ𝐶

3.

𝜌𝑏

𝜃𝑤

∂𝑆2
∂𝑡

=  𝑘𝑟𝑖𝑝Φ𝐶

4.Ψ =  1 ‒
𝑆𝑝

1

𝑆 𝑝
1, 𝑚𝑎𝑥 

‒
𝑆𝑅

1

𝑆 𝑅
1, 𝑚𝑎𝑥 

 (0 ≤ Ψ ≤ 1)

5. Φ =  
𝑆

𝑆1,𝑚𝑎𝑥
  (Φ ≥ 0)

Attachment 
(maximum capacity),

filter ripening

katt , Smax , krip This 
study

Two-site 
ripening 

and 
straining 
model
(TRS)

1.
∂𝐶
∂𝑡

+
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝐷ℎ
∂2𝐶

∂𝑥2
‒  𝑣𝑝

∂𝑆
∂𝑥

2.
𝜌𝑏

𝜃𝑤

∂𝑆1

∂𝑡
= 𝑘𝑎𝑡𝑡Ψ𝐶

3.

𝜌𝑏

𝜃𝑤

∂𝑆2
∂𝑡

=  𝑘𝑟𝑖𝑝Φ𝐶 + 𝑘𝑟𝑖𝑝𝜑𝐶

4. Ψ =  1 ‒
𝑆𝑝

1

𝑆 𝑝
1, 𝑚𝑎𝑥 

‒
𝑆𝑅

1

𝑆 𝑅
1, 𝑚𝑎𝑥 

 (0 ≤ Ψ ≤ 1)

5. Φ =  
𝑆

𝑆1,𝑚𝑎𝑥
  (Φ ≥ 0)

6. 𝜑 =  
(𝑑𝑐 + 𝑥) ‒ 𝛽

𝑑𝑐

Attachment 
(maximum capacity),

Filter ripening,
Physical straining
(Depth dependent)

katt , Smax, kstr , 
β, krip

This 
study

* nanoparticle attachment rate coefficient (katt ), nanoparticle physical straining rate coefficient (kstr), 
nanoparticle filter ripening rate coefficient (krip) , physical straining empirical factor (β), Smax or   : 𝑆1,𝑚𝑎𝑥

maximum retention capacity (Smax or  ).𝑆1,𝑚𝑎𝑥

As shown in Figure S9, the CFT and DDS models were not able to reproduce the downward plateau of the 

measured BTC, while the TSC and TRS model exhibited good performance in capturing both the 

characteristics of BTCs and RPs. However, the TRS model has 5 fitted parameters, and resulted in much 

larger 95% confidence intervals for same parameters than those fitted by the TSC model. Thus, the TSC 

model was selected for use in this study.



For IONP transport with rhamnolipid in aerobic medium columns, four mathematical models (MFT, TSC, 

MCB and TMC models, Table S5) were examined and the best fit model was selected. The fitted BTCs and 

RPs obtained using these models are shown in Figure S10.

Table S5 Mathematical models considered when IONPs transport with rhamnolipid in aerobic medium 

columns. 15, 16

Models Governing equations Transport 
mechanism (other 
than advection and 

dispersion)

Fitted 
parameters*

Ref

Figure S9: Experimental and fitted effluent breakthrough curves and retention profiles using MFT and TSC 

models for IONP only column (a-b) and 50 mg L-1 rhamnolipid preflood column (c-d).



Modified 
filtration
theory 
model
(MFT)

1.   

∂𝐶
∂𝑡

+
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝐷ℎ
∂2𝐶

∂𝑥2
‒  𝑣𝑝

∂𝑆
∂𝑥

2.   
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝑘𝑎𝑡𝑡Ψ𝐶

3.   Ψ =  
𝑆𝑚𝑎𝑥 ‒ 𝑆

𝑆𝑚𝑎𝑥

Attachment 
(maximum or 

limiting capacity of 
Porous media)

katt , Smax (15)

Two-site 
single-

constituent 
model
(TSC)

1.
∂𝐶
∂𝑡

+
𝜌𝑏

𝜃𝑤

∂𝑆
∂𝑡

= 𝐷ℎ
∂2𝐶

∂𝑥2
‒  𝑣𝑝

∂𝑆
∂𝑥

2.
𝜌𝑏

𝜃𝑤

∂𝑆1

∂𝑡
= 𝑘𝑎𝑡𝑡Ψ𝐶

3.

𝜌𝑏

𝜃𝑤

∂𝑆2
∂𝑡

=  𝑘𝑟𝑖𝑝Φ𝐶

4.Ψ =  1 ‒
𝑆𝑝

1

𝑆 𝑝
1, 𝑚𝑎𝑥 

‒
𝑆𝑅

1

𝑆 𝑅
1, 𝑚𝑎𝑥 

  (0 ≤ Ψ ≤ 1)

5. Φ =  
𝑆

𝑆1,𝑚𝑎𝑥
  (Φ ≥ 0)

Attachment 
(maximum 
capacity),

filter ripening

katt , Smax , krip This 
study

One-site 
multi-

constituent 
model
(MCB)

1. 
∂𝐶𝑖

∂𝑡
+

𝜌𝑏

𝜃𝑤

∂𝑆𝑖

∂𝑡
= 𝐷ℎ

∂2𝐶𝑖

∂𝑥2
‒  𝑣𝑝

∂𝐶𝑖

∂𝑥

2.
𝜌𝑏

𝜃𝑤

∂𝑆𝑖

∂𝑡
=  𝑘𝑖

𝑎Ψ𝐶𝑖 ‒ 𝑘 𝑖
𝑑

𝜌𝑏

𝜃𝑤
𝑆𝑖

3.Ψ =  1 ‒
𝑆𝑝

1

𝑆 𝑝
1, 𝑚𝑎𝑥 

‒
𝑆𝑅

1

𝑆 𝑅
1, 𝑚𝑎𝑥 

(0 ≤ Ψ ≤ 1)

Attachment 
(maximum 
capacity),

Competitive 
adsorption of 

additives 

ka (katt , kads), 
Smax

(16)

Two-site 
multi-

constituent 
model
(TMC)

See mathematical modelling part in 
this study

Attachment 
(maximum 

capacity), filter 
ripening

Competitive 
adsorption of 

additives

ka (katt , kads), 
Smax, krip

This 
study

* nanoparticle attachment rate coefficient (katt ), nanoparticle physical straining rate coefficient (kstr), 
nanoparticle filter ripening rate coefficient (krip),Rhamnolipid adsorption rate coefficient (kads), physical 
straining empirical factor (β), Smax or   : maximum retention capacity (Smax or  ).𝑆1,𝑚𝑎𝑥 𝑆1,𝑚𝑎𝑥

As shown in Figure S10, the TMC model exhibited the best fits to the experimental data for AE-R10 as it 

accounts for rhamnolipid adsorption and IONP ripening attachment. Thus, the TMC model was selected 

for application to IONP transport with 10mg L-1 rhamnolipid in aerobic medium (IS = 50.4mM). For IONP 



transport with 50 mg L-1, since the introduction of ripening rate did not improve the fitting(figure 10 c and 

d) significantly, MCB model was employed to reduce the fitting parameters (ripening rate).

Figure S10. Experimental and fitted effluent breakthrough curves and retention profiles using TSM, MFT, TSC 

andMCB models for columns co-injected with and 10 (a-b) and 50 mg L-1 (c-d) rhamnolipid. 



The MFT and MCB models were chosen for IONP transport experiments when using 10mM NaCl as 

background electrolyte since there was no indication of occurrence of a filter ripening process and the 

competitive adsorption of rhamnolipid was evident based on the observed increase in solid-phase IONP 

concentration with distance from the inlet.  Figure 5 in the paper demonstrated that both models can 

accurately describe nanoparticle transport and retention behaviors.

Mathematical models employed for different column experiments in this research were summarized in 

Table S6.

Table S6. Mathematical models used to simulate IONO and rhamnolipid transport. 

Column identifier Model Transport Mechanisms 
Accounted

AE-IONP-1, AE-IONP-2, AE-R10_IONP, AE-R50_IONP TSC Attachment, filter ripening

AE-R10&IONP, AE-R10_R10&IONP TMC Attachment, filter ripening, 
rhamnolipid adsorption

NaCl-IONP-1, NaCl-IONP-2 MFT Attachment

AE-R50_R50&IONP-1, AE-R50&IONP-1, AE-R50&IONP-2, 
AE-R50_R50&IONP-2, NaCl-R50&IONP-1, NaCl-R50&IONP-

2, NaCl-R50_R50&IONP

MCB Attachment, rhamnolipid 
adsorption

7.3 Weighting Factors 

In this study, two weighting factors (β and γ) in the objective function were selected for each experiment 

that resulted in a best fit, based on visual examination and evaluation of R2 and 95% confidence interval of 

parameters. β and γ are in a range of 0 to 1 with a constrain that β + γ = 1. 



Table S7. Weighting factors used to fit BTCs and RPs obtained from the column experiments.

Column identifier β
(BTC 

weighting 
factor)

γ
(RP 

weighting 
factor)

AE-IONP-1, AE-IONP-2, 0.1 0.9

AE-R10_IONP, NaCl-IONP-1, NaCl-IONP-2 0.2 0.8

AE-R50_IONP, AE-R10&IONP 0.4 0.6

AE-R50&IONP-2, NaCl-R50_R50&IONP 0.7 0.3

AE-R50&IONP-1, AE-R10_R10&IONP 0.8 0.2

NaCl-R50&IONP-1, NaCl-R50&IONP-2 0.9 0.3

AE-R50_R50&IONP-1, AE-R50_R50&IONP-2 1 0

8.Explanation of relatively large 95% confidence intervals for four column experiments (AE-

R50&IONPa, AE-R50&IONPb, AE-R50_R50&IONPa, AE-R50_R50&IONPb.).

Using AE-R50&IONPa as an example, assuming a nanoparticle attachment rate constant (1e-4 s-1), the 

optimization function presented in the paper (sum of the squared residuals) was calculated over a range of 

Smax and kads values. The corresponding contour plots are shown in Figure S11. Here, from the  top view 

(Figure S11(a)) and side views of the optimization function contour (Figure S11(b) and (c)), it is evident 

that the fitted values of Smax(6 μg/g) and kads(2.5e-5 s-1) correspond to the global minimum, validating the 

optimization function used for model fitting. This contour plot also suggests that the optimization function 

is  relatively insensitive to both the Smax and  kads parameters, since the calculated squared residuals remain 

close to the objective function minimum from the start(0) to the end of the domain tested, leading to 

relatively large 95% confidence intervals of Smax and  kads. Similar results were observed for the other three 

column experiments. 



(a)

  

(b)  (c) 

Figure S11.  Contour plot of the common logarithm of the values of the optimization function with

variable Smax and  kads  for  AE-R50&IONPa  column. (a) Top view, (b) side view from Smax ,(c) side 

view from  kads.
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