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Environmental Significance:

Biological processes, including biotransformation, biofilm formation, and biosurfactant
production, can substantially alter the fate of nanoparticles in the environment. While many studies
have addressed the effects of biofilms on nanoparticle transport and retention, very few studies
have investigated the influence of biosurfactants on nanoparticle behavior in porous media under
dynamic conditions. In this study, the effect of rhamnolipid biosurfactant on the oxidative
dissolution and transport of silver nanoparticles (nAg) was evaluated using a combination of batch
and column experiments conducted at three environmental relevant conditions (pH =4 or 7, DO =
2.0 or 8.8 mg L-!). Batch studies showed that rhamnolipid reduced nAg dissolution under all pH
and DO conditions, and that the presence of high concentration rhamnolipid (50 mg L!) improved
nAg stability. Column studies revealed that rhamnolipid strongly reduced nAg dissolution under
dynamic flow conditions and significantly enhanced nAg mobility through a combination of
improved particle stability and competitive blocking of particle attachment sites. These findings
demonstrate that biosurfactant can have a marked impact on nAg dissolution, transport and
retention behavior in terrestrial systems, and could reduce the effects of nAg on microbial
communities.



oNOYTULT D WN =

Environmental Science: Nano Page 2 of 34

Effects of Rhamnolipid Biosurfactant on the Dissolution and Transport of Silver
Nanoparticles in Porous Media

Shuchi Liao!, Chen Liu'!, Dorothea Pinchbeck!, Natalie L. Capiro?, John D. Fortner?, Linda M.
Abriola! and Kurt D. Pennell'*

!'School of Engineering, Brown University, Providence, Rhode Island 02912, United States

2 Department of Civil and Environmental Engineering, Auburn University, Auburn, Alabama,
36849, United States

3 Department of Chemical and Environmental Engineering, Yale University, New Haven,

CT, 06520, United States.

Corresponding Author:  Kurt D. Pennell
School of Engineering
Brown University
184 Hope Street, Box D
Providence, R1 02912 USA
email: kurt pennell@brown.edu



Page 3 of 34

oNOYTULT D WN =

Environmental Science: Nano

Abstract

The effects of nanoscale silver (nAg) particles on subsurface microbial communities can be influenced
by the presence of biosurfactants, which have been shown alter nanoparticle surface properties. Batch
and column studies were conducted to investigate the influence of rhamnolipid biosurfactant (1-50 mg
L") on the stability and mobility of silver nanoparticles (16 + 4 nm) in batch reactors and water-
saturated columns with three solution chemistries: pH=4 and dissolved oxygen concentration (DO) =8.8
mg L', pH =7 and DO =8.8 mg L-' , pH= 7 and DO =2.0 mg L-!. In batch studies, the presence of
rhamnolipid (2-50 mg L) reduced nAg dissolution by 83.3%-99.1% under all pH and DO conditions.
Improved nAg stability was observed when rhamnolipid was present in batch reactors at pH =7 £ 0.2,
where the hydrodynamic diameter remained constant (~50 nm) relative to rhamnolipid-free controls
(increased to > 230nm) in 48 hours. Column experiments conducted at pH 4.0 £ 0.2 demonstrated
that co-injection of nAg with rhamnolipid (2, 5 and 50 mg L") decreased Ag" breakthrough from ~22 %
of total applied mass in rhamnolipid-free columns to less than 8.1% in the presence of rhamnolipid and
altered the shape of the nAg retention profile from a hyper-exponential to a uniform distribution.
Column experiments performed at pH 7.0 = 0.2 and DO levels of either ~2.0 or ~8.8 mg L' showed
that co-injection of 5 mg L' and 50 mg L-! rhamnolipid increased nAg mass breakthrough by 25-40%
and ~80%, respectively, Enhancements in nAg stability and mobility were attributed to rhamnolipid
adsorption on nAg surfaces, which effectively slowed the oxidation and thus release of Ag®, and
adsorption of rhamnolipid on the porous medium, which competed for nAg attachment sites. These
results indicate that the presence of rhamnolipid significantly influenced nAg dissolution and mobility
under dynamic flow conditions. A mathematical model based on modified filtration theory (MFT)
accurately reproduced nAg transport and retention behavior when aggregation and reaction processes
were minimal and when rhamnolipid was present, providing a tool to predict the effects of

biosurfactants on nAg transport in porous media.
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Introduction

The production, use, and disposal of engineered nanomaterials (ENMs) have raised concerns over
potential risks that ENMs pose to the environment and human health.! Understanding the fate of ENM
in water and soil systems, likely major sinks for ENMs, is critical to exposure control, risk assessment
and regulatory policy.>* Silver nanoparticles (nAg) are one of the most widely applied ENMs with a
wide range of applications due to their broad antimicrobial properties.®> However, release of nAg to the
environment may impact ecosystems as a number of studies have shown that Ag" originating from nAg
can exert deleterious effects on bacteria and aquatic organisms.®® The oxidative dissolution of nAg
depends on solution chemistry including pH, dissolved oxygen, and the presence of salts and/or
dissolved organic carbon, as well as nAg properties such as size, shape, and surface functionalization.’-
To increase nAg stability and minimize dissolution during storage, nAg is commonly coated with a
layer of organic molecules such as citric acid or polymer (e.g., polyvinyl pyrrolidone).!* 4 However,
even surface-coated nAg can still exhibit dissolution upon release to the environment.!> !¢ To evaluate
nAg dissolution process in the environment and its potential impact on microbial community, many
studies have performed batch experiments using environmentally and/or biologically relevant solutions.
1721 For instance, Mitrano et al conducted nAg dissolution studies in batch reactors containing
laboratory, natural and processed waters.”” Yi et al exposed nAg with cysteine and bovine serum
albumin for 3-12 hours in batch reactors and monitored nAg dissolution and biotoxicity to a white-rot
fungus. 2! However, most of these studies focused on batch reactor experiments, and did not account
for nAg dissolution under flowing conditions. In fact, few studies have conducted column experiments
to investigate nAg dissolution behavior in porous media under dynamic flow conditions. Thus, it is
important to accurately account for nAg dissolution behavior when evaluating nAg transport and
redistribution in environmental systems subject to water flow. Recent studies have demonstrated that
the transport and deposition behavior of nAg is strongly influenced by co-existing constituents such as
natural organic matter, polymers, surfactants, and colloids.??-?¢ For instance, Park et al 22 found that the
deposition kinetics of sodium dodecyl sulfate (SDS) coated nAg were sensitive to humic acid (HA)
concentrations. The mobility of nAg increased significantly with an increase of HA in the suspension.
However, these studies mainly focused on the influence of co-existing constituents on nAg transport

and retention processes, and very few studies have explored the simultaneous effects of co- constituents
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on nAg reactivity (e.g., oxidative dissolution) and mobility in porous media under dynamic conditions.
Biological processes, such as biofilm formation, biodegradation, and biosurfactant production, can
markedly affect the reactivity and mobility of nanoparticles in the subsurface. For example, biofilms
can alter surface heterogeneity and pore structure of porous media, thus, enhancing nanoparticle
retention.?”- 28 Biodegradation of iron oxide nanocubes by bacteria can result in deformed particles and
iron release.” Interestingly, the effects of microbially-produced biosurfactants on the subsurface
stability and mobility of nanoparticles have received little attention, although several studies have
concluded that biosurfactants can significantly change the surface properties of nanoparticles.*°
Biosurfactants are defined as amphiphilic surface-active compounds produced and often excreted
by microorganisms. Their low toxicity and biodegradability make them more environmentally friendly
than many anthropogenic analogs, and thus, they have a number of applications in food, agriculture,
medicine, and environmental remediation.?'- 3> Rhamnolipid, a common biosurfactant, is generated by
a variety of Pseudomonas species under a range of conditions (e.g., pH 4-10).33 It is also one of the
most widely applied biosurfactants due to its high effectiveness in surface/interfacial tension reduction
and commercial availability.>* Furthermore, rhamnolipids have been integrated into nanotechnology,
primarily for use as a surface modifier during nanoparticle synthesis.?® 353 Rhamnolipid-coated
nanoparticles exhibit noticeable improvement in stability against agglomeration and deposition. For
example, Marangon et al. found that the addition of rhamnolipid during nanoparticle synthesis reduced
the size and polydispersity index of nanoparticles, and that rhamnolipid-stabilized nanoparticles
exhibited a more positive surface charge with improved stability.*> Mohan et al. reported that
rhamnolipid coated iron nanoparticles exhibited superior colloidal stability and higher transport
potential in saturated porous media compared to carboxymethyl cellulose and soy protein coated
particles.’® While numerous studies have utilized biosurfactants as a nanoparticle surface modifier, #!:
4 little work has been done to evaluate the aggregation, reaction, and retention properties of
nanoparticles in the presence of such biosurfactants. In prior work, we have investigated the effect of
rhamnolipid on the transport and retention behavior of oleic-acid coated iron oxide nanoparticles in
water-saturated columns packed with 80-100 mesh Ottawa sand. The presence of Rhamnolipid
significantly enhanced nanoparticle mobility, through improved nanoparticle stability and by blocking

attachment sites on the surfaces of quartz sand.* Since rhamnolipid could potentially alter nanoparticle
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surface properties and alter nanoparticle reactivity and mobility, it is possible that microorganisms in
the subsurface that generate rhamnolipid will influence nAg dissolution and transport, and consequently,
affect nAg bioavailability and antimicrobial properties. However, most studies have focused on the
effects of biofilm on nAg transport and retention, while far less attention has been directed toward the
potential impact microbial biosurfactants, such as rhamnolipid could have on nAg behavior in
subsurface environments.

Thus, the goal of this work was to investigate the dissolution and transport behavior of nAg in the
presence of rhamnolipid biosurfactant. To understand the influence of solution chemistry on nAg
dissolution and Ag® release,'> * the effects of rhamnolipid on the aggregation, dissolution, and
deposition behavior of nAg were evaluated as a function of pH (4 or 7), dissolved oxygen (DO) (2 or
8.8 mg L), and rhamnolipid concentration (0,1, 2, 5, 50 mg L-!). Batch experiments were conducted
to evaluate the effects of rhamnolipid on nAg aggregation and dissolution kinetics in batch reactors,
while column experiments were performed to simultaneously assess the transport, deposition and
dissolution behavior of nAg in a water-saturated quartz sand (80-100 mesh Ottawa sand) under dynamic
flow conditions. Column effluent samples were collected continuously to construct breakthrough curves
for total silver (TAg), nAg and Ag", and the columns were destructively sampled at the conclusion of
each experiment to construct TAg retention profiles. To further interpret the experimental results, clean-
bed filtration (CFT)“ and modified filtration (MFT) models 46 were fit the effluent concentration and

retention profile data to obtain nAg transport and retention parameters.

Material and Methods
Materials

Citrate-coated silver nanoparticles (nAg) were synthesized using sodium borohydride as a reducing
agent, sodium citrate as a stabilizer and silver nitrate as a precursor.!> * Briefly, a solution containing
0.4 mM trisodium citrate (Alfa Aesar, anhydrous, 99%) and 4 mM sodium borohydride (Millipore
Sigma, >98%) was prepared in ice-cold(0 °C) deionized (DI) water (ELGA Purelab flex 4, 18.2
mQJcm). A 15mM AgNO; (Alfa Aesar, > 99.9%) solution was added drop wise using a syringe pump
(Fusion 101, Chemyx) at a flow rate of 0.7 mL/min under continuous stirring (700 rpm). After AgNO;
addition, the stirring rate was reduced to 60 rpm and the resulting suspension was stirred overnight. The

reaction byproducts were removed by three cycles of a DI water wash and ultrafiltration (Amicon Ultra

5
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Centrifugal Filters, 30kDa, Millipore Sigma). This sodium borohydride reduction method produced ~80
mg/L citrate-coated nAg with a mean diameter of 16 + 4 nm and a zeta potential of -40+ 5SmV containing
trace level silver ions (0.09 £ 0.01 mg/L). Prior to batch and column experiments, the nAg stock was
diluted to 2.5-3 mg L-!, consistent with concentrations used in previous studies. '* 2! Rhamnolipid
biosurfactant (90% purity) was purchased from AGAE Technologies. The ratio of mono-rhamnolipid
to di-rhamnolipid in this product is ~3:2, with a molecular weight of 563 g mol!. Rhamnolipid
concentrations used in this work were 1, 2,5 ,10, 50 mg L-!, which are in the range reported by studies
that bacteria could potentially produce in the subsurface.*” The 80-100 mesh size fraction of Ottawa
sand (mean diameter (dsy) of 165 um) was obtained from F65 sand (US Silica) and separated using a
programmable sieve shaker (Tyler Ro-Tap, W.S. Tyler Industrial Group). Prior to use, the 80-100 mesh
size fraction was cleaned using a sequential acid wash, water rinse, ultrasonication, and oven-drying
procedure.*® A clean quartz sand was selected for use to minimize confounding factors such as soil
organic matter and allow for direct assessment of interactions between rhamnolipid and nAg.
Batch experiments

Batch experiments were conducted to investigate the aggregation and Ag* release kinetics of nAg
in aqueous suspension as a function of rhamnolipid concentration under three solution chemistries: 1)
pH=4.0+£02and DO=8.8+02mgL"!;2)pH=7.0+0.2and DO=8.8+02mgL"!;3)pH=7.0+
0.2 and DO = 2.0 = 0.2 mg L''. The batch reactors consisted of 120 mL glass vials (Fisherbrand)
containing 100 mL nAg aqueous suspension (initial concentration 2.5-3 mg L) and wrapped with
aluminum foil. The nAg aqueous suspensions were prepared in the following sequence: electrolyte
solution preparation (10 mM NaNOs), DO adjustment, pH adjustment, rhamnolipid addition and nAg
addition. The addition of rhamnolipid and nAg resulted in minimal changes in the solution pH and DO.
The DO concentration of 8.8 + 0.2 mg L' was achieved by equilibration with air for at least 6 hours,
while the DO level of 2.0 = 0.2 mg L' was obtained by purging the solution with pure nitrogen (ultra-
pure, Air Gas) for ~5 minutes. Sealed glove bags (X-37-37 glove bag, I2R) with 2.0 mg L' oxygen
atmosphere were then used to conduct the remaining solution preparation procedures and to maintain
the low DO level in the reactors. The DO levels in all batch reactors were monitored during each
experiment, and the DO concentrations were relatively constant (0.2 mg L) since the reactors were

in contact with air or 2.0 mg L-! oxygen atmosphere. The batch reactors were sampled every 30 minutes
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in the first 3 hours, and then sampled at 6, 10, 20, 32, and 48 hours. Dissolved silver ions were separated
from the solution using an ultrafiltration unit (Amicon Ultra Centrifugal Filters, 3kDa, Millipore Sigma)
for 20 minutes at 4200 rpm (Centrifuge 5804R, Eppendorf). Additionally, short-term aggregation
kinetics of nAg were also monitored in 2 mL batch reactors (plastic cuvettes, Fisherbrand) using a
continuous time-resolved dynamic scatter light (DLS) technique at 1-minute intervals (Zetasizer Nano
7590, Malvern Analytical).
Column experiments

A total of 16 column experiments were conducted using the same three different solution
chemistries used in the batch studies to assess the effect of rhamnolipid on the transport, retention, and
reactivity of nAg in 80-100 mesh Ottawa sand (Table 1). The columns were packed with sand and
completely saturated with water following procedures described by Wang et al.*® Briefly, a borosilicate
glass column (2.5 cm diameter x 15 cm length) was packed with washed 80-100 mesh Ottawa sand
under vibration and flushed with CO, gas for at least 60 min to facilitate dissolution of entrapped gas
during the water saturation process. At least 10 pore volumes (PVs) of background solution (10 mM
NaNOs) at the desired pH and DO level were introduced into the column in an up-flow mode using a
high-performance liquid chromatography (HPLC) pump (ChromTech). After column saturation, a non-
reactive tracer test was conducted, using a pH and DO concentration adjusted 10 mM NaBr solution, to
characterize water flow and hydrodynamic dispersion. The effluent bromide ion concentrations were
measured using an ion-selective electrode (Cole-Parmer) and fit to a one-dimensional form of the
advective—dispersive—reactive (ADR) transport equation using CXTFIT ver 2.163 *® to obtain the
hydrodynamic dispersion coefficient (Dy) and retardation factor (Rr), as shown in Figure S1. Following
the non-reactive tracer test, nAg influent solutions (2.5 mg L) with different concentrations of
rhamnolipid (0, 2, 5 or 50 mg L") were prepared using the same procedure described in the batch
experiments. Freshly prepared nAg influent solutions (3 PVs) were then injected to the column using a
syringe pump (Fusion 101, Chemyx), followed by at least 9 PVs of background solution to evaluate the
re-entrainment and release of Ag* from deposited silver nanoparticles. Column effluent samples were
collected continuously using a fraction collector (CF-2, Spectrum Laboratories) and analyzed for total
silver (TAg) concentration. Silver nanoparticles (nAg) were removed from effluent samples using

3KDa Amicon ultrafiltration filters with centrifugation at 4,200 rpm for 15 minutes. To avoid nAg
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dissolution in collection vials, each effluent sample was centrifuged immediately after collection to
separate the Ag* from the nanoparticles. The eluent was analyzed for Ag*, and the concentration of nAg
was obtained by subtracting the Ag" concentration from the TAg concentration. To construct the
effluent breakthrough curves, TAg and nAg concentrations were expressed as relative concentrations
(C/Cy), where C, is the total influent silver concentration, and plotted versus the cumulative number of
dimensionless pore volumes delivered to the column. To construct TAg retention profiles, the columns
were sectioned into ten increments at the conclusion of each experiment and the solid-phase samples
were digested in 15% nitric acid using a microwave digestion system (MARS 6, CEM Corp.). For
column experiments performed at the lower DO level (2.0 mg/L), the entire process, including column
saturation, tracer test, suspension preparation and effluent sample collection, was conducted in a glove
bag with a 2 mg L' oxygen atmosphere.

In addition to column experiments described above, another two columns were performed at pH
=4.0+0.2 and DO = 8.8 + 0.2 mg L' to explore the effect of rhamnolipid solution on the reactivity of
retained nAg. Here, following the introduction of 3 PVs of nAg-only solution, 3 PVs of nAg-free
background solution were injected to displace any free particles, then 3 PVs of 2 mg L-! or 5 mg L-!
rhamnolipid solution flush were applied, followed by another flush of 4-5 PVs background solution.
All the column experiments were conducted at a constant flow rate of 1 £ 0.1 mL min"!, which
corresponds to a pore-water velocity of ~8.6 m day!. Duplicate experiments were conducted for 50%
of the columns to confirm reproducibility. Experimental conditions and results for all column studies
are summarized in Table 1.

Analytical methods

The hydrodynamic size and electrophoretic mobility of nAg suspension were characterized with a
Malvern ZetaSizer Nano ZS90 device using dynamic light scattering (DLS) and laser Doppler
velocimetry, respectively. The electrophoretic mobility was related to zeta potential using the
Smoluchowski approximation.*® All DLS and zeta potential measurements were conducted in triplicate
at room temperature (22 + 1°C). Ultraviolet-visible (UV-vis) light spectra of nAg suspensions with
different concentrations of rhamnolipid were also monitored with a Jasco V-730 UV—Vis
spectrophotometer (Easton) to evaluate the changes in nAg size and surface chemistry. The absorbance

spectra were recorded in a range from 300nm to 700nm.
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Sand grains collected before and after nAg deposition in columns were imaged using an ultra-high-
resolution field emitter scanning electron microscope (SEM) (Zeiss LEO 1530 VP), equipped with an
energy dispersive spectrometer (EDS). Prior to SEM imaging and EDS analysis, air-dried sand grain
samples were attached to carbon conductive tapes and coated with a layer of gold to increase the signal-
to-noise ratio. nAg core size and morphology in different solution chemistries were captured using a
field-emission transmission electron microscope (TEM, FEI Tecnai G2 Spirit) operated at 120kV. To
maintain the morphological characteristics of nAg, TEM samples were prepared by placing a carbon
coated copper grid on top of a Kimwipe (Kimtech Science) and then depositing several drops (100 pL)
of nAg suspension on the grid (Electron Microscopy Sciences). The water in nAg suspension was
absorbed with Kimwipe immediately and the nAg was retained on the copper grid. Total silver content
and Ag" concentration in aqueous samples and digested solid-phase samples were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES, 7300 DV, Perkin Elmer). The
solid-phase samples were digested in 15% HNOj; (Fisher Chemical) using a microwave digestion
system (MARS 6, CEM Corp.) at 190°C for 15min.>° Seven-point calibration curves were constructed
using silver nitrate solutions (10 ug L' to 2000 ug L), which yielded linear fits with regression
coefficients (R?) of greater than 0.99. The detection limit of the ICP-OES methods for silver was 5 ug
L', estimated using a method reported by Armbruster et al. 3!

Mathematical modeling

When nAg aggregation and reactivity were negligible (e.g., columns conducted at pH 7.0 = 0.2 or in
the presence of rhamnolipid biosurfactant), the transport and retention of nAg can be described using a
mathematical model based on clean bed filtration theory (CFT).* Here, a one-dimensional mass balance

equation that accounts for advection, dispersion, and solid-phase deposition can be written as:

oC  ppdS 5 9°C ac )
ot Toac - Prig T Vg (D

PpdS

T kat:C (2)
w

where C and S are the nanoparticle aqueous and solid-phase concentration (M L3 and M M)
respectively; t is time (t), x is the distance from the column inlet (L); v}, is the average pore-water
velocity (L t!), Dy is the hydrodynamic dispersion coefficient for the column (L? t!), p is the bulk

density of the porous medium (M L), 8,, is the water content, and kg is the first order attachment
9

Page 10 of 34



Page 11 of 34

oNOYTULT D WN =

Environmental Science: Nano

rate constant.

CFT predicts an exponential decay of retained particles with distance, however, some of our
experimental retention profiles displayed nonmonotonic particle distribution, suggesting a limited or
maximum retention capacity. Therefore, a modified filtration model (MFT) 2 was employed to

simulate nAg transport and retention in these column experiments. Here, the equation 2 is replaced by:

pbaS Smax -S

— =k —
0,0t Y S,

NE)

where S 1s the maximum capacity of sand for nanoparticle deposition. As more nAg is retained on

Smax )
the solid phase (i.e., increasing S), the effective attachment rate kattsi decreases from 1 to 0.

The CFT and MFT models described by equations 1-3 were implemented using a central-in-space and
fully implicit-in-time finite difference scheme in MATLAB R2020a (The MathWorks). The nAg
attachment rate constant (kq.:) and maximum capacity (Syq, ) Were estimated by fitting the model to
experimental breakthrough curves and corresponding retention profiles using a least-squares

optimization procedure in MATLAB with the following objective function:

Y.(ExpBTC — ModelBTC)* X (ExpRET — ModelRET)?

fx)=«a +p

C)

TotalMass TotalMass

Here, a¢and [ are weighting factors equivalent to the fractions of total mass observed in the effluent
and retained on the solid phase (i.e., @ + S = 1), allowing the user to fit breakthrough (ExpBTC) and

retention (ExpRET) data simultaneously.

10
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Experimental conditions and results Modeling results
Column Identifier? Ag Rham. nAg Sized (nm) nAgZ.Pc(mV) nAgBTf AgBTe AgRT" MB. kot Smar® a
Conc.P Conc.© (%) (%) (%) (%) ()] (nggh
(mgL- (mgL")
D
pH4DO9RO(dup) 2.6 0 24.8/32.1 -27.4/-27.6 0.9 22.0 79.8 102.8 NAT NA NA
(2.8) * (22.1/15.8) (-23.0/-29.1) (1.5) 214 (78.4) (101.3)
pH4DO9R2 2.3 2 61.03/490.9 -26.2/-27.6 0.2 8.1 89.0 97.3 NA NA NA
pH4DO9R5(dup) 2.6 5 54.1/147.8 -18.4/-21.4 0.4 2.0 91.9 94.3 12.0+£2.8 NA 0.03
(2.5) (43.3/110.6) (-20.9/-19.5) (1.0) (3.6) (89.9) (94.5) (27.9+£0.4) (NA) (0.07)
PH4DOYRS50 25 50 55.3/55.9 -26.4/-27.6 0.3 49 93.7 98.9 25.1£12.5 2.240.1 0.06
PH4DO9R2F 2.8 2(Flush) NA NA 0.3 8.1 98.2 106.6 NA NA NA
PH4DO9RSF 2.5 5(Flush) NA NA 0.6 10.0 80.4 91.0 NA NA NA
PH7DO9R0(dup) 2.6 0 41.1/71.8 -38.8/-38.5 29 4.5 99.8 107.3 14.6+2.7 2.5+0.2 0.04
(2.6) (49.3/67.6) (-35.5/-37.4) (12.1) (2.2) (84.1) (98.4) (11.0£2.7) (2.3£0.2) (0.03)
PH7DO9RS 2.6 5 37.2/38.1 -38.4/-38.5 49.0 0.7 57.2 106.8 23.0+14.2 1.1£0.1 0.06
PH7DOYRS50(dup) 29 50 39.0/37.1 -39.0/-37.1 87.4 29 19.3 109.7 13.2+11.4 0.4+0.1 0.03
2.3) (43.2/37.5) (-43.2/-37.5) (86.5) (6.5) (17.0) (110.0) (2.5£1.7) (0.2+0.1) 0.01
PH7DORO(dup) 29 0 40.7/43.9 -33.5/-34.6 29.2 1.0 69.1 99.3 7.0+£2.2 1.7+0.2 0.02
2.4) (58.9/73.9) (-37.4/-34.8) (20.2) 3.1 (74.2) (97.6) (9.1+4.4) (1.5£0.2) (0.02)
PH7DORS 2.6 5 40.6/33.1 -30.8/-32.8 44.7 24 49.6 96.7 6.1£1.2 1.1£0.1 0.02

2Column identifier: R represents rhamnolipid concentration (mg L™); (dup) stands for duplicate columns. PTotal silver concentration in influent solution. “Rhamnolipid concentration in influent

solution. 9nAg hydrodynamic size at the start/end of injection. *nAg surface zeta potential at the start/end of injection. % of nAg breakthrough. 8% of silver ion (Ag") breakthrough. "% of retained

nAg. ‘Mass balance. iFirst-order attachment rate of nAg. XMaximum retention capacity of nAg on sands. 'Attachment efficiency.*> 53 *Replicate column data are shown in parenthesis. ¥NA: not

applicable.
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Results and Discussion

Effect of rhamnolipid on nAg dissolution Kinetics

The results of batch reactor studies of nAg dissolution kinetics conducted as a function of rhamnolipid
concentration (0, 1, 2, 5, 50 mg L-') under three environmentally relevant solution chemistries (pH =
40+02and DO=8.8+0.2mgL"!, pH="7+0.2 and DO = 8.8 £0.2 mg L', and pH =7.0 + 0.2 and

DO = 2.0 + 0.2 mg L") are shown in Figure 1, Figure S2, and Figure S3, respectively. In the absence
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Figure 1. (a-b) Ag release kinetics at pH 4.0+0.2 and dissolved oxygen concentration of 8.8+0.2 mg
L in 48 hours, early time data (red box, first 3hours) are enlarged in (b). (c-d) nAg aggregation
kinetics at pH 4.0+0.2 and dissolved oxygen concentration of 8.8+0.2 mg L-! in 48 hours (long term)
and in 2 hours (short term). The Ag release data were fit to a first order kinetics equation.>* Error bar

represents standard deviation of duplicate/triplicate measurements.
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of rhamnolipid, citrate-coated nAg readily dissolved, releasing Ag* in acidic (pH =4+ 0.2) and oxygen-
saturated (DO = 8.8 = 0.2 mg L") solutions over the course of 48 hours. However, when 2 mg L-!
rhamnolipid was present in the batch reactors, the extent of Ag* release decreased remarkably, from a
maximum Ag* concentration of 0.9 mg L' to 0.35 mg L-'. When higher concentrations of rhamnolipid
(5 mg L' and 50 mg L") were present, minimal amounts of Ag™ were released (less than 0.02 mg L-!).
To quantify the effect of rhamnolipid concentration on the rate of Ag* release, a modified first-order
kinetic model 3* was fit the batch experimental data. The model captured the results with R? greater
than 0.89 for all experimental data and the fitted parameters were listed in Table S1.At pH~4 and DO~9
mg L', the fitted maximum dissolvable concentration of nAg decreased from 0.6526 mg L-! for
rhamnolipid-free nAg suspension to 0.4553 mg L-!, when 2 mg L-! rhamnolipid was added, and further
diminished by one order-of-magnitude (0.0467 mg L) in the presence of 50 mg L-' rhamnolipid.

These results suggest that less surface area of nAg was available for oxidation ** due to adsorption of
rhamnolipid. Similar results were obtained at pH 7 + 0.2 and DO 8.8 £ 0.2 and pH 7 + 0.2 and DO 2 +
0.2 as shown in Figure S2. Observed inhibition of nAg dissolution is consistent with data reported by
Dubas and Pimpan®> who demonstrated that natural organic matter blocked oxidation sites on nAg and
reduced the release of Ag". In our experiments, adsorption of rhamnolipid on nAg surfaces was
confirmed by zeta potential measurement and UV-vis spectral data. As shown in Figure S4, under all
pH and DO scenarios investigated, the zeta potential of nAg became less negative and the primary
adsorption peak of nAg at ~400 nm shifted to higher wavelengths (red shift) when rhamnolipid was
present, demonstrating that the surface charge was reduced and the amount of rhamnolipid on
nanoparticle surfaces increased due to rhamnolipid adsorption, ° respectively. Thus, the reduction in the
release of Ag" can be attributed to rhamnolipid adsorption and a subsequent reduction in nAg
oxidation/dissolution kinetics. An alternate explanation is that dissolved organic matter or rhamnolipid
could act as antioxidants, scavenging reactive oxygen species and thereby preventing oxidative
dissolution of nAg. 3 The antioxidant potential of rhamnolipid was examined in a recent study>’ and
the results showed rhamnolipid only exhibited limited antioxidant activity, and was not comparable to

a standard oxidant scavenger such as ascorbic acid.
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Effect of rhamnolipid on nAg aggregation

The effect of rhamnolipid on nAg aggregation kinetics was evaluated as a function of both solution
chemistry and rhamnolipid concentration. At pH 4.0 + 0.2 and DO 8.8 = 0.2, when no rhamnolipid was
present, the mean nAg hydrodynamic diameter decreased slightly at the beginning of the experiment
and then remained relatively constant at 17 nm for the next 1.5 hours, followed by a steady increase to
300 nm at 48 hours (Figure 1c-d). However, at the lower thamnolipid concentrations (2 and 5 mg L),
nAg in the suspension agglomerated rapidly, with the average size increasing from ~22 nm to several
hundred nanometers over 2 hours (Figure 1¢) and exceeding the measurement limit (~3um) in less than
10 hours (Figure 1d). The resulting large size aggregates had reduced surface areas, which also
contributed to decreased Ag" release (Figure 1a-b).>* 3 However, when the thamnolipid concentrations
in the batch reactors were 10 and 50 mg L-!, the nAg suspension exhibited enhanced stability over 48
hours (50-60 nm). These observed aggregation and stabilization behaviors were consistent with
measured changes of nAg zeta potential as a function of rhamnolipid concentration. As shown in Figure
S4a, at the lower rhamnolipid concentrations (2 and 5 mg/L), the nAg zeta potential decreased with
increasing rhamnolipid concentration, indicating rhamnolipid adsorption onto nAg surfaces, screening
the nanoparticle surface charge. As a result, the electrostatic repulsion between nanoparticles
decreased and agglomeration of nanoparticles increased. Additionally, nAg partially dissolved (Figure
la) and then aggregated (Figure 2) at low rhamnolipid concentrations, which also contributed to the
rapid aggregation of nAg. However, when rhamnolipid was subsequently increased to 50 mg L, the
negative charge was effectively restored as more anionic rhamnolipid was absorbed on nAg surfaces.
The stabilization effect of higher concentration rhamnolipid therefore contributed to a greater negative
surface charge and increased repulsive force between particles. Extended Derjaguin, Landau, Verwey
and Overbeek (XDLVO) theory>® © was used to calculate interaction energies between nAg to support
this mechanism. As shown in Figure S7b, the presence of 2 mg L' rhamnolipid resulted in a net
attractive particle-particle energy profile for which no energy barrier was apparent. At higher
rhamnolipid concentrations (50 mg L"), steric repulsive force created a stronger energy barrier between
nanoparticles (>1000kT). These XDLVO calculations are consistent with aggregation results and
highlight the important role that steric forces play in nanoparticle stability when adsorbing polymers

are present in solution. Similar to the results obtained at pH 4, when the pH was increased to 7 + 0.2,
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the mean diameter of citrate-coated nAg gradually increased from 50 nm to ~95 nm over the 48 hours,
and the addition of rhamnolipid (even at low concentration) improved nAg stability (Figure S3).
Comparison of Figures S3 a-b and c-d, reveals that DO concentration had a negligible effect on nAg
aggregation kinetics. XDLVO calculations, plotted in Figure S7c-d, show that a large energy barrier
exists when rhamnolipid is present in the nAg solution, thus, preventing nAg agglomeration.

To further assess the effects of thamnolipid on nAg dissolution and aggregation, samples were imaged
using TEM to evaluate changes in nAg size and morphology over time. Representative TEM images
are shown in Figure 2 and Figures S5-S6. Figure 2a, in which images were taken using samples at pH
4 +0.2 and DO of 8.8 = 0.2 mg L' in the absence of rhamnolipid, illustrate the dissolution, deformation
and aggregation processes of nAg in a rhamnolipid-free solution. After 20 hours, the initially spherical
nAg was deformed into irregular shapes due to dissolution and/or aggregation. With 2 mg L-!
rhamnolipid in the nAg suspension (Figure 2b), large aggregates were formed, consistent with the DLS
results discussed above. However, when 50 mg L-! rhamnolipid was present, nAg size and morphology
remained basically unchanged, demonstrating the stabilization effect of a higher concentration of
rhamnolipid. At pH =7 £ 0.2, observed changes in nAg morphology were negligible (Figures S5 and

t=3h t=20 h

t=05h
NS e e

w/o rhamnolipid

w/ 2mgL"’
rhamnolipid

w/ 50 mg L'L\\

rhamnolipid

Figure 2. Representative TEM images of nAg morphology changes over 20 hours without
rhamnolipid or with 2mg L-! or 50mg L' rhamnolipid under a solution chemistry condition of pH

4.0+0.2 and DO 8.8+0.2 mg L-'.

S6) in both rhamnolipid-free or 5mg L-! rhamnolipid samples, indicating that the nAg suspension was
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relatively stable at pH 7, even at a DO concentration of 8.8 mg L-!.

Effects of rhamnolipid on nAg transport, retention and dissolution under acidic, oxic conditions

The total silver (TAg), nano silver (nAg) and silver ion (Ag") breakthrough curves and total silver
retention profiles for column experiments conducted under an acidic and oxic condition (pH = 4+ 0.2
and DO = 8.8+ 0.2 mg L!) with different concentrations of rhamnolipid are presented in Figure 3a-d,
respectively. The hydrodynamic diameter and zeta potential of nAg in the influent suspension (~2.5 mg
L'nAg with ~0.2 mg L! Ag") were monitored at the start and end of the injection period (3 PVs, ~1.5
hours). The presence of ~0.2 mg L' Ag" in the influent solution was assumed to have a negligible effect
on nAg transport and retention processes based on prior experiments which showed that Ag"* exhibits
minimal adsorption on washed Ottawa sand at low concentrations. * A summary of column results,
including the percent nAg and Ag* detected in the column effluent, nAg retained, and total mass balance,
is shown in Table 1.

When nAg was introduced to the column without rhamnolipid, 22.9 % of the total injected Ag mass
was measured in effluent samples. The majority of silver mass eluted from the column in the form of
Ag' with minimal breakthrough of nAg (0.9-1.5% of total mass). After injecting of 3 PVs of nAg
suspension, 9 PVs of nAg-free background solution (pH = 4 + 0.2 and DO = 8.8 £+ 0.2) was flushed
through the column to monitor dissolution of retained nAg. During this phase of the experiment, only
minimal amounts (< 0.5 % of injected mass) of nAg were detected in effluent samples (Figure 3b),
consistent with previous studies that observed negligible detachment of nanoparticle when solution
chemistries remain constant.* Retained nAg slowly dissolved during the background flush, resulting in
a steady release of Ag" at a concentration of ~0.15 mg L-!' (Figure 3c). The Ag" release concentration
was several times greater than that measured in batch experiments (~0.02 mg L' dissolutions of nAg)
during the same residence time (0.5 h). This observation was attributed to water flow in columns, which
effectively removed dissolved Ag" from nAg surface and kept the surface constantly in contact with
fresh solution containing O2/protons. This finding highlights the difference between nAg dissolution
under batch reactors and dynamic flow conditions and demonstrates the importance of performing nAg
dissolution experiments under dynamic conditions.

The retention profiles of duplicate nAg columns exhibit hyper-exponential decay with highest solid

phase concentrations measured near the column inlet (Figure 3d). Similarly shaped retention profiles
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were reported for UV light aged nAg transport in porous media. ° One possible explanation for this
observation is that, when rhamnolipid was absent, dissolution significantly changed the nAg surface
properties and increased its attachment efficiency near the column inlet. Since few research
investigations have considered nanoparticle retention behavior under dissolution, the detailed
mechanisms need further investigation. In the second set of column experiments, rhamnolipid was
added to the influent nAg suspensions at environmentally relevant concentrations (2, 5, 50 mg L') and
co-injected with nAg. For the rhamnolipid concentration of 2 mg L-!, TAg breakthrough concentration
reached a maximum C/C, of ~0.025 and only 8.3% of the injected TAg mass eluted from the column.
For rhamnolipid concentrations of 5 and 50 mg L', even less TAg mass was measured in column
effluents (3.1% and 5.2% of total applied mass, respectively) (Table 1 and Figure 3a). Similar to
rhamnolipid-free columns, most of the eluted TAg mass was detected as Ag* and nAg breakthrough
was minimal (0.2%-1% of total injected mass) for all rhamnolipid co-injection columns (Figure 3b).
Over the course of the 9 PV background solution flush, the concentration of dissolved Ag" in co-
injection columns decreased by 66.7%-96.8% compared to rhamnolipid-free columns, from 0.15 mg
L' to 0.05 mg L! for 2 mg L' rhamnolipid and nearly to the detection limit (0.005 mg L!) for 5 and
50 mg L' rhamnolipid, respectively (Figure 3c), consistent with the batch results that the addition of
rhamnolipid resulted in reduced nAg dissolution, indicating that the presence of rhamnolipid influenced

nAg dissolution under both batch reactor and dynamic flow conditions.

Effect of Rhamolipid co-injection on Ag transport and elution under acidic pH/oxic conditions.
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48 . . . .
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50 . . . .. . . .
51 required to result in physical straining. Thus, the observed hyper-exponential nAg retention profile in 2
gg mg L' rhamnolipid column could be attributed to nAg aggregation and physical straining. SEM images
gg of a sand grain collected from the inlet of 2mg L-! rhamnolipid co-injection column revealed that both
g ? nAg and nAg aggregates were deposited on sand surfaces and the density of particle deposition varied
gg with the sand surface heterogeneity (Figure 4c-d), further supporting the proposed aggregation,
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straining and attachment process for nAg deposition at low rhamnolipid concentrations. With 5 mg L-!
rhamnolipid in the influent suspension, retention of nAg exhibited an exponential decrease along the
column length (Figure 3d), consistent with predictions of CFT.* Retention profiles were fit to a CFT
model (eqs 1 and 2) to obtain the attachment efficiency(a) and rate constant (k,,). When 50 mg L-!
rhamnolipid was co-injected with nAg, a relatively flat retention profile was observed (Figure 3d), with

retained nAg concentration distributed uniformly along the column, indicating a limiting or maximum

3 BN/ 1jam EM
Mags 500KX f—| WO= #mm Mig® 4000KX j] ~ WD= 8mm

3 BN [ 1 EHT = 10,00 kY
Mag= BOOKX —| Wo= &mm | wag= 4000 KX ] Wo= Bmm

Figure 4. Representative SEM images of (a-b) clean sand surface, (c-d) densly nAg/nAg aggregate
deposited sand surface and (e-f) sparsely nAg deposited sand surface. Samples were collected from

column inlets of PH4DO9R2 and PH7DO9RS for (c-d) and (e-f), respectively.

attachment capacity. This retention behavior is consistent with the observation reported by Wang et.
al®? that Fullerene(C60) nanoparticles were retained uniformly with distance when 20 mg C L-!
Suwannee river humic acid (SRHA) or fulvic acid (SRFA) were present in the suspension. The modified
filtration model (MFT),*>? which accounts for nanoparticle maximum retention capacity (eq 3), was used
to fit the column data. Model results indicate a retention capacity of 2.2 pg nAg per gram sand under

this condition (50 mg L' rhamnolipid, pH 4 + 0.2 and DO = 8.8 = 0.2).
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Effect of lower concentration rhamnolipid flush on the dissolution of retained nAg

To further explore the effect of rhamnolipid on the dissolution behavior of retained nAg, two
additional column experiments were performed at pH 4 + 0.2 and DO = 8.8 + 0.2 mg/L. Here, 3 PVs of
a~2.5 mg L' nAg only influent suspension was injected to deposit nAg, followed by 3 PVs background
to displace any unattached nAg. Then 3PVs of a 2 or 5 mg L' rhamnolipid solution (pH 4 + 0.2 and
DO = 8.7 mg/L) was introduced to the column, followed by another 5 PVs rhamnolipid-free background
solution. As shown in Figure 5, Ag* concentration in the effluent started to decline after the injection
of 1 PV of rhamnolipid solution (at ~7 PV), and Ag" levels remained very low (close to detection limit
of Spug L") even after the column was flushed with another 5 PVs background solution. As a result,

compared to the rhamnolipid-free columns, much less Ag" was detected in effluent samples when the

Effect of Rhamolipid flush on retained Ag elution under acidic pH/oxic conditions.
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Figure 5. Experimental results of silver ion (Ag") breakthrough for columns conducted with pH
4.0+0.2, DO 8.8+0.2 mg L and flushed with 2mg L' or 5 mg L' rhamnolipid after silver

nanoparticle deposition.

rhamnolipid flush was applied (12.2% vs. 2.8% of total injected Ag mass). The reduction in nAg
dissolution after the rhamnolipid flush could be attributed to adsorption of rhamnolipid on deposited
nAg, which acted to protect the nAg core from further oxidation and release of Ag*. Combined with the

results from the co-injection columns, these findings indicate that the presence of rhamnolipid (even at
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low concentrations) in the subsurface could significantly reduce dissolution of retained nAg even under

relatively fast flow velocities.

Effect of rhamnolipid on nAg transport, retention, and dissolution under neutral/oxic condition

Column experiments were also conducted under a neutral and oxic scenario (pH 7 + 0.2 and DO = 8.8
+ 0.2) to further evaluate the impact of rhamnolipid on nAg dissolution and transport behavior. The
experimental and mathematical results are summarized in Table 1 and presented in Figure 6. In the
absence of rhamnolipid, 7.4%-14.3% of applied TAg mass was detected in the column effluent, with
2.2% - 4.5% eluting as Ag" (Table 1). The resulting nAg breakthrough curve (Figure 6b) exhibited an
asymmetrical shape, with the relative nAg concentration (C/Cy) gradually increasing to a maximum
value of 0.2 and then rapidly declining to below the detection limit (5 pug/L). During the subsequent
background (9 PVs rhamnolipid-free) flush the Ag* concentration in the effluent was ~0.02 mg L-!
(Figure 6¢) and the Ag" during the last 6PV flush accounted for only 0.9%-1.9% of the applied TAg,
indicating that at circumneutral pH conditions, dissolution of retained nAg was limited, consistent with
prior studies. %6 When 5 mg L-! rhamnolipid was introduced to the nAg influent solution, breakthrough
of TAg increased remarkably, to 49.7% of the injected Ag mass, with 98.6% associated with nAg (Table
1). The effluent breakthrough curve for this case reveals that nAg was detected at 2 PV and the relative
concentration (C/Cy) rapidly increased to 1 and then declined back to 0 immediately after the pulse
injection ceased (Figure 6b). The Ag" effluent breakthrough curves were similar to those obtained in
the absence of rhamnolipid (Figure 6¢), except that Ag* concentrations approached the detection limit
during the background flush. When 50 mg L-! rhamnolipid was co-injected with nAg, even more applied
silver mass was measured in the column effluent (86.5%-87.4%), and similarly, most of the TAg mass
eluted from the column as nAg, with minimal dissolution (Figures 6b-c). Our previous study of
rhamnolipid adsorption on washed 80-100 mesh Ottawa sand indicated that rhamnolipid could be
readily absorbed and occupy the adsorption/attachment sites on the sand surfaces. ¥*Thus, the increased
mobility of nAg in the presence of 5 mg/L and 50 mg/L rhamnolipid at pH 7 + 0.2 and DO = 8.8 £ 0.2
mg/L was attributed to two factors: 1) adsorption of rhamnolipid on nAg increased the repulsive force
between nAg and sand surfaces, as shown in XDLVO calculations (Figure S8c), ¢+ and 2) rhamnolipid

was
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absorbed on sand surfaces and subsequently blocked potential attachment sitesThe resulting retention

profiles for all pH 7 and DO 8.8 columns were relatively uniform suggesting that nAg attachment

exhibited a limiting or maximum capacity under these experimental conditions. SEM images showed

that nAg was sparsely attached on the sand surface, with greater attachment to surface sites near the slit

(Figures S4e-f), consistent with observations of other stabilized nanoparticle studies. + Due to the

limited dissolution and constant nAg size, the MFT model (eq 3) was used to fit the nAg breakthrough

curves and retention profiles. As shown in Figure 5, the MFT model captured the general shape of both

the breakthrough curves and retention profiles, with R? values of greater than 0.94. The model-fitted

attachment parameters (Table 1) suggest the addition of rhamnolipid reduced the maximum capacity (

Effect of Rhamolipid co-injection on Ag transport and elution under neutral pH/oxic conditions.
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Figure 6. (a) Experimental results of total silver(Tag) breakthrough, (b) experimental and modeling

results of silver nanoparticle(nAg) breakthrough, (c) experimental results of silver ion (Ag")

breakthrough, and (d) experimental and modeling results of retained silver as a function of distance

from column inlet for columns conducted with pH 7.0+£0.2 and DO 8.8+0.2 mg L.
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Smax) of the sand for nAg deposition from 2.5 pg g to 0.3 pg g' with only a slight decrease in

attachment rates (e.g., 14.6 h'' and 13.2 h'!).

Effect of rhamnolipid on nAg transport, retention and dissolution under neutral/hypoxic

condition

Three column experiments were performed to understand the effects of rhamnolipid on nAg transport

and retention under neutral and hypoxic conditions (pH = 7 + 0.2 and DO = 2 + 0.2 mg/L). The

breakthrough of nAg in the absence of rhamnolipid ranged from 20.2 to 29.2% of applied nAg (by

Effect of Rhamolipid co-injection on Ag transport and elution under neutral pH /hypoxic conditions.
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Figure 7. (a) Experimental results of total silver (TAg) breakthrough, (b) experimental and

modeling results of silver nanoparticle (nAg) breakthrough, (c) experimental results of silver ion

(Ag") breakthrough, and (d) experimental and modeling results of retained silver as a function of

distance from column inlet for columns conducted with pH 7.0 + 0.2 and DO 2.0 + 0.2 mg L.

mass), which is greater than that observed in the neutral/oxic columns (2.9%-12.1%) and consistent
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with data reported by Mittlemanet al. #* Similar to neutral/oxic columns, addition of 5 mg L-!
rhamnolipid increased nAg breakthrough from 20.2~29.2% to 44.7% of injected nAg mass, suggesting
enhanced nAg mobility when rhamnolipid was present. The dissolution of retained nAg was minimal
in both the rhamnolipid-free and 5 mg L-! rhamnolipid columns (Figure 7c). These nAg breakthrough
curve and retention profile data were fit to MFT model, and the resulting attachment rate constants were
smaller than those obtained under oxic conditions, consistent with a greater energy barrier between nAg

and sand surfaces under these conditions (see XDLVO calculation in Figure S8d).

Conclusions

The effects of rhamnolipid biosurfactant on nAg aggregation, transport, and dissolution in batch and
column systems were evaluated as a function of pH, DO and rhamnolipid concentration. Batch studies
showed that the presence of rhamnolipid, even at low concentrations (2 and 5 mg L), reduced nAg
dissolution under all three pH and DO conditions. However, the effect of rhamnolipid on nAg
aggregation was dependent upon both the rhamnolipid concentration and the pH of the solution;
enhanced nAg stability was observed at pH 7 in the presence of rhamnolipid, while aggregation was
detected for the pH=4 and DO = 8.8 mg/L condition. Increasing the rhamnolipid concentration to 50
mg L' at pH 4 resulted in a stable nAg suspension. The behavior observed at higher concentration was
attributed to adsorption of rhamnolipid on nAg, which slowed down oxidation/dissolution process and
increased the repulsive force between nanoparticles. Column experiments were then conducted at the
three pH and DO conditions to investigate the effect of rhamnolipid on nAg transport, retention, and
dissolution behavior under dynamic flow conditions. At pH 4 and DO = 8.8 mg/L, minimal nAg
breakthrough was observed for both rhamnolipid-free and rhamnolipid-amended cases. However, the
dissolved Ag" concentration detected in the column effluent decreased markedly in the presence of
rhamnolipid. The corresponding nAg retention profiles also changed from hyper-exponential decay (0
or 2mg L' rhamnolipid) to a uniform distribution with distance from the column inlet when the
rhamnolipid concentration was increased to 50 mg L', suggesting the stabilizing and attachment site
blocking effects of rhamnolipid. Additionally, a 3PV flush of low concentration rhamnolipid (2 or 5
mg L) greatly reduced the dissolution of retained nAg on sands, suggesting rhamnolipid preferentially

absorbed to citrate-coated nAg and inhibited Ag" release. These findings indicate that the presence of
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rhamnolipid in porous media could significantly reduce the dissolution process of both free nAg and
deposited nAg under dynamic flow conditions. At pH 7 and DO = 8.8 mg/L, the mass of eluted nAg
increased with increasing rhamnolipid concentration, which was attributed to attachment site blocking
by adsorbed rhamnolipid. Similar increases in nAg mobility in the presence rhamnolipid were also
observed at pH 7 and DO = 2 mg/L, suggesting rhamnolipid could also facilitate nAg transport process
in porous media. A mathematical model based on modified filtration theory, which accounts for a
maximum retention capacity, was able to accurately fit the column experimental data when nAg
dissolution and aggregation were negligible. Fitted model parameters indicate that the presence of
rhamnolipid resulted in a limiting or maximum retention capacity for nAg. These findings are relevant
to subsurface environments where biosurfactant-producing bacteria are ubiquitous and demonstrate that
rhamnolipid can significantly alter both the mobility and reactivity of nAg in porous media, suggesting

that bacterial can alter nAg bioavailability and antimicrobial property through biosurfactant production.
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