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Iron oxide nanoparticles were stabilized in water using the biosurfactant rhamnolipid, and the adsorption 
of U(VI) to these nanoparticles was measured and modeled as a function of water chemistry.  

Abstract

Based on tunable properties, engineered nanoparticles (NPs) hold significant promise for water treatment 
technologies. Motivated by concerns regarding toxicity and non-biodegradability of some nanoparticles, 
we explored engineered magnetite (Fe3O4) nanoparticles with a biocompatible coating.  These were 
prepared with a coating of rhamnolipid, a biosurfactant primarily obtained from Pseudomonas aeruginosa.  
By optimizing synthesis and phase transfer conditions, particles were observed to be monodispersed and 
stable in water under environmentally relevant pH and ionic strength values. These materials were evaluated 
for U(VI) removal from water at varying dissolved inorganic carbon and pH conditions. The rhamnolipid-
coated iron oxide nanoparticles (IONPs) showed high sorption capacities at pH 6 and pH 8 in both 
carbonate-free systems and systems in equilibrium with atmospheric CO2. Equilibrium sorption behavior 
was interpreted using surface complexation modeling (SCM).  Two models (diffuse double layer and non-
electrostatic) were evaluated for their ability to account for U(VI) binding to the carboxyl groups of the 
rhamnolipid coating as a function of the pH, total U(VI) loading, and dissolved inorganic carbon 
concentration. The diffuse double layer model provided the best simulation of the adsorption data and was 
sensitive to U(VI) loadings as it accounted for the change in the surface charge associated with U(VI) 
adsorption.
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Environmental Significance
The current study provides evidence that biosurfactants can be effectively used to coat and stabilize iron 
oxide nanoparticles in aqueous suspension. Biosurfactants such as rhamnolipids are biodegradable, and 
their use raises fewer environmental concerns than the use of their synthetic counterparts. Due to their 
stability under environmentally relevant pH and ionic strength conditions, these engineered materials can 
be successfully implemented in water treatment systems for the removal of potent contaminants without 
causing any further downstream pollution. Rhamnolipid-coated iron oxide nanoparticles were demonstrated 
to be able to adsorb the environmentally significant contaminant U(VI), and the effects of water chemistry 
on adsorption were successfully modeled within a reaction-based surface complexation modeling 
framework.

Keywords

IONPs – Iron oxide nanoparticles; DIC- Dissolved organic carbon; SCM- Surface complexation modeling 
CCC- Critical coagulation concentration; TOC – Total organic carbon
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Introduction

Uranium can be introduced into aquatic systems via a number of anthropogenic pathways, including 
discharge from mining and milling operations, leading to public health concerns.1 Considering chronic 
health effects associated with uranium, the current U.S. EPA maximum contaminant level (MCL) for 
uranium in drinking water is 30 µg/L. Uranium predominantly exists at oxidation states of +IV and +VI, 
U(VI) being the more mobile form and the dominant one present under oxidizing conditions.2 The fate of 
U(VI) in aquatic environments strongly depends on the pH, redox potential, presence of divalent cations 
and dissolved inorganic carbon.2 Processes involving redox, dissolution-precipitation and adsorption-
desorption reactions underpin uranium mobility in natural and engineered systems.3 

Strategies for removal of uranium under oxidizing conditions often rely on adsorption processes. Recently, 
a variety  of nanomaterial adsorbents, including aluminium oxides, iron oxides, titanium oxides and 
graphene oxides have been developed and evaluated for their efficacy towards uranium removal from water 
systems.4–15 Iron oxide nanoparticles (IONPs) are one of the promising materials for the removal of 
contaminants from water systems due to their large specific surface area, tunable surface chemistries and 
potential biocompatibility.4,7,16,17 A number of studies have focused on the use of magnetite nanoparticles 
for contaminant removal due to their unique magnetic properties which allow easy removal and collection 
from water systems by application of an external magnetic field.6,11,13,16–19

Synthesis of water-dispersible IONPs has been achieved by chemical co-precipitation, microemulsion and 
hydrothermal routes.17 These methods produce poorly crystalline and aggregated nanoparticles. This has 
encouraged the use of non-hydrolytic routes (organic phase synthesis) for the synthesis of IONPs, allowing 
for reproducible and highly crystalline nanostructures with uniform size and shape.16,17,20 Typically, 
nanoparticles obtained from these routes are stable in nonpolar solvents and are capped with nonpolar 
moieties (e.g. oleic acid) to lower surface energies and prevent aggregation.16,17,20 Surface coatings reduce 
particle aggregation as they counter the attractive interparticle forces with repulsive steric or electrostatic 
forces.21

For successful application of IONPs dispersed in nonpolar solvents to water treatment, the outer 
hydrophobic coating needs to be modified to be hydrophilic.16 Ligand exchange and ligand addition 
methods are used for surface modification of as-synthesized IONPs.16,20 In the ligand exchange method, the 
original coating is replaced by the desired amphiphile or surfactant that has an affinity for both the 
nanoparticle surface and the water interface. In the case of ligand addition, a hydrophobic tail of the selected 
amphiphile interacts with the original coating while the hydrophilic tail is oriented towards the water, 
yielding a stable aqueous suspension of the nanoparticles.16,22 Various synthetic organic surface coatings, 
including oleic acid, humic acid, stearic acid and polymers,6,18,22–25 have been explored for stabilization of 
IONPs synthesized through non-hydrolytic routes.  These stabilized IONPs have shown tremendous 
potential in the removal of metals and metalloids from water.9,14,19,26  However, these coatings are often 
toxic or non-biodegradable, and they may pose environmental risks if the particles are not retained in the 
treatment unit. Recent studies have explored naturally derived coatings and biosurfactants for the 
stabilization of the nanoparticles.5,27–31 The addition of micro-algal exudate as a biosurfactant in the 
preparation of polyethene nanoparticles reduced their aggregation in the salt solutions.32 The performance 
of nanoparticles for contaminant removal can also be significantly improved by the addition of naturally-
derived coatings.5,33 The use of chitosan in a nanocomposite with graphene oxide enhanced the sorption 
capacity for U(VI) removal.33,34 Cyclodextrin-modified maghemite nanocomposites showed remarkable 
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stability as no change in their efficiency for U(VI) removal was observed even after four cycles of 
adsorption/desorption.6

Biosurfactants are amphiphilic molecules produced by microorganisms to reduce interfacial tension in the 
process of utilization of various substrates. As compared to their synthetic counterparts, biosurfactants are 
typically less toxic and more biodegradable.35,36 An emerging application of biosurfactants is in the 
stabilization of nanomaterials as they reduce the surface energy at the interface and prevent aggregation of 
nanoparticles.37 Rhamnolipids are glycolipids (biosurfactants) produced primarily by Pseudomonas 
aeruginosa at relatively high concentrations extracellularly, and they consist of a rhamnose moiety and a 
3-(hydroxyalkanoyloxy) alkanoic acid fatty acid tail.29  Recent studies show that rhamnolipids act as an 
effective stabilizer for palladium-coated nanoscale zero-valent iron (nZVI) nanoparticles and prevent their 
aggregation.21,30,38 Another study observed that the inclusion of rhamnolipid in the synthesis of chitosan 
nanoparticles improved their stability and monodispersity.31 Rhamnolipids also enhanced soil deliverability 
and reactivity of nZVI for in situ remediation.39 Rhamnolipids have also been used as capping agents in 
several studies for the synthesis of stabilized nanoparticles.27,28,31,40–42 However, the potential of 
rhamnolipids to stabilize magnetite nanoparticles had not previously been observed; consequently, the use 
of rhamnolipid-coated IONPs as adsorbents for metals is also unexplored. 

Surface complexation modeling (SCM) is a robust approach to model the partitioning of sorbates between 
solid and solution phases as a function of pH, solute concentration, and ionic strength. The prediction of 
U(VI) adsorption on sorbents is confounded by complexities of U(VI) speciation under different dissolved 
inorganic carbon conditions.2,3,43 In carbonate-containing systems, U(VI) adsorption to sorbents is affected 
by the formation of stable soluble U(VI)-CO3 complexes at higher pH values.3,8,43 SCM has been previously 
applied to engineered nanomaterials to model sorption of U(VI) over a wide pH range and different 
carbonate conditions.8,14,44–47 As model parameters will be different for different adsorbents, we aimed to 
understand if SCM could interpret metal binding to IONPs coated with rhamnolipid. The model can also 
yield insight into the mechanism of U(VI) binding onto these rhamnolipid-coated IONPs.

In this work, we have explored rhamnolipids as potential biocompatible ligands for stabilizing 
superparamagnetic magnetite nanoparticles in water. The efficiency of this coating was then evaluated by 
using rhamnolipid-coated nanoparticles for U(VI) sorption under varying conditions of pH and dissolved 
inorganic carbon (DIC). The three primary objectives of the study were to (i) optimize conditions for 
coating as-synthesized magnetite nanoparticles with rhamnolipids for stabilizing them in water suspensions, 
(ii) evaluate the performance of rhamnolipid-coated IONPs for U(VI) adsorption under varying conditions 
of pH and carbonate, and (iii) develop a surface complexation model to interpret U(VI) adsorption 
performance onto these engineered nanoparticles.

1. Experimental Section

1.1. Materials and Methods: 

Iron(III) oxide (hydrated, catalyst grade, 30–50 mesh), oleic acid (technical grade, 90%), 1-octadecene 
(technical grade, 90%), sodium chloride (ACS reagent, 99.0%), magnesium chloride hexahydrate (ACS 
reagent, 99%), sodium hydroxide (ACS reagent 99.0%), sodium bicarbonate (ACS reagent 99.0%), sodium 
carbonate (ACS reagent 99.0%) and nitric acid (trace metal grade) were purchased from Sigma-Aldrich. 
Hexane, acetone and ethanol were also purchased from Sigma-Aldrich and were used without purification. 
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Rhamnolipid (90%) standard was purchased from AGAE Technologies. A U(VI) stock solution was 
prepared from uranyl nitrate (UO2(NO3)2·6H2O).

1.2. Nanoparticle synthesis process and phase transfer: 

Monodispersed IONPs (~8nm) were synthesized using a published method.20,22 Briefly FeOOH powder 
(0.178 g, finely ground), oleic acid (2.26 g) and 1-octadecene (5.0 g) were thermally decomposed at 320°C 
to form brown-black colloids that were further purified using acetone and hexane to obtain 8-nm IONPs 
dispersible in apolar solvents. Purified IONPs were collected in hexane and stored in the dark at room 
temperature. To make the IONPs suitable for water treatment applications, these were phase transferred 
from hexane to water by a bilayer ligand addition method using a probe sonicator. For optimizing phase-
transfer conditions, varying amounts of IONPs and rhamnolipids were used. Specifically, IONPs in hexane 
(400 µ – 800 µL) were combined with 8 mL of rhamnolipids (60 mg/L -100 mg/L) in aqueous solution 
combined in a 20 mL glass vial and probe sonicated (UP 50H, Dr. Hielscher, GMHB) under different 
conditions of time and amplitude (details in ESI, Table S1). The suspension was kept in a fume hood for 
24 hours to remove residual hexane. Unstable particles were removed from the aqueous phase by 
centrifugation, stirred cell filtration (Ultrafiltration cellulose membranes, 100 kDa MWCO), and filtration 
through a 0.22 µm membrane filter. The optimum parameters were selected based on phase transfer 
efficiency and hydrodynamic diameter (details in ESI, Table S1). A stock suspension of IONPs coated with 
rhamnolipids was then prepared using optimized parameters. 

1.3. Characterization of IONPs

IONPs core sizes before and after phase transfer were determined using transmission electron microscopy 
(TEM, FEI Tecnai G2 Spirit) operated at 120 kV. Sample preparation was done by placing 20 µL of diluted 
IONP suspension on a carbon-coated copper grid. After drying the grid at room temperature, the images 
were observed using TEM. The average diameter of the suspended particles was calculated by counting 
2000 randomly chosen IONPs from the TEM micrographs using ImageJ software (National Institutes of 
Health). The phase transfer efficiency was estimated by analyzing dissolved Fe concentrations before and 
after phase transfer with inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin 
Elmer ELAN DRC). Suspensions were prepared for ICP-OES analysis by digesting IONPs suspensions in 
10% nitric acid on a hot plate at 100 °C. 

The number of rhamnolipid molecules attached per nanoparticle was estimated using the total organic 
carbon (TOC) content in the aqueous suspension before and after ultracentrifugation.26 TOC analysis was 
performed using a total organic carbon analyzer (TOC-L, Shimadzu Scientific Instrument, Inc., MD; 
680 °C). The hydrodynamic diameter and zeta potential of IONPs in the aqueous phase were estimated 
using dynamic light scattering (Zetasizer, Malvern Nano ZS, UK). For both measurements, pH was varied 
from 4-11 to determine the stability of aqueous suspension over the desired range. The mean value and 
standard deviation for hydrodynamic diameter and zeta potential were based on triplicate samples and at 
least 10 readings for each sample. The aggregation kinetics of IONPs in aqueous suspension were 
determined using time-resolved DLS in the presence of NaCl and MgCl2 over a range of concentrations. 
All the measurements were done at pH 7.5± 0.1 and in accordance with a previously reported procedure.22 
The attachment efficiency (α)  for IONPs was calculated by the following equation48:

                                                                                                                                                (1)𝜶 =
𝒌

𝒌𝒇𝒂𝒔𝒕
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where k is the initial aggregation rate constant at an examined condition and kfast is the aggregation rate 
constant under diffusion-limited (fast) aggregation conditions. Slow aggregation occurs at lower salt 
concentrations due to a repulsive energy barrier, and an increase in salt concentration in this regime 
generally results in an increase in aggregation rate.21,48 The minimum salt concentration beyond which there 
is no effect on aggregation rate is called the critical coagulation concentration (CCC), and kfast is the 
aggregation rate constant above this point.21,30,48 

1.4. U(VI) sorption studies 

Adsorption edges: Sorption efficiency of rhamnolipid-coated engineered magnetite nanoparticles was 
evaluated at different pH values (5.5-11.50) at two fixed U(VI) loadings and under three different carbonate 
conditions (open to atmosphere, carbonate-free system and 1 mM fixed DIC system). U(VI) loadings of 1 
µM and 10 µM were selected based on preliminary calculations in MINEQL+ V5.0 that identified 
conditions that would avoid any possible precipitation of U(VI). For open to atmosphere adsorption 
experiments, ultrapure water was adjusted to target pH values (5.5-11.5) by 0.1 M HNO3 and 0.1 M NaOH 
and continuously stirred to attain equilibrium with atmospheric CO2. For achieving equilibrium at higher 
pH values (> 9), predetermined amounts of sodium carbonate and sodium bicarbonate were added to obtain 
a DIC concentration closer to the value that would be achieved once equilibrium with atmospheric CO2 was 
reached at the desired pH.14 Carbonate-free experiments were performed in a glove box (Coy Laboratory 
Products Inc., MI) under an N2 atmosphere where the gas in the glove box was bubbled through a 
concentrated NaOH solution to remove any traces of CO2. For adsorption experiments with 1 mM fixed 
DIC, the amount of acid/base required at desired experimental conditions (pH and U(VI) loading) was 
predetermined to minimize the contact with the atmosphere.

Adsorption isotherms: The sorption capacity of rhamnolipid-coated nanoparticles was explored at pH 6 and 
8 under open to atmosphere and carbonate-free conditions. Two different pH values (6 and 8) were selected 
as the speciation of U(VI) at the selected pH values varies significantly. For open to atmosphere system, at 
pH 6, UO2CO3 and (UO2)2CO3(OH)3

- dominate, whereas at pH 8, UO2(CO3)3
-4, UO2(CO3)2

-2 and 
(UO2)2CO3(OH)3

- are in the majority. However, in carbonate free system, UO2OH+ and (UO2)3(OH)5
+ exist 

in the majority at pH 6 whereas (UO2)3(OH)5
+, UO2(OH)3

- and (UO2)3(OH)7
- dominate at pH 8. U(VI) 

loading was varied between 0.1 µM and 25 µM at selected carbonate conditions and equilibrated for 24 
hours. 

For each set of U(VI) adsorption experiments, the suspensions were continuously mixed by end-overend 
rotation for 24 hours, and the pH was readjusted after 4, 8 and 12 hours. Control experiments without 
nanoparticles were conducted to monitor any loss of U(VI) throughout the procedure. Similarly, control 
experiments with only nanoparticles were performed to observe the stability of IONPs at desired pH values. 
The suspensions from each set of conditions were ultracentrifuged (Sorvall WX Ultra 80, Thermo scientific, 
T1270) at 40000 rpm for 2 hours to separate IONPs, and the supernatant was collected for uranium (U) 
analysis (ICP-MS, PerkinElmer). The concentration of Fe in the supernatant was also measured to monitor 
the leaching of iron from nanoparticles due to U(VI) adsorption.

1.5. Surface Complexation modelling (SCM)

SCM was used to describe sorption of U(VI) to rhamnolipid-coated IONPS over a wide range of pH at three 
different carbonate conditions and with two different U(VI) initial loadings. The carboxyl group on the 
rhamnolipid was considered as the main site for UO2

2+ sorption. Similar to aqueous complexation, surface 
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complexation reactions predict sorption on the basis of equilibrium complexation of a metal and surface-
associated functional groups.49 The diffuse layer model (DLM) and non-electrostatic model (NEM) were 
selected to evaluate the impact of pH, DIC and initial U(VI) loadings on the sorption of U(VI) onto 
rhamnolipid coated IONPs. NEM does not consider electrostatic interactions and simulates surface 
complexation reactions in a similar way as the corresponding aqueous complexation reactions, however, 
DLM considers both electrostatic and chemical contributions to adsorption. Before fitting the models to 
adsorption edge and adsorption isotherm data, surface characteristics (specific surface area, site density and 
surface acidity constant) of the IONPs were estimated. Potentiometric titration was performed using 30 
mg/L of IONPs suspension, and the data were fitted using NEM and DLM models by varying the surface 
acidity constant, specific surface area and site density. The best fit was obtained by minimizing the residual 
sum of squares between experimental and modeled data. The optimized parameters were used in DLM and 
NEM models to fit the adsorption edge and adsorption isotherm data. The optimal fits for both the models 
were obtained by varying the logK values of surface reactions using MINEQL+ V5.0  (Environmental 
Research Software) and MINFIT.50 The full set of aqueous reactions (details in ESI) along with the U(VI) 
surface complexation reactions were considered.

2. Results and Discussion

2.1. Synthesis and characterization of rhamnolipid-coated nanoparticles 

Nanoparticles obtained after the thermal decomposition method were highly uniform, spherical and had an 
average size of 9.0 ± 0.8 nm as shown in TEM micrographs (Figure 1a). XRD patterns identified the crystal 
structure to be face centered cubic (FCC), as expected for Fe3O4, which is a spinel ferrite.9,20 Single domain 
Fe3O4 of this size also displays superparamagnetic characteristics at room temperature, which allows for 
low energy separation from the aqueous phase by applying a magnetic field.9,20  

 

Figure 1: Transmission electron micrographs for (a) Oleic acid-coated nanoparticles in hexane 
(b) Rhamnolipid (bilayer) stabilized nanoparticles in water. Scale bars are 50 nm.

As particles were synthesized through a nonhydrolytic route using oleic acid as a capping agent; they were 
only stable in nonpolar solvents and required a passivating layer for water transfer. For this, a mixture of 
monorhamnolipid and dirhamnolipid was employed. The hydrophobic tail of oleic acid associates with the 
hydrophobic tail of the rhamnolipid (via hydrophobic and dispersive van der Waals forces), and the 

(b)(a)

Page 7 of 18 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Environmental Science: Nano

8

hydrophilic tail of the rhamnolipid (possessing carboxylic groups) interacts with water molecules to render 
IONPs stable in water systems.19 The details of the conditions considered for optimizing phase transfer 
conditions are shown in ESI (Table S1). The sonication amplitude used for phase transfer ranged between 
80% and 100%. The phase transfer efficiency decreased significantly when the amplitude was less than 
80% (Table S1). The average time required for efficient phase transfer was 10-12 minutes, and IONPs 
volume was varied from 400 µL to 600 µL (2.2 – 3.3 mg as Fe). Hydrodynamic diameter of 27.6 nm 
obtained from DLS measurements show that rhamnolipid forms a thin coating around the nanoparticles at 
a concentration of 100 mg/L. Maximum phase transfer efficiency of 91% was achieved by taking 600 µL 
of IONPs and 100 mg/L of rhamnolipid. The yield is higher than other optimized coatings (for similar 
materials), including oleic acid (70%), dodecyl trimethylammonium bromide (47%), sodium dodecyl 
benzenesulfonate (68%) and sodium dodecyl sulfate (79%).22 TEM micrographs (Figure 1b) confirmed that 
at the selected conditions, rhamnolipid did not alter the monodispersity and core size of IONPs. 

Figure 2: (a) Zeta potential of rhamnolipid-stabilized IONPs as a function of pH at a nanoparticle 
concentration of 30 mg/L and (b) titration curves for rhamnolipid-coated nanoparticle 

suspensions

The hydrodynamic diameter of IONPs in the stock suspension used for sorption studies was 27.6 ± 3.4 nm. 
Zeta potential measurements (Figure 2a) found that the coated IONPs were negatively charged at pH above 
5.5, which is consistent with the pKa value (4.5-5.5) of rhamnolipids.51  No significant change in 
hydrodynamic diameter was observed with the change in pH > 5.5, whereas at pH < 5.5, destabilization 
followed by aggregation of nanoparticles was observed. All the experiments described (characterization 
and sorption) were conducted at pH > 5.5. Aggregation kinetics of IONPs were studied to understand the 
response of nanoparticle suspensions to salt (NaCl and MgCl2) addition (Figure 3). The aggregation 
increased with increasing salt concentration until the aggregation rate reached the diffusion-limited regime 
(α=1). The critical coagulation concentration was obtained when the attachment efficiency reached unity. 
The CCC values for rhamnolipid-coated NPs were found to be 62.5 mM and 3 mM for NaCl and MgCl2, 
respectively. The stability of the suspension can be attributed to the hydrophobic interactions between the 
first and second layer coatings and steric stabilization induced by rhamnolipid moieties.21,22,27,28 The CCC 
values of rhamnolipid-coated IONPs were close to the CCC values obtained using synthetic anionic 
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surfactants with  shorter carbon chain lengths (decanoic acid and lauric acid) and containing complex 
functionalities (sodium dodecyl sulfate and sodium dodecyl benzenesulfonate).22

From TOC analysis, the total amount of carbon attached to the nanoparticles was obtained. The number of 
rhamnolipids attached per nanoparticle was estimated by assuming that one molecule of rhamnolipid 
attaches to two molecules of oleic acid. From previous studies, it has been shown that the IONPs obtained 
through thermal decomposition method are in the form of magnetite.9,52  Assuming a density of 5 g/cm3 (for 
magnetite) and average diameter of 9 nm, it was estimated that 186 rhamnolipid molecules are attached to 
one nanoparticle upon phase transfer, thus providing a site density of 0.73 sites/nm2. The calculations are 
provided in detail in the ESI.

Figure 3: Effect of U(VI) loading (1 µM and 10 µM) on CCC evaluated using (a) NaCl and (b) 
MgCl2. The experiment was performed at pH= 7.5 and nanoparticle concentration of 30 mg/L.

To understand the effect of U(VI) loading on the stability of IONPs, aggregation kinetics in the presence 
of U(VI) (1 µM and 10 µM) were studied.  There was no effect on CCC values when U(VI) loading was 1 
µM, whereas the CCC value reduced to 50 mM and 2 mM in presence of NaCl and MgCl2, respectively, 
when loading was increased to 10 µM (Figure 3). The aggregation of nanoparticles was likely promoted by 
adsorption of UO2

2+, which resulted in the reduction of the effective surface charge of IONPs. This can be 
observed from zeta potential measurements (Figure S5) where a decrease in effective surface charge of 
nanoparticles was observed upon U(VI) adsorption at pH values above 6. 

Table 1: Coefficients for Langmuir and Freundlich models obtained through adsorption 
isotherm studies

Langmuir Freundlich

Condition pH qmax (µg/mg) K (L/µg)
K 

((µg/g)(L/µg)1/n) n

6 116 0.0045 8.61 2.99Open to atmosphere
8 52 0.0071 8.03 4.35

6 155 0.0080 14.70 3.16Carbonate free system
8 118 0.0154 16.00 3.68
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2.2. Equilibrium adsorption experiments

For evaluating U(VI) sorption capacity, adsorption isotherms were obtained for rhamnolipid-coated 
nanoparticles (Figure 4) under a variety of conditions. The calculated sorption capacities for different 
carbonate and pH conditions are shown in Table 1. For open (atmosphere) system conditions, the maximum 
sorption capacity (qmax) decreased significantly as the pH increased from 6 to 8. At pH 6, positively charged 
species such as UO2

2+, (UO2)2(OH)2
2+, UO2OH+ and (UO2)3(OH)5

+ favor adsorption of U(VI) to negatively 
charged (Figure 4) rhamnolipid-coated nanoparticles due to electrostatic interactions. However, at pH 8, 
the sorption capacity was lower owing to the formation of negatively charged stable U(VI) carbonate 
complexes (UO2(CO3)3

4-, UO2(CO3)2
2- and (UO2)2CO3(OH)3

-) that do not  adsorb to surfaces and that 
effectively lower the activity of UO2

2+. Even at pH 6, the adsorption capacity for open to atmosphere 
conditions is less (116 µg/mg) than in the carbonate-free system (155 µg/mg) due to the formation of 
negatively charged stable uranyl carbonate complexes. For the carbonate-free system, at pH 8, the activity 
of UO2

2+ is much higher as compared to in the open to the atmosphere conditions, which resulted in the 
favorable adsorption of U(VI) to rhamnolipid-coated IONPs. In addition to the surface complexation 
models ability to fit the data (discussed below), both Langmuir and Freundlich models were also fitted to 
experimental data. The plots in Figure 4 show that the Langmuir model provides a better fit to the data 
under all conditions. 

Figure 4: Adsorption Isotherm at pH=6 and pH=8 in (a) open to atmosphere conditions and (b) 
carbonate-free system. ▲ represent points obtained at pH =8 and ■ represent data points 
obtained at pH=6. Dashed lines show the Langmuir fitting and dotted lines represent the 
Freundlich fitting. DLM parameters were also fitted to the isotherm data and solid lines 

represent DLM fitting at pH 6 and pH 8.

The adsorption of U(VI) on rhamnolipid-coated nanoparticles was observed over the range of pH values 
from 5.5 to 11.5 at two different loadings (1 µM and 10 µM) and three different carbonate conditions 
(carbonate-free, open to atmosphere, fixed DIC) in 0.01 M NaNO3 (shown in Figure 5). The two U(VI)  
loadings were selected as they were below the values at which precipitation of uranyl species might occur. 
The adsorption edges obtained for each set of conditions are shown in Figure 5. 

For the carbonate free system, both 1 µM and 10 µM loadings showed almost 100% sorption until pH~10. 
At pH > 10, sorption efficiency reduced dramatically owing to the steep decrease in UO2

2+ availability 
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(shown in ESI, Figure S1) in the system. The favorable adsorption at pH values down to pH 5.5 can also 
be attributed to the presence of positively charged aqueous species that favor adsorption to the negatively 
charged adsorbent through electrostatic interactions (Figure S2). 

For adsorption studies with the suspensions equilibrated with the atmosphere, the fraction of total U(VI) 
adsorbed decreased when loading was increased from 1 µM to 10 µM (Figure 5). For both loadings 
adsorption onto IONPs decreased as pH increased above pH 7 due to the formation of stable U(VI) 
carbonate complexes that lowered the available UO2

2+ in the system. 

Figure 5: Comparison of experimental U(VI) adsorption data and output of surface complexation 
models using (a) the diffuse double layer model (DLM) and (b) a non-electrostatic (NEM) model. 

The markers represent the experiment data points and lines represent fitting obtained using 
SCM modeling. Χ:- 10 µM Carbonate-free system; ●:-1 µM Carbonate-free system; :- 1 µM 
Fixed DIC system; ■:- 10 µM Fixed DIC system; □:- 10 µM Open to atmosphere and Δ:- 1 µM 

Open to atmosphere.

Adsorption edges obtained at 1 mM fixed DIC conditions followed the same trend observed in open to 
atmosphere conditions with the adsorption percentage decreasing dramatically at higher pH values for the 
reasons discussed above. However, at lower pH values (< 8), the fixed DIC system showed lower adsorption 
percentages as compared to the open to atmosphere conditions due to less availability of UO2

2+ in the fixed 
DIC system (as shown in Figure S1). At pH > 8, the trend reversed, owing to more availability of UO2

2+ in 
fixed DIC system because the supply of CO3

2- for complexing UO2
2+ was limited in the fixed DIC system 

while it continued to increase with increasing pH in the system that was open to uptake of CO2 from the 
atmosphere. 

Although there is theoretically the possibility of  U(VI) reduction to U(IV) due to interaction with Fe(II) in 
the magnetite nanoparticles, this will only happen if U(VI) diffuses through the rhamnolipid coating. At 
low U(VI) loadings, as in this case, U(VI) will adsorb on the outer layer before it has a chance to diffuse 
through the layer to where it could contact the magnetite surface. The absence of dissolved Fe in the 
supernatant obtained after ultracentrifugation in adsorption studies confirmed that the leaching of iron from 
rhamnolipid-coated magnetite nanoparticles did not occur at the experimental conditions studied. As the 
IONPs were stable under all the experimental conditions considered, it is not expected that there was any 
opportunity for U(VI) to interact directly with the magnetite nanoparticles. Recent studies on U(VI) using 
bilayer coated IONPs showed that U(VI) reduction was observed only at much higher U(VI) loadings.9,19 
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At these higher loadings, the nanoparticles became destabilized, which resulted in changes in the possible 
diffusion and contact pathway of U(VI) to the surface of nanoparticles.9,14,19

2.3. Interpretation of U(VI) adsorption using surface complexation modeling

A surface complexation model was developed to account for U(VI) adsorption to rhamnolipid-coated 
IONPs in a reaction-based framework that could account for variation in pH, U(VI) loading, and carbonate 
condition with a single set of surface complexation reactions. The first step in model development was the 
determination of nanoparticle surface properties (specific surface area, surface site density and acid-base 
equilibrium constants).  Rhamnolipid-coated nanoparticles can only be neutral or positively charged as the 
charge is solely decided by protonation/deprotonation of carboxyl groups in the rhamnolipid structure.  The 
charge and pH-dependence of charge is also evident from zeta potential measurements (Figure 2). 
Consequently, the SCM was developed with only protonated (SITEOH) and deprotonated (SITEO-) forms 
of the surface site. 

Potentiometric acid-base titration was performed to determine the surface acidity constant of IONPs. As 
the pKa of rhamnolipid lies between 4.3-5.551, rhamnolipid-coated IONPs provided effective buffering from 
pH 4.5-6.0 (Figure 2b).  The specific surface area was not calculated experimentally as the surface of the 
magnetite cores of the IONPs may not represent the surface area of the rhamnolipid-coated nanoparticles 
in aqueous suspension. The optimized values of pKa, specific surface and site density were determined by 
minimizing the squares of the residuals between model outputs and experimentally obtained titration curve 
(Figure 2b). The best fit was obtained for a specific surface area of 150 m2/g and site density of 0.73 
sites/nm2. For DLM, the best fit was obtained for a pKa of 3.6, whereas for NEM the pKa value obtained 
was 5.6 (Table 2). The surface site concentration obtained at the optimized values for 30 mg/L of Fe3O4 
nanoparticles using optimized values from the titration curve was 22.4 µM. This site concentration value is 
close to the value of 20.16 µM obtained using TOC analysis. The optimized parameters were used for fitting 
the adsorption edge and adsorption isotherm data. The obtained surface characteristics were also used to fit 
the zeta potential measurements obtained using DLS. The Gouy-Chapman equation was used to obtain the 
surface potential of nanoparticles as a function of pH as shown in Figure 2a.  The model was able to capture 
the trend of zeta-potential measurements. Zeta potential value is the value obtained on the imaginary 
slipping plane (where particles interact with each other or other entities), which is less than the actual 
surface potential of the nanoparticles.53

Based on the nanoparticle properties obtained above, DLM was fitted to adsorption edge data (Figure 4a) 
obtained at U(VI) loadings of 1 µM and 10 µM and for three sets of carbonate conditions. The best-fitting 
was obtained using the set of surface complexation reactions shown in Table 2.  Aqueous reactions were 
set at values from a critically-reviewed database (Table S2 in ESI). In addition to the surface deprotonation 
reaction (Reaction 1) discussed previously, four additional reactions (Reactions 2-5) were included for 
UO2

2+ binding to the rhamnolipid carboxyl groups on the IONPs.  The logK values were obtained using 
MINFIT, which interacts with MINEQL+ to optimize equilibrium constants by minimizing the residual 
sum of squares between experimental and modeled data.50

Reactions 2 and 3 were first used to fit the carbonate-free system, and their logK values were estimated. 
Reaction 4 was then added to Reactions 2-3 to model the systems with fixed DIC and open to the 
atmosphere. Various combinations of just two of the reactions in the set that included Reactions 2-4 were 
attempted for fitting, but none of these provided as good of a fit as that provided with all three present, 
especially for fixed DIC conditions.  Consequently, the combination of Reactions 2-4  was selected and 
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optimized log K values for each reaction were obtained using MINFIT. The addition of  Reaction 4 provided 
a good fit for carbonate-containing systems at pH values < 8, but it underestimated the adsorption 
percentages at higher pH values. This necessitated the inclusion of another surface complexation reaction 
that could better describe the fixed DIC and open to atmosphere systems at higher pH values. Reaction 5 
was added to the earlier set of reactions and an optimum set of constants was obtained. The inclusion of 
Reaction 5 in the set of reactions reduced the residual sum of squares between experimental data and 
modelled data by 50%.

Table 2: Reactions and Parameters for Diffuse Double Layer (DLM) and Non-Electrostatic 
Model (NE)

DLM NEM
Reactions

logK

1 SITEOH = SITEO- + H+ -3.60 -5.60

2 UO2
2+ + H2O + SITEOH = SITEOUO2OH + 2H+ -4.45 -4.12

3 UO2
2+ + 2H2O + SITEOH = SITEOUO2OH2

- + 3H+ -8.55 -10.55

4 UO2
2+ + 2CO3

2- + SITEOH = SITEOUO2(CO3)2
3- + H+  24.60 18.00

5 UO2
2+ + 3CO3

2- + SITEOH = SITEOUO2(CO3)3
5- + H+  33.50 19.80

NEM was also fitted to adsorption edge data following the same approach used for DLM fitting (Figure 
5b). The model was able to describe the carbonate-free system, but it was not able to capture all the features 
of the systems with dissolved inorganic carbon. The model was also not able to differentiate between the 
difference in adsorption percentages obtained at different U(VI) loadings, which was prominent in DLM. 
The main reason for this was that NEM does not consider the change in surface characteristics of the 
adsorbent (e.g., change in surface charge) as those are altered by adsorption.  

The developed models (DLM and NEM) were also used to fit the adsorption isotherms. The results obtained 
for the DLM model are shown in Figure 4, and the fitting obtained for NEM model is shown in ESI in 
Figure S4. The developed SCM models, NEM and DLM were able to describe the trends observed for both 
open to atmosphere and carbonate-free systems, however, the maximum sorption capacities were 
overpredicted by the models. The overprediction may be attributed to bidentate inner-sphere complexation 
of UO2

2+ with rhamnolipid moieties. The actual mode of UO2
2+ adsorption to the rhamnolipid-coated IONPs 

may involve binding to two rhamnolipid functional groups, which would result in a decrease of the 
maximum sorption capacity of U(VI). Earlier studies on U(VI) sorption to mineral surfaces suggest that 
both monodentate and bidentate surface complexes are favorable under different pH and carbonate 
conditions.3,45,54 

3. Conclusions

Based on the optimized particle systems described here, rhamnolipid is a highly effective, biocompatible 
coating for stabilizing engineered iron oxide nanoparticles.  The use of naturally occurring biosurfactant 
coatings may be developed as an environmentally benign and cost-effective way for stabilizing 
nanoparticles in water. The data also show that rhamnolipid-coated nanoparticles act as strong sorbents for 
U(VI) and can be used for its removal from water over a broad range of water chemistries. The set of four 
reactions included in SCM were able to predict the adsorption behavior of U(VI) over a wide range of pH 
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and at three different carbonate conditions and two total U(VI) loadings. Excellent agreement between 
experimental and SCM-predicted sorption values indicate that both electrostatic and chemical interactions 
are important to U(VI) removal using rhamnolipid-coated IONPs. While these results are promising, further 
research is needed to systematically investigate the efficiency of these rhamnolipid-coated nanoparticles in 
real water systems. There is also a need to explore the efficacy of other biosurfactants for the stabilization 
of these and similar nanoparticles being considered for treatment processes, among other aqueous-based 
technologies. 
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Iron oxide nanoparticles were stabilized in water using the biosurfactant rhamnolipid, and the adsorption 
of U(VI) to these nanoparticles was measured and modeled as a function of water chemistry.  
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