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ABSTRACT
Biosurfactants are compounds that exhibit surface activity (e.g., reduce surface
and interfacial tension) and are derived from natural, biological sources. They are
considered green substances due to their natural derivation, biodegradability, and
relatively low toxicity. Biosurfactants from multiple classes have been shown to interact
with metals, and a review of these interactions is provided. Rhamnolipids produced by
Pseudomonas aeruginosa are attracting attention for metal remediation applications. The
purpose of this dissertation is to evaluate rhamnolipids’ ability to complex rare earth
elements, determine the environmental compatibility of novel rhamnolipid diastereomers,
and assess the efficacy of rhamnolipid as a collector in ion flotation.
Previous research shows rhamnolipids selectively bind elements of environmental
concern over common soil and water cations, but there had been no examination of
transition metals from the f-block of the periodic table. The f-block elements include the
rare earth elements, which are a vital component of nearly every modern technology and
subject to supply risk. The interaction between monorhamnolipids and the rare earth
elements was investigated by determining conditional stability constants using a resinbased ion exchange method. For the 27 metals examined, the conditional stability
constants could be divided into three groups, albeit somewhat subjectively: weakly,
moderately, and strongly bound. UO22+, Eu3+, Nd3+, Tb3+, Dy3+, La3+, Cu2+, Al3+, Pb2+,
Y3+, Pr3+, and Lu3+are strongly bound with conditional stability constants ranging from
9.82 to 8.20; Cd2+, In3+, Zn2+, Fe3+, Hg2+, and Ca2+ are moderately bound with stability
constants ranging from 7.17 to 4.10; and Sr2+, Co2+, Ni2+, UO22+, Cs+, Ba2+, Mn2+, Mg2+,
Rb+, and K+ are weakly bound with stability constants ranging from 3.95 to 0.96. The
20

uranyl ion is reported twice due to the ion demonstrating two distinct binding regions.
The conditional stability constants were demonstrated to be an effective predictor of
metal removal order. The metal parameters of enthalpy of hydration and ionic charge to
radius ratio were shown to be determinants of complexation strength.
Naturally produced rhamnolipids are a mixture of congeners. Synthetic
rhamnolipid synthesis has recently enabled production of four monorhamnolipid
diastereomers of a single congener. The biodegradability, acute toxicity (Microtox assay),
embryo toxicity (Zebrafish assay), and metal binding capacity of the diastereomers was
investigated and compared to natural monorhamnolipid. Biodegradability testing showed
all the diastereomers were inherently biodegradable. By the Microtox assay, all of the
monorhamnolipids were categorized as slightly toxic by Environmental Protection
Agency ecotoxicity categories. Out of 22 parameters tested, the zebrafish toxicity assay
showed only diastereomer toxicity for the mortality parameter, except for diastereomer
R,R which showed no toxic effects. All the monorhamnolipids interacted with both Cd2+
and Pb2+.
Ion flotation is one possible technology for metal recovery and remediation of
metal contaminated waters. Ion flotation utilizes charged surfactants to collect and
concentrate non-surface active ions at the surface of an aerated solution. Rhamnolipid’s
suitability as a collector in ion flotation was investigated. A flotation column was
designed to test monorhamnolipid efficacy as a collector. Monorhamnolipids form foams
and effectively remove Cs+, Cd2+, and La3+ from solution. The efficacy of the flotation
process relies on the collector:colligend ratio and valency of the colligend. Flotation of
metal solutions showed a removal order of Cd2+ > La3+ >> Cs+ when the metals were
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present individually and mixed at equimolar concentrations. When mixed at order of
magnitude different concentrations, the flotation order was Cd2+ >> Cs+ >>La3+.
These studies show rhamnolipid has potential to be used for environmentallycompatible metal recovery and metalliferous water remediation, especially for the rare
earth elements.
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1. CHAPTER 1

INTRODUCTION
1.1. Abstract
Metal contamination of the environment is a serious and continuing issue. Metals
are introduced to the environment via natural and anthropogenic routes. Natural sources
of metals include volcanoes, forest fires, sea spray, and biological mobilization, but in the
last century, human activity has become the major global input of metals through fossil
fuel combustion, mining, metal production, agriculture, and industrial wastes.
Biosurfactants, i.e., microbially produced surfactants, have been shown to strongly
complex metals. Accordingly, numerous strategies have been proposed for use of
biosurfactants in metal remediation technologies. The purpose of this chapter is to
describe known interactions between metals and different classes of biosurfactants;
examine the molecular nature of these interactions where possible; and highlight potential
biosurfactant based approaches to metal remediation technologies including: soil
washing, phytoremediation, co-contaminant removal, micellar-enhanced ultrafiltration,
and ion flotation.
1.2. Introduction
Humanity’s ability to access and manipulate metals was the keystone to our
advancement from the Stone Age to today’s technologically advanced society. While this
keystone drove technological innovation and societal development, it simultaneously
resulted in unprecedented alterations of natural biogeochemical cycles and, arguably for
the first time, affected the environment on a global scale. Indeed, paleopollution
23

archaeology is a field of study devoted to evaluating this human impact by analyzing
metal deposits in polar ice caps, bogs, and aquatic sediments to document and understand
mining and smelting practices of ancient civilizations, such as the Roman Empire, as long
as 2000 years ago.1 This analysis has shown that our utilization of metal resources is
having local and global effects on human and environmental health. Practical, effective,
and economical remediation technologies are needed to address large scale metal
contamination; microbially produced surfactants (biosurfactants) meet these
requirements, and may be the basis for developing green remediation technologies. The
goal of this chapter is to provide a brief introduction of metals and environmental metal
contamination,* followed by an in depth examination of metal interactions with
biosurfactants. The chapter will conclude with a discussion of potential remediation
techniques and technologies based on metal-biosurfactant interactions.
1.3. Metals and Metal Contamination
In general, metals are lustrous solids (except Hg), usually ductile and malleable,
capable of conducting both electricity and heat and forming alloys.2 On the periodic table
(Figure 1.1), they can be found to the left of the diagonal line drawn from B to At
(excluding Ge, Sb, and H). Elements which display some physical characteristics of
metals are defined as metalloids and include B, Si, Ge, As, Sb, and Te.2 The two common
terms used to describe metals, especially those of concern environmentally, are ‘trace
elements’—elements in the Earth’s crust at or below 100 mg kg-1, e.g., Zn, Ni, Cu,Co3—

*

For a more extensive review see Nriagu10 and Callender4.
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and ‘heavy metals’—elements with densities greater than 5 g cm-3, e.g., Cu, Co, Fe, Mn;4
these terms are used synonymously for the purpose of this chapter.
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Figure 1.1 Metals (White), Metalloids (Grey), and Non-metals (Black) of the Periodic
Table.

Trace metals generally do not occur as discrete minerals, but are rather “minor
substituents in silicates and aluminosilicates (olivines, pyroxenes, amphiboles, micas, and
feldspars); hydrous metal (iron, aluminum, and manganese) oxides; iron sulfides; calcium
and magnesium carbonates; calcium, iron, and aluminum phosphates.” 3 Anthropogenic
activities, as discussed in the next section, have resulted in sites where soils are
contaminated with metal concentrations well above background levels. The metals, as a
result of processing, are no longer incorporated into mineral components, e.g., silicates.
As a result, they have increased bioavailability and the potential to exert toxicity. Such
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metal contaminants can become widely dispersed. For example, aerosols generated from
metal-processing or from metal-containing waste sites can contain elevated metal
concentrations resulting in higher metal distribution via aerosol emission/deposition.5
These aerosols can be dispersed over large areas and since deposition is often a gradual
process, elevated levels develop over time as metals accumulate.
Metal contamination cannot be mineralized to innocuous end products such as
carbon dioxide and water like organic contaminants. Once in a system, metals can only
be modified through changes in redox state, and thus speciation. For example, toxic
species of selenium (Se6+, Se4+, and Se0) can be methylated by bacteria to the volatile and
less toxic species dimethylselenide [(CH3)2Se] or dimethyldiselenide [(CH3)2Se2].6 Thus,
in order to treat a metal contamination event, the metal must either be physically removed
or chemically modified to reduce toxicity and mobility. Due to the large area of most
contamination events, the former solution is often infeasible or economically prohibitive;
the latter solution is inevitably temporary as changes in environmental conditions due to
natural processes or lack of management may result in the contamination returning to its
initial or potentially worse condition. In the above example, microbial methylation of
selenium accomplishes both chemical treatment via the generation of less toxic
methylated species and physical removal via the generation of a volatile compound which
is released to the atmosphere.
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1.4. Sources of Metals†
Trace element contamination occurs both naturally and as a result of
anthropogenic activities. The source and degree of contamination varies for atmospheric,
aquatic, and soil environments.
1.4.1.

Atmospheric Environments
Natural sources of atmospheric trace elements include volcanic activity, forest

fires, wind-borne soil particles, seasalt spray, and biogenic, i.e., biologically mediated
volitization and biological particulates. The level of trace elements emitted from each of
these sources varies. Volcanic emanations account for 40-50% of naturally emitted As,
Cr, Cu, Ni, Pb, and Sb annually. Atmospheric particulates derived from soils can account
for over 50% of Cr, Mn, and V. Seasalt spray and forest fires are relatively minor
contributors to natural trace-element emissions with less than 10% of annual emissions
for most elements. Biogenic contributions of metals in the atmosphere can account for
over 50% of Se, Hg, and Mo annually, and 30-50% of As, Cd, Cu, Mn, Pb, and Zn.7
Anthropogenic atmospheric metal sources include fuel combustion (coal and oil),
metal production (mining and smelting), secondary metal production (non-ferrous and
ferrous), refuse incineration, cement production, and wood combustion. Like naturally
occurring sources, the amount and types of metals emitted from each source varies and
depends on the source material for each process. For example, coal combustion
represents a major contributor of Hg, Mo, Sn, Se, As, Cr, Mn, Sb, and Tl while

†

Those interested in quantitative information regarding metal contamination should review Niagru 8

and Pacyna.12 From our literature review, it does not appear that there is a more recent global inventory of
metal emissions than that supplied by these authors.
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combustion of oil is a major contributor of V and Ni. Consumption of leaded gasoline,
primarily in developing countries, represents the largest contributor to Pb emissions.
Non-ferrous metal production produces significant amounts of Pb, As, Cd, Cu, In, and Zn
emissions, while ferrous metal production is the primary source of Cr and Mn.8, 9 In 1990
anthropogenic emissions into the atmosphere exceeded natural emissions by a factor of
28 for Pb, 6 for Cd, and 3 for V and Zn.
1.4.2.

Aquatic Environments
Natural contributions of trace elements to aquatic environments are primarily

from settling of atmospheric particulates and fluvial movement of weathered material
into bodies of water. The trace elements introduced vary by source. The primary
anthropogenic sources of water contamination are domestic wastewater effluents (As, Cr,
Cu, Mn, and Ni); sewage discharges (As, Mn, and Pb); coal consumption (As, Hg, and
Se); ferrous and non-ferrous metal production, i.e., mining and smelting, (Cd, Ni, Pb, Se,
Cr, Mo, Sb, and Zn); and urban run-off. 8, 10 Atmospheric fallout from sources listed in
the previous section is also a contributing factor. Anthropogenic metal inputs into aquatic
environments are roughly twice those to the atmosphere (with the exception of Pb and
Cd).4
1.4.3.

Soil Environments
The primary natural source of trace metals in soil environments is derived from

pedogenesis and metal content depends on the parent material. Like water, soils may also
accumulate metals from atmospheric deposition. Deposited aerosols may contain
background or elevated levels of metals; elevated levels can be generated from industrial
or contaminated site point sources or from non-point sources which might simply be a
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highly populated region. Such atmospheric contributions are important especially in soils
found in rural and remote areas.10
Anthropogenic inputs of trace elements to soils come from many different sources
including fertilizers, pesticides, biosolids, metal mining and processing, and industrial
wastes.8, 10, 11 In 1990, antimony, Cu, Pb, and Zn anthropogenic soil emissions exceeded
natural weathering flux three-fold, and for Hg, ten-fold.10 Anthropogenic metal inputs to
soil are several times greater than inputs into both air and water.4
1.4.4.

Summary
It is difficult to separate the atmosphere, hydrosphere, and pedosphere when

examining the movement and cycling of trace elements considering their innate
connectedness and interdependence. Overall, data reveal that anthropogenic trace element
emissions are greater than natural emissions and humanity has now become the driving
influence over the biogeochemical cycling of these elements globally.4, 7, 8, 10 In fact it has
been shown that Pb, V, As, Sn, Zn, Cd, Hg, Sb, Cu, Ag, and Se emissions have caused
perturbation of natural geochemical cycles at the global level (i.e., intercontinentally).12
1.5. Biosurfactant Complexation of Metals
Biosurfactants are surface active compounds derived from natural, biological
sources; they are amphiphilic molecules consisting of two parts: a hydrophilic head group
and a hydrophobic tail group. The hydrophilic group can be composed of a mono-, oligoor polysaccharide, peptide, citric acid with two cadaverines, or a protein. The
hydrophobic group is composed of saturated, unsaturated and/or hydroxylated fatty acids
or fatty alcohols.13, 14 Due to their amphiphilic nature, these molecules accumulate at
interfaces. At the interface of immiscible fluids, surfactants increase the solubility and
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mobility of the hydrophobic or insoluble organic phase within the aqueous phase.15
Surfactants are characterized by their physical and chemical properties: ability to reduce
surface tension, critical micelle concentration, hydrophile-lipophile balance, aggregate
formation, charge, chemical structure, and source.16
The study of metal interactions with biosurfactants is a relatively new field of
study. To the best of our knowledge, the first reports of biosurfactants interacting with
metals involved the lipopeptide surfactin and some of the group I and II metals from a
medical perspective.17, 18 Tan et al.19 was the first report of the interactions between a
glycolipid, rhamnolipid, and a heavy metal, Cd, from an environmental perspective. A
Web of Science search in 2012 showed 160 publications examining metal-biosurfactant
interactions, an indication of the great interest in this area. The following sections review
what is currently known about biosurfactant-metal interactions. It is not possible at this
time to directly compare metal-surfactant complexation constants in all cases since
different methodologies were used; however, we do so where possible.
1.5.1.

Rhamnolipids
Rhamnolipids are glycolipidic biosurfactants first discovered as extracellular

products of Pseudomonas aeruginosa, but they have recently been found to be produced
by other species within and outside of P. aeruginosa’s phylum (Figure 1.2).20
Rhamnolipids are characterized by a hydrophilic mono- or di-rhamnose moiety (head
group) and a hydrophobic lipid moiety consisting of one or two (in rare cases three)
hydrocarbon chains (tail group); nearly 60 congeners of the rhamnolipid molecule have
been reported, and congener distribution varies depending on bacterial strain and/or
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carbon source. The hydrophilic moiety contains a carboxylic acid group which makes
rhamnolipid an anionic surfactant.20

Figure 1.2 Mono- and dirhamnolipids (C10,C10) produced by Pseudomonas aeruginosa.

1.5.1.1.

Metal Interactions with Rhamnolipid
Tan et al.19 reported a strong interaction between Cd2+ and monorhamnolipid. The

monorhamnolipid was capable of complexing Cd2+ both rapidly (equilibrium within 15
min) and stably (for at least 27 h). The complexation reaction was independent of pH in a
narrow range (6-7), buffer concentration, and temperature. The ability of rhamnolipid to
complex Cd2+ was higher than reported values for bacterial cell and exopolymer
complexation (previously described materials utilized for metal recovery). The stability
constant of the monorhamnolipid-Cd2+ complex (log K = 6.9) was also stronger than
reported stability constants for Cd2+ with other organic ligands that have carboxylate
functional groups, including acetic acid, oxalic acid, citric acid, and fulvic acid (ranging
from log K = 1.2 to 4.5), all commonly found in soil. 21 This study provided evidence that
a biosurfactant could offer a versatile and powerful tool for dealing with heavy metal
contamination.
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Following this discovery, it was shown that monorhamnolipid forms strong
complexes with many elements in addition to Cd with the following conditional stability
constant sequence (from strongest, log K = 10.30, to weakest, 0.96): Al3+ > Cu2+ > Pb2+ >
Cd2+ > Zn2+ > Fe3+ > Hg2+ > Ca2+ > Co2+ > Ni2+ > Mn2+> Mg2+ > K +.21 This sequence
shows that naturally-occurring, abundant metal cations (Ca2+, Mg 2+) have lower stability
constants than trace elements of environmental concern (Pb2+, Cd2+, Hg2+). These results,
combined with the fact that monorhamnolipid complexed metals more strongly than other
organic ligands that might compete in the soil environment, suggested that
monorhamnolipid was a good candidate for metal removal applications.
Insight into the nature of the interactions of monorhamnolipid with metals has
recently been elucidated at the molecular level using a combination of 1H NMR, FTIR,
and H/D exchange mass spectrometry.22 600 MHz 1H NMR studies of monorhamnolipid
solutions containing Pb2+ provide the surprising result that the carboxylate moiety is only
weakly involved in the metal complexation. This assertion is supported by the
insignificant chemical shift difference observed for the methylene protons immediately
adjacent to the carboxylic acid in the absence and presence of metal cations in solution.
For strong carboxylate metal ion complexation, chemical shift changes of >2 ppm are
typically observed.23 In contrast, chemical shift changes for these methylene protons for
the monorhamnolipids with Pb2+ are only 0.012-0.013 ppm, far smaller than the 2 ppm
shift expected for carboxylate binding.
Given the large formation constants measured for these metal complexes as noted
above, one must conclude that strong complexes are formed by binding of the metal
cation to other parts of the monorhamnolipid molecule. Indeed, the small chemical shift
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changes observed are similar to those for metal-crown ether and carbohydrate-metal
complexes.24-28 This similarity implies that strong binding might occur by the
involvement of multiple atoms in the monorhamnolipid, possibly through formation of a
binding pocket involving the carboxylate and the rhamnose sugar. Indeed, an energyminimized molecular mechanics model of the C10:C10 monorhamnolipid shown in
Figure 1.3A documents hydrogen-bonding interactions between two of the rhamnose
sugar hydroxyls and the carboxylic acid. This leads to formation of an oxygen-rich cavity
that might serve as a metal cation binding pocket in which shared coordination of metal
cations can occur in much the same way as in a crown ether.

Figure 1.3 (A) An energy-minimized molecular mechanics model of monorhamnolipid
(C10,C10) showing the oxygen-rich cavity which may serve as an cation binding pocket
(B) A model showing how a Pb2+ ion might interact with the binding pocket of
monorhamnolipid (C10,C10).22

FTIR spectroscopy provides further evidence for metal complexation in a binding
pocket involving both the carboxylate and the sugar hydroxyls. Fruitful spectral results
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can be found in two frequency regions of the spectrum. In one frequency region, the
frequency difference between the νas(COO-) and νs(COO-) bands (Δν) of carboxylate
species is sensitive to chemical environment and is useful for insight into metal cation
binding. The value of Δν is different for free carboxylates compared to those complexed
to metal cations, thus providing an indicator of coordination that is sensitive to
coordination type.29-32 Due to symmetry differences between the free ionic species and
monodentate metal carboxylate complexes, large increases in Δν are observed. However,
bidentate chelation, even weak bidentate coordination in which the interaction strength
between the two carboxylate oxygen atoms and the metal cation is unequal, does not alter
overall symmetry, and therefore, does not significantly alter the spectral behavior from
that of the ionic form, or gives rise to small decreases in Δν. For the free
monorhamnolipid, Δν is on the order of 160 cm-1. For the Pb2+ complex, this Δν
decreases slightly to 154 cm-1, consistent with bidendate or weak (i.e. asymmetric)
bidentate binding.
Involvement of the sugar hydroxyls in the metal cation binding is also indicated in
the FTIR spectra in the second useful spectral region. Sugar vibrational modes are known
to undergo frequency shifts upon metal coordination.33-35 For monorhamnolipid-Pb2+
complexes, the most significant spectral changes occur for the [δ(COH) + ν(C-O)] band,
observed at 1233 cm-1 for the monorhamnolipid-Pb2+ complex but at 1191 cm-1 for the
free monorhamnolipid, and the [δip(OH) + ν(C-O)] band, observed at 1210 cm-1 for the
monorhamnolipid-Pb2+ complex but at 1170 cm-1 for free monorhamnolipid. This shift to
higher frequency is indicative of an increase in bond strength with a concomitant
decrease in bond length upon Pb2+ coordination. Collectively, the data in these two
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spectral regions support involvement of both the carboxylate and the sugar in metal
cation binding.
Further evidence for the existence of a binding pocket was sought through gasphase hydrogen-deuterium exchange (HDX) ESI-MS experiments. This approach is
predicated on changes in the rate of H/D exchange based on the acidity/basicity of labile
hydrogen atoms in addition to the details of the three-dimensional structure of the
molecule that dictates accessibility of these labile hydrogen atoms.36-38 It has been shown
that, although HDX occurs in the gas phase, the exchange rates are directly related to the
solution conformation and structure of a molecule. Thus, HDX was performed for the
free monorhamnolipid and the monorhamnolipid-Pb2+ complex. Fully-protonated free
monorhamnolipid contains four exchangeable hydrogen atoms on the hydroxyls on
carbons 2, 3, and 4 of the sugar and the oxygen of the carboxylic acid involving carbon 7’
in addition to the ionizing proton which gives the ion its positive charge (Figure 1.3A).
Exchange of four of these hydrogen atoms can be experimentally monitored (exchange of
the carboxylic acid hydrogen is too rapid to be measurable). For the free
monorhamnolipid, H/D exchange is complete for all four hydrogen atoms within 1
second. In contrast, for the complexed monorhamnolipid, which contains only three
exchangeable hydrogen atoms, one of these hydrogen atoms, of the hydroxyl group on
the rhamnose sugar C4 atom, exchanges at the same rate in the complex as in the free
monorhamnolipid, suggesting that this hydroxyl is not involved in the metal binding.
However, the hydrogen atoms of the hydroxyls on the rhamnose C3 and C2 atoms
exchange more slowly by factors of 10 and 100, respectively. These results clearly
indicate that these hydroxyl groups are highly inaccessible in the complex relative to the
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free monorhamnolipid, supporting the involvement of the sugar in a metal cation binding
pocket. A model for what this metal binding in a pocket might look like is shown in
Figure 1.3B.
1.5.1.2.

Effects of Metals on Rhamnolipid Production
The strong monorhamnolipid-metal stability constants suggested that there may

be a physiological reason for the interaction of this biosurfactant with metals. In fact, it
has been shown that when P. aeruginosa IGB83 (which produces a mixture of mono- and
dirhamnolipid) was exposed to sub-toxic levels of Cd2+, expression of one of the
rhamolipid genes, rhlB, was enhanced in mid-stationary phase and sustained through late
stationary phase.39 The RhlB enzyme is responsible for catalyzing the addition of a
second rhamnose sugar onto monorhamnolipid to form dirhamnolipid. As a result of this
increased expression, there was an increase in the ratio of dirhamnolipid to
monorhamnolipid produced. This is significant because the complexation constant for
dirhamnolipid is several orders of magnitude higher than monorhamnolipid. Thus, it
appears that the presence of Cd2+ during growth may increase production of
dirhamnolipid as a detoxification mechanism. This is supported by an earlier study
showing that the addition of monorhamnolipid to soils co-contaminated with
phenanthrene and Cd2+ (levels high enough to exert toxicity) resulted in enhanced
degradation of phenanthrene.40
Research has also linked rhamnolipid production to iron and magnesium status in
the environment. Multiple studies have reported that iron limitation increases
rhamnolipid production while sufficient growth levels of iron suppress rhamnolipid
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production. 41-44 In contrast, magnesium limitation reduces rhamnolipid production while
sufficient levels of magnesium enhance production.42, 45
1.5.2.

Lipopeptides
Lipopeptides are a class of biosurfactants with the general structure of a cyclic

seven- to ten- amino acid peptide connected to a fatty acid chain. The best studied
member of this class is the anionic surfactant surfactin, produced by Bacillus subtilis.
Surfactin has a seven amino acid peptide head group and a fatty acid chain of 13 to 16
carbons (Figure 1.4). Lesser studied members of this class include iturin (7 amino acid
peptide with a C14 to C17 fatty acid), fengycins (10 amino acid peptide with a C14 to
C18 fatty acid), and viscosin (9 amino acid peptide and a C10 fatty acid tail group).14, 46

Figure 1.4 Surfactin produced by Bacillus subtilus.

1.5.2.1.

Metal Complexation by Lipopeptides
Early studies of surfactin interaction with cations focused on understanding their

ability to disrupt erythrocyte membranes.17 These studies showed that surfactin can
complex Ca2+ and Mg2+ with constants of 1.5 x 105 M-1 and 1.9 x 104 M-1, respectively.18
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More recently, surfactin has been shown to interact strongly with Fe3+, weakly with Cu2+,
and not at all with Nd3+—biphasic liquid-liquid extraction percentages were >95%,
≈12%, and <5% respectively.47 This binding is associated with the negative charge
generated by two carboxylic groups from the aspartate and glutamate residues of the
peptide structure.17 Spatial arrangement studies of surfactin suggest that the peptide
portion of the molecule forms a “claw-like” structure with the aspartate and glutamate
residues on opposite tips of the claw, creating a position for metals to bind.48 As a result
of the two charged groups, there are different association behaviors of surfactin with
mono- and divalent cations. Divalent cations exhibit a single associated binding constant
value which is higher than for monovalent cations. Monovalent cations have a choice of
two binding sites on surfactin each of which has different affinity for the cation. For
example, for Rb+ there is a site with high affinity (association constant of 71 M-1) and a
site with low affinity (association constant of 11 M-1). Accordingly, surfactin shows a 1:1
molar ratio with Ca2+ and a 2:1 molar ratio with Rb+.49
Other lipopeptides have also been shown to bind metals. Lichenysin is a
lipopeptide produced by Bacillus licheniformis which structurally resembles surfactin. It
has seven amino acids attached to a C13-C15 fatty acid tail. It differs from surfactin
through the substitution of a glutaminyl residue for glutamic acid in the number one
peptide position. This reduces the molecular charge from -2 in surfactin to -1 in
lichenysin. Lichenysin has been reported to bind Ca2+and Mg2+ 4-fold and 10-fold,
respectively, more strongly than surfactin.50 The affinity for Ca2+ over Mg2+ is only 2fold higher for lichenysin in comparison to 10-fold for surfactin. This may result from the
replacement of the more specific “claw” binding structure of surfactin with a less
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discriminate binding structure in lichenysin. Lichenysin also forms a 2:1 molar ratio with
Ca+2 instead of the 1:1 reported for surfactin.50
Viscosin is a lipopeptide produced by a variety of Pseudomonas sp. and is
characterized by a fatty acid tail connected to two amino acids and a seven member
cyclic peptide. Viscosin has a conditional stability constant of 5.87 with Cd2+.46
1.5.2.2.

Effects of Metals on Lipopeptides
It has been reported that solution cations (Mg2+, Mn2+, Ca2+, Ba2+, Li+, Na+, K+,

and Rb+) can reduce the critical micelle concentration of surfactin from 4- to 12-fold
depending on the cation and concentration.17 The shape of the aggregates is affected by
both pH and cation concentration and type (mono- vs. divalent).17, 49 Higher pH and
lower cation concentration both result in smaller and rounder aggregates while lower pH
and higher cation concentration result in aggregates that are rod-like to lamellar. These
findings can be explained by the neutralization of charge in the surfactin head group by
added cations. When the charge in the peptide ring is neutralized by a cation, the
effective size of the head-group ring is reduced, allowing molecules to interact more
closely. This results in a reduction of curvature in the aggregate which favors larger rodlike and lamellar structures. A divalent cation can completely neutralize the charge of the
surfactin head group while a monovalent cation only partially neutralizes the charge and
so the effect is not as great (the same concept applies to any charged surfactant
molecule).
Surfactin effectively attaches to and integrates with lipid membranes. Its ability to
do so is highly enhanced when combined with metals. Surfactin has been shown to
produce ion-conducting pores in artificial lipid membranes when complexed with a metal
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cation. Further, surfactin has been shown to carry metal ions across a hydrocarbon barrier
phase from one aqueous phase to another.18, 51 This ability can be attributed to its
interaction with the metal cations; surfactin will not exhibit ionopore formation if not
allowed to interact with cations first.18 Recent data suggests that the complexation of
surfactin with cations, especially divalent cations, reduces the hydrophilicity of the head
group by neutralizing the charged residues in the peptide ring, allowing the surfactinmetal complex to integrate into hydrophobic structures.49 This ionophore activity has
garnered a great deal of interest in the medical field due to its ability to cause hemolysis
of erythrocytes, but has yet to be extensively explored for potential remediation
applications.
Similar to rhamnolipids, metals have been found to influence surfactin
production. Manganese added as MnSO4 has been shown to increase the production of
surfactin roughly 10-fold. In the same study, additions of Fe resulted in a reduction of
surfactin produced on a per biomass basis.52 A more recent study of surfactin production
by a thermophilic B. subtilis showed varying responses to a range of individual metal
concentrations with the best productivity resulting from a mixture of added metals.53 It is
not yet clear whether the metal effects reported are a result of the metals alone or whether
the presence/absence of other medium components also influenced surfactin production.
1.5.3.

Other Biosurfactants
There are a variety of other biosurfactants produced but few are well

characterized in terms of their interactions with metals. The following section provides
some examples of studies that have used these biosurfactants to complex metals in
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various applications even though, in some cases, the strength of the interaction is not
characterized.
1.5.3.1.

Siderolipids
Siderolipids (formerly flavolipids) are a recently described class of biosurfactants

produced by Pedobacter sp. MTN11 (formerly Flavobacterium sp. MTN11) (Figure
1.5).13, 54 The polar moiety of this anionic biosurfactant is composed of a citric acid and
two cadaverine molecules, and the non-polar moiety is composed of two branched chain
acyl groups with 6-10 carbons each. It is reported to complex Cd with a conditional
stability constant of log K = 3.6,13 which is weaker than the stability constant reported for
rhamnolipid (6.9). The siderolipid-Cd complexation constant is comparable to those
reported for natural organic acids: acetic acid, 1.2 to 3.2; oxalic acid, 4.1; and citric acid,
4.5. The structure of the siderolipid headgroup is similar to the siderophore aerobactin
which suggests that siderolipids may be iron chelators.13

Figure 1.5 Siderolipid (U9,U9) produced by Pedobacter sp. MTN11.13

1.5.3.2.

Glycoglycerolipids
Glycoglycerolipids are produced by Microbacterium spp., Micrococcus luteus,

and Bacillus pumilus. Figure 1.6 depicts a dimannosyl-glycerolipid produced by a strain
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of M. luteus isolated from the North Sea. These biosurfactants are an abundant
constituent of plant and bacterial membranes. They are composed of carbohydrate unit(s),
a glycerol moiety, and a variety of short or long chained saturated or unsaturated fatty
acids.55 A recent study showed that the partially purified glycoglycerolipids from four
strains of Microbacterium sp. could be used to extract Zn2+ and Cd2+ from an industrial
residue. The study reports varying efficiencies based on strain and carbon source.56

Figure 1.6 The dimannosyl-glycerolipid produced by a marine Micrococcus luteus.55

1.5.3.3.

Saponins
Saponins are plant- and microorganism-derived biosurfactants. They are non-

ionic, acidic, high molecular weight glycosides characterized by a hydrophilic sugar
moiety and hydrophobic tripertene or steroid aglycone group.57, 58 Recent studies report
their use as a soil washing agent of metal contaminated materials.
1.5.3.4.

Sophorolipids
Sophorolipids are produced by various species of yeast including Candida

bombicola, Candida apicola, Wicherhamiella domercqiae, Pichia anomala, and
Rhodotorula bogoriensis. The sophorolipid of R. bogoriensis is illustrated in Figure 1.7.
These molecules are characterized by a hydrophilic moiety composed of a disaccharide
sophorose, a diglucose with a β-1,2 bond. The hydrophobic moiety is a terminal or
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subterminal hydroxylated fatty acid, β-glycosidically linked to the sophorose. Like
rhamnolipids, sophorolipids are produced as a variety of congeners.59 A recent report
shows that sophorolipids could be used to help synthesize silver nanoparticles.60

Figure 1.7 A sophorolipid of R. bogoriensis (R = H or COCH3).59

1.5.3.5.

Spiculisporic acids
Spiculisporic acids (S-acid) are microbially produced surfactants with two

carboxcylic moieties and a lactone ring composing the hydrophilic head group; the
hydrophobic portion is a decyl chain. The molecular structure can be modified through
neutralization and saponification with NaOH to a tricarboccylic acid 2-(2-carboxyethyl)3-decyl maleic anhydride (DCMA). This acid can further form mono-, di-, and tri-Na
DCMA salts (DCMA-xNa where x is 1, 2, or 3 respectively) (Figure 1.8). The surfactant
characteristics vary from form to form with the fully neutralized and saponified forms
43

exhibiting the highest hydrophilicity and lowest surface activity.61 DCMA-xNa salts have
been shown to disperse titanium dioxide and ferric oxide and sequester Ca2+. The ability
to sequester Ca2+ is strongest for the DCMA-3Na with decreasing sequestration from
DCMA-3Na to DCMA-1Na.62 Later work showed that DCMA-3Na is capable of
complexing various cations including Ca2+, Cd2+, Co2+, Cu2+, Mg2+, Ni2+, and Zn2+.63, 64 A
binding affinity sequence of Cd+2 > Cu+2 ≈ Zn+2 > Ni+2 has been reported.64

Figure 1.8 The modification scheme of spiculisporic acid to DCMA Na-salts.65

1.6. Remediation Applications
Biosurfactants are considered “green” materials with several advantages for use in
bioremediation applications. They are naturally produced, i.e., not fossil fuel derived,
with potential to be produced in situ. Apart from the bioemulsifiers, they are of small
molecular size with molecular weights generally less than 1500.66 Biosurfactants
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accumulate at interfaces which is beneficial for desorbing metal and organic
contaminants, and they increase the apparent solubility of organic compounds which is
beneficial for physical and biodegradative removal. Biosurfactants are biodegradable and
generally perceived as less toxic than synthetic analogues.16, 40 A small number of studies
have examined the biodegradation of rhamnolipid in soil. One showed that it took 8
weeks for rhamnolipid to biodegrade in a Brazito sandy loam.40 A more recent study
compared the biodegradation of EDTA (ethylenediamine tetraacetic acid: a common and
strong metal chelant), citric acid, and rhamnolipid in three soils.67 Results showed that in
the soils tested the biodegradability of these materials increased in the order ETDA <
rhamnolipid < citric acid. Rhamnolipid degradation was not complete in any of the soils
in 20 days, the length of the experiment. Both studies show that rhamnolipids are
biodegradable but the process is not rapid. This suggests that there would be an effective
“window” of remediation time before their removal through biodegradation.
For the reasons provided above, biosurfactants have potential as remediation
materials. In fact, much of the technology required to apply biosurfactants for
remediation applications has already been developed for use with synthetic surfactants,
meaning remediation procedures must only be adapted for use with biosurfactants. Their
use has been constrained by lack of availability which is primarily due to high costs of
production. There is a need for research and avenues for commercialization to realize the
potential for biosurfactants in remediation. The following sections will discuss research
that has demonstrated the application of biosurfactants to various remediation
technologies.
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1.6.1.

Solid Media

1.6.1.1.

Soil Washing
Heavy metal remediation of soils, sediment, mine tailings, and industrial wastes

has primarily focused on two strategies. The first is isolation and stabilization. Common
approaches include: excavation and landfilling; capping with impermeable materials;
covering with soil; mixing or injecting inorganic or organic amendments (e.g., liming
agents, organic media; aluminosilicates, phosphates, metal oxides, etc.); and/or
developing plant covers (phytostabilization). The goal of this strategy is to prevent the
spread of contamination. The major disadvantage is that the metal contamination is not
removed. Thus, extended management, monitoring, and maintenance is required, and
there is generally a long-term risk of spreading contamination in the event of design
failure.68
The second strategy is physical and chemical treatment applied to remove metal
contamination. This technique generally involves washing soils with strong acids or
metal chelating compounds in order to mobilize metals, followed by a step that captures
and re-concentrates the metals from solution. The use of strong acids has drawbacks
because it leads to the disruption of the physical, chemical, and biological structure of
soils, thus reducing possibilities for subsequent use as a soil medium.69-71 Metal chelators
can be effective and are less destructive. Many synthetic chelators, including some
surfactants, have been studied; the most common of which is EDTA.69-71 The need for an
additive to facilitate metal removal has led to the notion of examining whether there are
green additives, with reduced toxicity, that can be used in place of traditional
chelators/surfactants.

46

There are several approaches to the mobilization step of soil washing. In situ soil
washing is a viable technique for applications where the contaminated zone is underlain
by a non-permeable layer. This allows the washing solution to be leached through the
contaminated zone and then pumped out and treated above ground to remove metals.68 Ex
situ treatment basically involves removal and treatment of the contaminated soil. This can
be done in a batch system, such as a soil slurry reactor, or can be done using heap or
column leaching where the treatment solution is either gravimetrically percolated or
pumped through the contaminated soil and then collected and treated. Finally, soils can
be treated electrokinetically (generally ex situ) to remove metals by applying a direct
current electrical field through a saturated contamination soil. This causes the pore fluid
to migrate by electro-osmosis and cationic metal ions to concentrate at the cathode.68 For
each of these approaches, in situ or ex situ soil washing or electrokinetic extraction,
biosurfactants can be added to increase their efficacy in what is known as surfactantenhanced soil washing.70
The mechanism of biosurfactant-enhanced metal removal from solid surfaces is
an interesting area of research. The sorption of metals onto mineral surfaces is controlled
by many factors including ion exchange and association with Fe and Mn oxides,
carbonates, and organic matter (precipitation/dissolution reactions). Two hypotheses have
been offered to explain the mechanism behind surfactant-enhanced soil washing. First,
direct complexation between the biosurfactant and solution phase metal effectively
removes metal from solution and increases dissolution and desorption according to Le
Chateliers principle.66 The second is that biosurfactants can accumulate at the solid/liquid
interface and interact with sorbed metals. Mulligan et al.72 designed a series of
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experiments to test these hypotheses using surfactin and a hydrocarbon-contaminaed soil
that was spiked with metals including Cu, Cd, Pb, and Zn. They conclude that interaction
of surfactant with the soil allows direct interaction between the surfactant and the sorbed
metal. The surfactant also reduces the interfacial tension at the liquid-solid interface
thereby making it easier to release the sorbed metal.72, 73
1.6.1.1.1. Soil Washing: Efficacy of Biosurfactant on Artificial Contamination
Biosurfactants have been shown to be effective additives in soil washing
technologies. Rhamnolipid, perhaps the best studied biosurfactant for surfactantenhanced soil washing, was found to desorb metals from a sandy loam both when the
metals were tested individually and in a mixture. An 80 mM monorhamnolipid (4%)
solution removed 40% of Zn+2 and Pb+2 and nearly 60% of Cd+2.74 A second study
showed 99% removal of Pb, Ni, Cu, and Cd after flushing with a 1% glycolipid solution
for 30 d.75 Yet a third study showed that 0.1% rhamnolipid removed 92% of Cd and 88%
of Pb during a 36-hour column leaching study, with no impact on culturable counts of
bacteria or fungi.76 Using a different approach, Wang and Mulligan77 examined whether a
rhamnolipid foam could be used as a soil washing agent. Interestingly, a 0.5%
rhamnolipid foam was 11% more effective at removing Cd and 17% more effective at
removing Ni from a sandy soil than a 0.5% rhamnolipid solution. The authors
hypothesized this was due to an increase in the homogeneity of the washing solution flow
and surface contact when it was applied as a foam.
Saponin has also been studied as a soil washing agent. Saponin removed nearly
100% of Cd, Zn, and Cu from three soils with the removal efficiency of the soils being
sandy loam > loam > silty clay. These batch studies showed that removal efficiency
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improved with multiple washings and that triplicate washes yielded optimal efficiency.58
Saponin was also shown to have high removal efficiencies for Cd (90-100%) and Zn (8598%) from an Andosol, Cambisol, and Regosol when applied at a 3% concentration.78
Both Cu and Pb were also removed but with lower efficiencies (30-60%).
Finally, surfactin has been demonstrated as a soil washing agent.72 Results of this
study showed that metal removal by 0.25% surfactin solution was 25% for Cu and 6% for
Zn. When the surfactin concentration in the washing solution was increased to 1%, the
amount of metal removed decreased. Removal efficiency then increased again as
surfactin was increased from 1 to 4%. As shown previously for rhamnolipids, multiple
washes with surfactin improved metal recovery. For example, a 0.25% surfactin solution
was used in 5 successive washes, removing 70% of Cu, 25% of Zn, and 15% of Cd.
1.6.1.1.2. Soil Washing: Efficacy of Biosurfactants on Aged Contamination
While the above results sound promising, each of the above studies described
used an artificially contaminated soil. Soil washing is not nearly as efficient in aged
contaminated soils. When two historically contaminated soils were studied, one from a
mining site and one from an abandoned army depot, rhamnolipid only removed a small
fraction of the metals. Focusing on Pb which was present in both soils, after 10 washings
under batch conditions, rhamnolipid removed 14.2 and 15.3% of total Pb from the soils, a
relatively small amount; rhamnolipid Pb removal was at least an order of magnitude
greater than KNO3 and Ca(NO3)2 electrolyte solutions, however. The low removal rates
of rhamnolipid were attributed to the association of the Pb with stable carbonate and
oxide fractions in these soils. Rhamnolipid was effective in removing the soluble and
exchangeable fraction of Pb from the soils but was much less effective at removing Pb
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bound to carbonates and amorphous iron oxides. This significantly reduced removal
efficiency suggests that the longer a contaminant is in the soil, the more recalcitrant and
associated with recalcitrant fractions of the soil that contaminant becomes.69
A historically contaminated acidic soil from the Palmerton Zinc Pile Superfund
site was more successfully treated to remove Zn, Cu, Pb, and Cd (39, 56, 68, and 43%,
respectively) with rhamnolipid. The soil was reported to be less toxic to two species of
earthworm after the washing.79 Taken together, these studies suggest that the
contamination age of a soil along with its physical and chemical characteristics must be
carefully considered to identify suitable extractants and extraction conditions. Further
examination of historically contaminated soils is warranted, not only for biosurfactant
application, but for the technology as a whole.
1.6.1.1.2.1.Sediments
Sediments have different characteristic properties than soil, e.g., higher clay and
organic matter content, and they too have been studied for surfactant-enhanced soil
washing process efficacy. Mulligan et al.73 compared the ability of surfactin,
rhamnolipid, and sophorolipid for removal of metals from a zinc and copper
contaminated sediment. Results showed that rhamnolipid was most effective; a single
washing of a 0.5% rhamnolipid solution removed 65% Cu and 18% Zn. A 4%
sophorolipid solution removed 25% of Cu and 60% of Zn while a 0.25% surfactin
solution removed only 15% of Cu and 6% of Zn.73 In a second study which examined
metal removal in continuous flow columns, 5% rhamnolipid was able to remove 37% of
Cu, 7.5% of Zn, and 33% of Ni. Interestingly, the addition of 1% NaOH to 0.5%
rhamnolipid increased the removal efficiency of Cu to levels near the 5% (10-fold higher)
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rhamnolipid treatment.80 This increase in Cu recovery was due to the solubilization of
organic matter by NaOH since Cu tends to partition into the organic fraction of soils and
sediments. These results again suggest that the physicochemical characteristics of the
system (sediment, soil, or water) must be carefully considered to allow extraction
conditions to be optimized.
1.6.1.1.2.2.Mine Tailings
Mine tailings are the leftover waste material generated from mining processes.
The materials, especially in older legacy mine tailings sites, can be highly contaminated
with metals such as Pb and As. Surfactant-enhanced soil washing has recently been
examined for use in remediation of mine tailings. Aniszewski et al.56 examined the
removal of Zn and Cd from a waste generated from mining zinc. They isolated four
Microbacterium spp. with bioemulsifying activity and tested both cell free supernatants
and partially purified preparations for metal recovery. Cadmium removal ranged from 17
to 41% and Zn removal ranged from 14 to 68% depending on the Microbacterium strain
and the growth substrate used to produce the bioemulsifier.
Wang and Mulligan81 used rhamnolipid to remove As from tailings, finding that
the mobility of As increased with increasing rhamnolipid concentration and increasing
pH. Since As is generally present as an anion, the authors discussed the potential
mechanism of removal. The addition of rhamnolipid was found to lower the zeta potential
of the tailings, suggesting that rhamnolipid was adsorbed to the tailings particle surfaces.
It was hypothesized that this enhanced the mobilization of As anions due to increased
charge density (negative) and repulsive electrostatic interactions.81 In a second study, 70
pore volumes of a 0.1% rhamnolipid solution was applied to a column containing
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oxidized mine tailings with elevated levels of As, Cu, Pb, and Zn.82 Overall the removal
of these metals was low: 7% (As), 7% (Cu), 18% (Pb), and 5% (Zn). The mobilization of
all these metals was found to be positively correlated with the removal of Fe.
1.6.1.1.2.3.Industrial Waste
Industrial wastes originating from sectors in aerospace to printed circuit boards to
wastewater treatment can contain metal contaminants that range from low to very high in
concentration. Several groups have examined the use of biosurfactants to recover metals
from these waste streams. Gao et al.83 compared the removal of Pb, Ni, and Cr from an
industrial water treatment plant sludge by saponin and sophorolipid. Both surfactants
could aid in metal recovery with the amount of metal recovered related to increasing
biosurfactant concentration and decreasing pH. Saponin, which removed 73.2, 64.2, and
56.1% of Pb, Ni, and Cr, respectively, performed better than sophorolipid.83 In a second
study, saponin was found to remove 20 to 45% of Cr, 50 to 60% of Cu, and up to 100%
of Pb from a municipal solid waste incinerator fly ash.57
1.6.1.1.3. Summary
The variability in metal removal efficiency of the above studies is a testament to
the challenges of using biosurfactants as soil washing agents. Comparing the studies is
difficult because each utilized different soils and experimental treatments. Much of the
variability is due to the nature of soils as dynamic and heterogeneous systems. Every soil
characteristic that makes a soil unique, e.g., soil pH, type, mineralogy, cation exchange
capacity, organic matter content, porosity, contamination extent, contaminant age, etc., is
a contributing factor that must be considered when developing a soil washing technique.
For example, the mineralogy of the soil influences biosurfactant behavior: Ochoa-Loza et
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al.84 showed that monorhamnolipid sorption at low concentration follows the order
hematite > kaolinite > MnO2 ≈ illite ≈ Ca-montmorillonite > gibbsite (Al(OH)3) > humic
acid coated silica, while monorhamnolipid at high concentration sorbs in the order illite
>> humic acid-coated silica > Ca-montmorillonite >hematite > MnO2 > gibbsite ≈
kaolinite. Adsorption is undesirable because it reduces the amount of solution phase
surfactant available and further, can contribute to soil pore plugging.
As a second example, metal removal is optimal at a different pH for different
surfactants. Saponin was most effective removing metals from kaolin at a pH of 6.5.85
Rhamnolipid was most effective at a pH of 6.8 when tested individually on K-feldspar,
sepiolite, quartz, and kaolin,86-88 but was more effective at a higher pH (10-11) when
tested in soils,77 sediments,73 and mine tailings.81 Surfactin was more effective at a pH of
10 than a pH of 8.73
As yet a third example, sorption behavior can also change as a function of
surfactant type or congener mixture. For example, monorhamnolipid sorbed more
strongly than a mix of the mono- and dirhamnolipid.84 Sorption has also been shown to
be impacted by surfactant concentration, metal contamination (surfactants tend to sorb
less when metal contamination is present), and ionic strength.86, 88, 89 Clearly, surfactantenhanced soil washing has the potential to be an effective remediation technique, but
careful planning and design is required for every application if the process is to be
successful.
1.6.1.2.

Phytoremediation
Phytoremediation technologies use plants to clean contaminated sites.

Phytoextraction is a type of phytoremediation in which plants are used to concentrate and
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remove contaminants from soil.68 Effective phytoextraction requires soil metals to be
mobilized, absorbed by plant roots, translocated to shoot tissues, and stored, whereafter
the biomass can be harvested and disposed of properly. A desirable plant for
phytoremediation needs to be tolerant of elevated metal content, effective at
accumulating metals in biomass, and productive with high biomass yields. Most of the
plants already recognized as good candidates for phytoextraction are crop plants
including sunflower (Heliantus annuus), corn (Zea mays), pea (Pisum sativum), and
mustard (Brassica juncae).90 Chelates can be utilized to augment phytoremediation of
contaminated soils. Chelate-assisted phytoextraction is based on the same principles as
soil washing except that plants are used to remove the metals from the soil rather than a
soil-water separation step. Thus, biosurfactants have the potential for use in chelateassisted phytoextraction as long as they are compatible with plant growth, i.e., not toxic.
Indeed, many synthetic chelants, especially EDTA, have been shown to effectively
increase concentrations of metals in plant tissues.68
Rhamnolipid has been examined in multiple studies to test its potential for
chelate-assisted phytoextraction. Jordan et al.90 tested rhamnolipid with Z. mays and
Atriplex numilaria (saltbrush) and the heavy metals Pb, Cu, and Zn. Rhamnolipid showed
no effect on metal accumulation, yet was found in the plant tissues. It was hypothesized
that the rhamnolipid micelles (where the metal is bound) are too big and thus excluded
from the root, while rhamnolipid monomers are capable of entering the plant tissues. A
second study examined the effect of rhamnolipid in a hydroponic system. This study
found rhamnolipid did not enhance Cu uptake into B. juncea or Lolium perenne
(ryegrass),91 even though rhamnolipid complexes with Cu strongly (log K = 9.27).21
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Exclusion of the soil-Cu sorption factor by this experiment supports the hypothesis that
metal-micelle complexes are too big for root absorption. In a third study, rhamnolipid not
only failed to enhance uptake of Zn and Cd, but it also showed toxic effects on Z. mays
and H. annuus at concentrations as low as 0.2 mmol/kg of soil/week.92 Toxicity is also
reported for B. juncea and L. perenne treated with 200 mg/L of rhamnolipid.91
Failure of rhamnolipid to act as an effective chelate-assisted phytoextraction
amendment may be because experimental parameters were outside of the optimal
conditions reported for surfactant-enhanced soil washing studies. For example, the pH
range for the chelate-assisted phytoextraction studies was 6-7 while optimal conditions
for rhamnolipid were shown to be near the pH of 10 for soils.77, 81, 91, 92 Further, the
rhamnolipid concentration used in chelate-assisted phytoextraction studies was lower (45 mM) than those utilized for surfactant-enhanced soil washing studies (10-80 mM).74, 75,
77, 90-92

Two studies did show a benefit associated with use of rhamnolipid in chelateassisted phytoextraction. In the first, a moderate enhancement of Cu and Cd uptake by
hydroponically grown L. perenne was achieved using 0.15 mM rhamnolipid.93
Interestingly, uptake enhancement was significantly increased when rhamnolipid was
combined with additional amendments including EDDS (an aminopolycarboxylic acid)
or EDDS and citric acid. These combined treatments showed increased shoot Cu, Cd, and
Pb concentrations (22- and 38-fold for Cu, 8- and 9-fold for Cd, and 2- and 3-fold for Pb,
respectively). These treatments were also toxic to plant growth. The toxicity was
attributed to both rhamnolipid, which showed some toxicity when used alone in metalfree controls, and the increased metal concentrations in the plant tissue. The rhamnolipid-
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EDDS-citric acid treatment was highly toxic to the plants so was applied only a few days
prior to harvesting of the plants. Rhamnolipid-histidine and rhamnolipid-citric acid
showed enhanced uptake of Cd, Cu, and Pb, but at lower levels and with less toxicity.93
In the second study, which examined the hydroponic growth of Brassica napus
(canola) in Zn-limiting conditions, rhamnolipid was found to increase Zn absorption
through non-metabolically mediated pathways. Rhamnolipid-Zn complexes were found
in the roots when examined by synchrotron XRF and XAS, and root K+ efflux was
increased, suggesting phytoxic effects of the treatment.94 These studies suggest that
physiological state of the plant may by a controlling factor in metal/metal-chelate uptake
and accumulation. Indeed, studies have shown that root damage may be helpful for
uptake of metal and/or metal-chelate complexes.68 More research is required to better
understand the mechanisms behind chelate-assisted phytoextraction and it optimization.
Studies of additional biosurfactants and synergistic amendments are warranted as well.
1.6.1.3.

Remediation of Co-Contaminated Systems
Forty percent of the sites on the Environmental Protection Agency National

Priority List are co-contaminated with heavy metals and organic compounds. Heavy
metal toxicity in such sites can inhibit the biodegradation of organic contaminants by
both aerobic and anaerobic consortia.95, 96 Toxicity of metals to microorganisms occurs
by a variety of mechanisms: competitive replacement of physiologically essential cations
rendering enzymes nonfunctional, metal oxyanions may be substituted for similar
essential oxyanions (e.g., arsenate for phosphate), and oxidative stress.96 Effective
techniques for reducing metal toxicity rely either on the use of metal-tolerant bacteria or
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on the addition of materials to reduce metal bioavailability, e.g., clays, calcium carbonate,
phosphates, or chelating substances.96
Biosurfactants can play a dual role in remediation of co-contaminated sites. They
can complex metals thereby reducing their bioavailability and toxicity, but they can also
increase the aqueous solubility of organic compounds resulting in enhanced
biodegradation rates.97 This was demonstrated in a study examining the effect of
rhamnolipid on the degradation of naphthalene by a Burkholderia sp. in the presence of
Cd. Results showed that a 1:1 molar ratio of rhamnolipid:Cd reduced cadmium toxicity,
while increasing the molar ratio to 10:1 eliminated cadmium toxicity completely.95 In a
second study rhamnolipid was shown to enhance the degradation of phenanthrene by a
soil consortium inhibited by the addition of Cd. In this study, phenanthrene
mineralization reached the same levels as metal-free controls when several pulses of
rhamnolipid were added. The pulsed addition technique was used to replenish
rhamnolipid depleted through biodegradation.40
Biosurfactants have also been studied for simultaneous removal of organic and
metal contamination from soil. In one study, saponin removed 76% of phenanthrene and
88% of Cd simultaneously.98 Interestingly, removal levels for both phenanthrene and Cd
were the same whether they were present individually or in combination. This suggests
that the two contaminants do not compete with each other. This may be because Cd
interacts with the head group of the surfactant and phenanthrene interacts with the
micelle interior.98 A second study examined removal of Cd and phenanthrene cocontaminants by four biosurfactants including: surfactin; an iturin and fengycin mixture
(lipopeptides produced by Bacillus sp.); arthrofactin (a lipopeptide produced by
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Arthrobacter oxydans); and flavolipid (now siderolipids).99 Removal ranged from 79 to
87% and from 66.9 to 71.9% for phenanthrene and Cd respectively, depending on the
biosurfactant used. The use of an iodide ligand increased Cd removal to 74 to 99%. The
iodide ligand is thought to form a neutral complex with Cd which can then interact with
the interior hydrophobic domain of the micelle thereby increasing the amount of Cd
associated with each micelle.99
1.6.2.

Liquid Media
There are a variety of approaches for the removal of metals from aqueous

solutions. One is the use of sorbents which can range from ion exchange resins to clays to
microbial biomass. A recent report used rhamnolipid to assist in the process of sorption
of Cu to clay. In this study, the efficiency of Cu sorption by a Na-montmorillonite clay
was increased considerably when modified by rhamnolipid.100 A small amount of added
rhamnolipid (2 x 10-6 M) acted to disperse the clay particles, thus increasing the total
available surface area for Cu sorption. The sorbed metals were subsequently removed
from the clay using a higher concentration rhamnolipid wash treatment.100
Metals can also be removed directly from aqueous solution using biosurfactants.
Once the aqueous solutions are treated with biosurfactants, the metal-surfactant complex
must be removed from the solution. This can be accomplished in two ways: micellarenhanced ultrafiltration and ion flotation. Micellar-enhanced ultrafiltration is a
membrane-based separation process that uses anisotropic membranes with small size
pores that do not allow surfactant micelles to pass through. Thus, the micelle-bound
metal in solution is retained on the filter and removed from the bulk aqueous solution that
passes through the filter.101 Pores sizes can range from 1000 to 50,000 molecular-weight-
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cut-off (MWCO). Biosurfactants, because they are biodegradable, are particularly suited
for this application; surfactant monomers can leak through the membrane leaving low
levels of surfactant in the aqueous solution which can thereafter be biodegraded. The
efficacy of this technique with biosurfactants has been examined. Micellar-enhanced
ultrafiltration was tested with a spiculisporic acid derivative 2-(2-carboxyethyl)-3-decyl
maleic anhydride (DCMA-3Na).64 Results showed that DCMA-3Na removed 99, 99, and
93% of Cd, Cu, and Zn respectively when at equimolar concentrations using a 3000
MWCO membrane. DCMA-3Na exhibited a metal binding affinity of Cd2+ > Cu2+ ~ Zn2+
> Ni2+ with Ni removal reaching only 65%.
A second study examined the use of rhamnolipid in micellar-enhanced
ultrafiltration.102 Optimized conditions were determined for use of rhamnolipid to remove
metals from six wastewater samples from the metal-refining industry. The wastewater
samples contained Zn (60 to 130 mg/L); Cd (10 to 30 mg/L); and Pb, Cu, and Ni which
were all below 10 mg/L. The optimal conditions identified were: membrane pressure, 69
± 2 kPa; rhamnolipid:metal molar ratio, 2:1; temperature, 21 ± 1 °C; and pH, 6.9 ± 0.1.
Operating under these conditions, the level of all metals in the six wastewater samples
was reduced to below 1.2 mg/L meeting Canadian Federal discharge limits.102
A second approach to removing biosurfactant-metal complexes from solution is
ion flotation, also known as dissolved air flotation or foam fractionation. This technique
employs air sparging into a surfactant solution. The surfactant will absorb to the air
bubbles generating a foam that can be harvested and removed from the solution. In the
presence of metal ions, the surfactants can complex the ions and carry them into the
foam.103 Using this technique, H. Chen103 showed surfactin was able to remove 45% of
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the Hg from a 2 mg/L Hg solution. To achieve this removal, the optimal conditions were
determined to be surfactin applied at 10 times the critical micelle concentration (10 x
CMC) at a pH of 8 or 9. Overnight mixing prior to removal also helped increase Hg
removal. In a second study, a 3:1 molar ratio of saponin to metal was used to remove
lead, copper, and cadmium from wastewater with efficiencies of 90, 81 and 71%,
respectively.104 A third study used surfactants produced by Candida (likely
sophorolipids) to achieve a removal of ≥ 98% of Fe (62 mg/L) and Mn (4 mg/L) from
neutralized acid mine drainage using a 0.02% (200 mg/L) surfactant solution.105
Adsorbing colloid flotation is a method that combines the use of a colloidal
sorbent material (e.g., clays and goethite) with the flotation technique.106 This method
essentially follows sorbent treatment of wastewater with surfactant flotation. Since the
sorbent is present as a colloid, the surfactant foam will collect the metal ions adsorbed to
the colloid particles by floating the sorbent. Similarly, compounds like Fe+3 can be used
to co-precipitate metals for subsequent flotation. Using this technique, surfactin and
lichenysin were used to collect either goethite (pH 4-7) or ferric hydroxide (pH 4)
colloids that had sorbed Cr, resulting in removal of Cr with almost 100% efficiency.
Surfactin could also remove ~95% Zn when collecting ferric hydroxides (pH 6).
Lichenysin, however, was ineffective for Zn removal.106
1.6.3.

Recovery of Metal from Biosurfactant-Metal Complexes
It is worth noting that once a biosurfactant-metal complex has been formed and

used to remove the metal from a contaminated soil, sediment or solution, the complex can
be separated again through a simple pH adjustment. This allows recovery and recycling
of both the metal and the biosurfactant. For anionic surfactants such as rhamnolipid or
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surfactin, the solution can be acidified (~ pH 2) to precipitate the surfactant and release
the metal ion. The biosurfactant can then be removed by centrifugation and recycled for
reuse.73, 74 For a non-ionic surfactant, such as saponin, a pH adjustment to 11 will
precipitate the complexed metals; the metals can then be removed by centrifugation and
the biosurfactant collected for reuse.83
1.7. Conclusion
As shown in this chapter, the body of literature on biosurfactant-metal interactions
is large and continuing to grow. The potential for green, economical remediation
technologies based on these interactions is enormous, but there remain several challenges
that must be resolved before biosurfactants are viable alternatives for use in remediation
technologies.
The first challenge is material cost. There is still no biosurfactant that can be
competitively produced, in terms of cost, when compared to synthetic surfactants. The
second challenge is in understanding the chemical properties of individual biosurfactant
congeners so that they can be optimized for application in remediation technologies. For
example, up to 60 rhamnolipid congeners are produced naturally by bacteria, but these
congeners can have very difference chemical properties (e.g., CMC, interaction with
metals). The ability to genetically manipulate bacteria to produce single congeners or
alternatively, to chemically synthesize single congeners, has the potential to increase the
efficacy of biosurfactants dramatically. The third challenge is to move research from the
bench-scale and into field testing. Optimally this can be done by creating academicindustry partnerships which can be implemented in two stages: first to demonstrate
effectiveness, and second to scale-up production of biosurfactants for commercial use.
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To close, it is clear humanity’s impact on the biogeochemical cycling of metals is
significant and resulting in increasing risks to public health due to metal exposures. As
we continue to increase global consumption of new technologies, including cell phones
and computers, the need for a variety of metals increases along with the resulting impacts
of mining and metal consumption. As our demand for metals increases, we must find a
way to reduce emissions and the impacts related to their use. The foundation for
preserving the health and stability of our environment while encouraging innovation and
economic growth lies in the development of green technologies and green chemicals; in
the realm of metals, biosurfactants are one of the most promising possibilities available
today.
1.8. Note about Chapter 1
This chapter was originally written for and published in the 2014 special topic
book Biosurfactants: Research Trends and Applications.107 Since its publication,
numerous reviews—primarily chapters in special topic books—have been published
discussing biosurfactants and metals,108-112 but there have been few notable additions of
primary research to the literature.
Abyaneh and Fazaelipoor113 tested rhamnolipid as collector in precipitate flotation
and found that rhamnolipid could successfully float Cr(IV) from water after it had been
precipitated as Cr(III) using a ferrous salt. Up to 95% recovery of Cr(IV) was achieved
from an initial concentration of 40 ppm. Bodagh et al.114 report the use of rhamnolipid
collector in ion flotation of Cd2+. Cd2+ was floated, individually and separately mixed
with Zn and Cu, with Cd2+ removal efficiencies of 57, 36, and 48%, respectively.
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Rhamnolipid selectivity coefficients of cadmium > zinc, cadmium > copper, and zinc >
copper were reported.
An anionic glycolipid biosurfactant from Candida sphaerica was used to wash
metals from a soil contaminated by metals in an automotive battery industrial area.
Removal percentages of 95, 90, and 79% Fe, Zn, and Pb were achieved using a cell free
broth, but amendments of 0.1%, 0.25, and 2.5% of purified biosurfactant had moderately
lower removals. Sequential extractions of heavy metals from the contaminated soil
revealed Fe was removed from the oxide and exchangeable fractions of the soil, Pb was
removed from the exchangeable and carbonate fractions, and Zn was removed from the
carbonate and organic fractions.115 These results demonstrate that metal removal from
different soil fractions is metal-specific during biosurfactant mediated soil washing.
Haryanto and Change116 examined metal recovery from artificially contaminated
sands using surfactin and rhamnolipid. Initial experiments flushing surfactant solution
through the sand yielded poor metal removal efficiencies for copper and cadmium with 310% and 13-36% removed, respectively. Removal efficiencies were improved by
flushing the sand with surfactant foams because channeling effects were reduced.
Removal efficiencies for copper and cadmium increased to 10-30% and 20-46%,
respectively. Rhamnolipid had greater removal efficiencies compared to surfactin for
both metals, and the authors attribute the difference to rhamnolipid’s higher dynamic
foam capacity.
Singh and Cameotra117 also reported success using biosurfactants as soil washing
agents. Surfactin and fengycin obtained from Bacillus subtilis were used to wash soils
collected from an industrial dumping site. Removals of 44.2% for Cd, 35.4% for Co,
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40.3% for Pb, 32.2% for Ni, 26.2% for Cu, and 32.1% for Zn were achieved. The soil
washing was effective enough to enable the germination of mustard seeds in soils where
germination was previously inhibited.
Numerous reports of novel biosurfactants or biosurfactant producing organisms
interacting with metals were found, but if the type of biosurfactant was not reported, they
were excluded from discussion in this chapter.
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2.

CHAPTER 2

RHAMNOLIPID BIOSURFACTANTS PREFERENTIALLY COMPLEX RARE
EARTH ELEMENTS
2.1. Abstract
Rare earth elements (REEs) are a vital component of many modern technologies,
and some of these elements are considered critical materials subject to supply risk. We
are investigating monorhamnolipid biosurfactants for interactions with REEs.
Conditional stability constants were determined using a resin-based ion exchange
method. 27 metals were examined, and the conditional stability constants could be
divided into three groups, albeit somewhat subjectively: weakly, moderately, and
strongly bound. UO22+, Eu3+, Nd3+, Tb3+, Dy3+, La3+, Cu2+, Al3+, Pb2+, Y3+, Pr3+, and
Lu3+are strongly bound with conditional stability constants ranging from 9.82 to 8.20;
Cd2+, In3+, Zn2+, Fe3+, Hg2+, and Ca2+ are moderately bound with stability constants
ranging from 7.17 to 4.10; and Sr2+, Co2+, Ni2+, UO22+, Cs+, Ba2+, Mn2+, Mg2+, Rb+, and
K+ are weakly bound with stability constants ranging from 3.95 to 0.96. The uranyl ion is
reported twice due to the ion demonstrating two distinct binding regions. A study of
mixed metals confirmed monorhamnolipids preferentially remove metals with large log β
values over those with smaller values. Log β values have significant, strong correlation to
enthalpy of hydration and significant, less strong correlation to the ionic charge to radius
ratio. The preferential complexation of monorhamnolipids with REEs may constitute a
green pathway for recovery of REEs from alternative, non-traditional sources.
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2.2. Introduction
An Intel computer chip requires nearly 60 periodic elements to produce,118 and a
widely recognized future challenge will be maintaining a steady supply of these
elements.119 This is especially true for rare earth elements (REEs) which are essential
components of every modern technology including green energy, personal electronics,
data transmission, medical technologies, reaction catalysts, aircraft, and optics.120 The
U.S. Department of Energy lists the rare earth metals dysprosium, neodymium, terbium,
europium, and yttrium as critical materials subject to supply risk;121 the European Union
has identified a longer list of materials which includes indium and additional REEs.122
Demand for REEs was estimated at 136,100 tons in 2010 and is estimated to increase to
160,000-210,000 tons by 2016.123 Due to the limited number of economically viable ore
bodies for mining these materials, it is critical that alternative technologies be developed
to utilize all possible REE resources.
One untapped source for REEs is waste streams generated by different industries.
Despite considerable REE concentrations in aqueous waste streams from hard rock
mining124-129 and coal mining,130-132 REEs are not currently targeted for recovery from
these sources. Possible other sources also include industrial waste streams,133 municipal
wastewaters,134, 135 and landfill leachates.136
One approach to recover metals from waste streams is the use of metal
complexing agents. These compounds should be selective for target metals even when
they are at low concentration, because most waste streams will contain competing metals
(K+, Ca2+, etc.) at orders-of-magnitude higher concentrations. A second consideration is
that the use of complexing agents to capture metals from waste streams will ultimately
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lead to the release of some of this material to the environment even under controlled
conditions. Thus, agents that are non-toxic, naturally-derived, and renewable would be
ideal for minimizing the potential for environmental contamination during the metal
recovery process. Biosurfactants are green molecules with properties that may suit this
challenge well.
Biosurfactants are compounds that exhibit surface activity (e.g., reduce surface
and interfacial tension) and are derived from natural, biological sources. They are
considered green substances due to their natural derivation, biodegradability, and
relatively low toxicity.20 Rhamnolipids produced by Pseudomonas aeruginosa are a class
of biosurfactants known to complex metals, and they are attracting a great deal of
attention for metal remediation applications. Rhamnolipids are most often produced as a
complex congener mixture where the molecule may have a monorhamnose or
dirhamnose hydrophilic moiety linked by an O-glycosidic linkage to a hydrophobic
moiety of one, two, or three (rarely) hydrocarbon chains which are primarily saturated,
although mono-and polyunsaturated congeners exist.20
Monorhamnolipids (rhamnosyl-β-hydroxyalkanoyl-β-hydroxyalkanoates), (Figure
2.1A insert) are the best studied rhamnolipids for metal complexation behavior.
Cadmium was the first metal reported to be complexed by monorhamnolipids,19 and
subsequent studies expanded the list of transition metals.21, 74 Monorhamnolipid-metal
complexes are typically reported in terms of their conditional stability constants, a
measure of the affinity of a complexing agent for a metal cation under specific solution
conditions.137 These studies showed that monorhamnolipids have conditional stability
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constants for heavy metal cations (Pb2+, Cd2+, Zn2+) that are several orders of magnitude
larger than for common soil/water cations.21
To date, rhamnolipid interactions with REEs have not yet been examined, but
given the strong complexing ability of these biosurfactants with transition metals, we
hypothesized that they would also complex REEs. Toward this end, the objectives of this
study were to (1) determine the ability of monorhamnolipids to complex REEs and other
metals identified as critical with a supply risk and (2) assess the ability of
monorhamnolipids to selectively remove metals from mixed metal solutions.
Monorhamnolipids from Pseudomonas aeruginosa ATCC 9027 were used for all
experiments. An ion exchange technique was used to determine the conditional stability
constants for monorhamnolipids with Y3+, La3+, Pr3+, Nd3+, Eu3+, Tb3+, Dy3+, In3+, UO22+
and Lu3+. In addition, the ability of monorhamnolipids to selectively remove metals in the
presence of competing metals at equimolar and order-of-magnitude higher concentrations
was tested using ion exchange with the metals Ca2+, Cd2+, Pb2+.
2.3. Materials and Methods
2.3.1.

Monorhamnolipid Production
Pseudomonas aeruginosa ATCC 9027 was obtained from the American Type

Culture Collection and kept as a glycerol freezer stock at -80o C. This strain is a natural
mutant that has been previously shown to exclusively produce monorhamnolipid
congeners.138, 139 P. aeruginosa was cultured for 24 h at 37o C on a PTYG agar (0.5%
protease peptone, 0.5% tryptone, 1% yeast extract, 0.06% MgSO4•7H2O, 7x10-4%
CaCl2•2H2O, and 1% glucose). The agar culture was transferred to Kay’s mineral
medium for 24 h growth at 37o C and 200 rpm. Kay’s mineral medium contains 100 ml of
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solution A (0.3% NH4H2PO4, 0.2% K2HPO4, and 0.2% glucose), 1 ml solution B
(0.025% FeSO4•7H2O) and 1 ml solution C (10% MgSO4•7H2O). The pre-culture was
transferred to a pH 7 minimal salts medium (MSM) with 2% glucose at a ratio of 1 ml
pre-culture per 100 ml MSM. MSM is composed of 1 l of solution A (0.25% NaNO3,
0.04% MgSO4•7H2O, 0.1% KCl, 0.1% NaCl, 0.005% CaCl2•2H2O, and 0.4% H3PO4)
mixed with 1 ml of solution B (0.05% FeSO4•7H2O, 0.15% ZnSO4•7H2O, 0.15%
MnSO4•H2O, 0.03% H3BO3, 0.015% CoCl2•6H2O, 0.015% CuSO4•5H2O, and 0.01%
Na2MoO4•2H2O). The MSM culture is placed in a 37o C gyratory shaker and shaken for
72 h at 200 rpm.
2.3.2.

Monorhamnolipid Purification
Monorhamnolipids produced by Pseudomonas aeruginosa ATCC 9027 are a

congener mixture of up to 30 molecules in which the rhamnose headgroup is preserved
but the alkyl chains can vary in chain length and, to a lesser extent, saturation.140 The
protocol used for this work generates a pure native mixture in which the major congener,
rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-C10-C10), typically dominates
at 75-85 wt% of the mixture.140, 141 This complex assembly of congeners is referred to
herein as either the native monorhamnolipid mixture or simply monorhamnolipids.
The native monorhamnolipid mixture was concentrated by centrifugation (10,000
rpm for 10 min) to remove cells and cellular debris, followed by removal and
acidification of the supernatant to pH 2 using HCl. Monorhamnolipids have pKa values of
~5.5, below which they become poorly soluble138 and can be collected by centrifugation.
Pelleted monorhamnolipids were dissolved in a 9:1 chloroform:methanol mixture and
separated from remnant water using a separatory funnel. The solvent was removed by
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rotoevaporation. The concentrated monorhamnolipids were purified using a solvent
mixture of 6:6:6:1:1 (v/v) of hexane:dichloromethane:ethyl acetate:chloroform:methanol
(containing 0.1% acetic acid) by elution through a 22 x 300 mm gravity-based, glass
chromatography column packed with 45 g of 60-Å-pore silica gel. Monorhamnolipids
were collected when column eluent tested positive for rhamnose with anthrone reagent
dissolved in H2SO4. The solvent mixture was removed from the monorhamnolipids by
rotoevaporation, and purity is checked by reversed phase high performance liquid
chromatography on a C18 column.138
2.3.3.

Metals
Pb(NO3)2, Cd(NO3)2•4H2O, Y(NO3)3•4H2O, Ba(NO3)2, Sr(NO3)2, Cs(NO3),

In(NO3)3•xH2O, Lu(NO3)3•xH2O, La(NO3)3•6H2O, UO2(NO3)2•6H2O, Rb(NO3),
Eu(NO3)3•5H2O, Tb(NO3)3•5H2O, Pr(NO3)3•6H2O, Nd(NO3)3•6H2O, Dy(NO3)3•xH2O,
and Al(NO3)3•9H2O were purchased from Sigma-Aldrich with a purity of ≥99% and were
used as received. Appropriate trace ICP/AA grade standard solutions for each metal were
obtained from Fisher Scientific.
2.3.4.

Determination of Stability Constants
Stability constants of monorhamnolipids with each metal were determined using

an ion-exchange technique which is described in detail in Appendix A. In brief, this
technique involves mixing various concentrations of ligand with a resin onto which metal
is bound in an aqueous system. It suits only mononuclear complexes142 in which the
ligand-to-metal ratio is ≥1.143 This technique was originally described by Schubert144 and
Schubert and Richter145 and later adapted for metal-biosurfactant interactions.21, 74 The
ion exchange resin SP Sephadex C25 (GE Healthcare) was prepared by soaking in
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ultrapure water (≥18 MΩ-cm ) overnight. The hydrated resin was washed with equal
parts ultrapure water, then pH 6.9 disodium PIPES buffer [Piperazine-N,N′-bis(2ethanesulfonic acid)], and air-dried; sufficient buffer was used to saturate the resin with
Na+. Ion exchange reactions were allowed to occur in 15-ml metal-free centrifuge tubes.
Each reaction contained 100 mg of prepared resin and a total volume of 10 ml with final
concentrations of 0.5 mM metal, 0.01 M PIPES buffer at pH 6.9, and 0, [0.1 or 0.25], 0.5,
1, 2, or 4 mM of the native monorhamnolipid mixture. Uranyl was also examined with
the additional monorhamnolipid concentrations of 0.75 and 1.5 mM. In the absence of
monorhamnolipids, 99% of the metal is bound for polyvalent ions and about 50% for
monovalent ions. A 10 mM monorhamnolipid solution was generated using a molecular
weight of 504 g mol-1 for the native monorhamnolipid mixture. Monorhamnolipids were
measured gravimetrically, dissolved in ultrapure water, and the solution adjusted to pH
6.9. Metal solutions were mixed with ultrapure water 0.5 h before use. Reactions were
shaken horizontally on a gyratory shaker (200 rpm) for 2 h, allowed to settle vertically for
a minimum of 1 h, and then a sample of supernatant was removed and diluted in 2%
HNO3. Metal concentrations were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). Calibration curves were prepared using standard
solutions in trace-metals grade 2% HNO3.
2.3.5.

Stability Constant Calculation
The monorhamnolipid-metal stability constant was calculated as described

previously.21, 74, 144 The formation constant, or stability constant, β, is calculated by
𝛽 = [𝑀𝐿𝜒 ]/([𝑀][𝐿] 𝜒 ) where M is the metal (mol l-1), L is the monorhamnolipid ligand
(mol l-1), MLχ is the metal:ligand complex (mol l-1), and χ is the stoichiometry of the
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monorhamnolipid:metal complex (mol mol-1). The conditional stability constant has
previously been reported as K, but because multiple binding events have been shown to
occur in this system, β is a more appropriate designation for the overall stability constants
reported herein; K is related to β by β = 𝐾1 ∙ 𝐾2 ∙∙∙ 𝐾𝑛 where each K value is a stability
constant for stepwise addition of 1 to χ ligands.146 The overall stability constant is
determined using the linear relationship in Eq. 2.1.
𝑙𝑜𝑔(𝜆𝑜 /𝜆 − 1) = 𝑙𝑜𝑔 𝛽 + 𝜒 𝑙𝑜𝑔 𝐿

[2.1]

A linear regression of data plotted with 𝑙𝑜𝑔 𝐿 vs. 𝑙𝑜𝑔(𝜆𝑜 /𝜆 − 1) yields a y-intercept
representing the stability constant, log β, and a slope representing the molar ratio of
ligand to metal, χ. λo and λ are distribution coefficients where 𝜆𝑜 = [𝑀𝑅]/[𝑀] and
𝜆 = [𝑀𝑅]/[(𝑀 + 𝑀𝐿𝜒 )]. MR is the metal bound to resin (mol kg-1). These constants are
determined experimentally. It should be noted that stability constants determined using
this method are only valid for the conditions of the experiment; thus, they are considered
conditional stability constants. A derivation of Eq. 2.1 can be found in Appendix A.
2.3.6.

Metal Competition Study
The preference of monorhamnolipids for different metals was examined in two

mixed metal studies. Ca2+, Cd2+, and Pb2+ were selected as model elements for their
small, intermediate, and large stability constants, respectively. The first study examined
Ca2+, Cd2+, and Pb2+ at equimolar concentrations, and the second, at a ratio of 100:10:1,
respectively. Reactions for the former were set up following the procedure outlined above
for the determination of stability constants except that each metal was present at a
concentration of 0.167 mM (0.5 mM total). During the second study, the same method
was used except that only 0, 1, or 2 mM monorhamnolipid was examined with metal
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concentrations of 0.45, 0.045, and 0.0045 mM (0.5 mM total) for Ca2+, Cd2+, and Pb2+,
respectively. Metal concentrations were measured by ICP-AES. Calibration curves were
prepared using standard solutions in trace-metals grade 2% HNO3.
2.4. Results and Discussion
2.4.1.

Single Metal Studies
Thirteen previously unstudied metals, including a group of REEs, were reacted

with monorhamnolipids to determine the conditional stability constant and stoichiometry
of monorhamnolipid:metal complexes using an ion exchange technique. As would be
expected, metal complexation increases with increasing monorhamnolipid
concentrations. Figure 2.1A compares the increase in aqueous metal concentration of
Pb2+ and Sr2+ with increasing monorhamnolipid concentration. Pb2+ is the more
effectively complexed, with 97% of the Pb2+ in the aqueous phase at 4 mM
monorhamnolipid, but only 6.7% of the Sr2+.
Complexation data were then used to calculate the conditional stability constants
(log β), a measure of complexation efficiency, and the monorhamnolipid:metal complex
stoichiometry (molar ratio, χ) using Eq. 2.1. Figure 2.1B shows plots of log(λ𝑜 /λ − 1) as
a function of log L for Pb2+ and Sr2+; these plots were subjected to linear fits from which
values for log β and χ were determined. Pb2+, the better complexed metal as seen in
Figure 2.1A, exhibits larger slope and y-intercept indicating larger log β and χ values than
Sr2+. Conversely, as the less effectively complexed metal, Sr2+ exhibits a smaller slope
and y-intercept.
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Figure 2.1 (A) Effect of monorhamnolipid concentration on the complexation of Pb2+
and Sr2+. (B) Determination of the conditional stability constant and stoichiometry of
monorhamnolipid:metal complexes by ion-exchange equilibrium method for Pb2+ and
Sr2+. Each metal was tested independently. Each point represents the mean and standard
deviation of 6 replicates. Insert: Structure of monorhamnolipids utilized in this study.
The varying chain lengths of the monorhamnolipid congeners are represented by ‘m’ and
‘n’ which vary from 4 to 12
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Table 2.1 Conditional stability constants, molar ratios, and statistical analysis for metal complexes with monorhamnolipids
95% Conf.
Coefficient
Limits
95%
Conf.
Limits
of
Variation
Std.
log
β
χ
(%)
Log Error log
Std. error
β

β

Lower

Upper

χ

χ

Lower

Upper

R2

Log β

χ

λo

UO2 2+
Eu3+
Nd3+
Tb3+
Dy3+

9.82
9.77
9.69
9.65
9.57

1.328
0.202
0.459
0.382
0.592

6.99
9.34
8.28
8.27
7.27

11.74
10.62
11.32
10.88
10.93

2.93
2.17
2.19
2.01
2.14

0.467
0.065
0.147
0.122
0.189

1.90
2.00
1.65
1.49
1.29

3.58
2.45
2.71
2.39
2.51

0.975
0.997
0.987
0.989
0.977

13.5
2.1
4.7
4.0
6.2

16.0
3.0
6.7
6.1
8.8

17
2790
1880
8080
1330

La3+
*Cu2+
Al3+
Pb2+
Y3+
Pr3+
Lu3+

9.29
9.27
9.22
9.13
9.11
9.04
8.20

0.432
0.659
0.937
0.223
0.201
0.223
0.247

8.14
7.43
5.08
8.71
8.59
8.53
7.69

10.86
11.10
11.13
10.12
9.96
9.83
9.16

2.07
2.31
2.35
2.23
2.04
1.98
1.72

0.138
0.218
0.299
0.071
0.064
0.071
0.079

1.77
1.70
0.95
2.12
1.88
1.84
1.51

2.61
2.91
2.86
2.56
2.32
2.25
2.02

0.987
0.966
0.954
0.997
0.997
0.996
0.994

4.6
7.1
10.2
2.4
2.2
2.5
3.0

6.7
9.4
12.7
3.2
3.2
3.6
4.6

3330

Cd2+
In3+
*Zn2+
*Fe3+
*Hg2+

7.17
6.70
5.62
5.16
4.49

0.735
1.129
0.214
0.710
0.135

5.28
3.65
5.03
3.19
4.11

9.41
10.18
6.22
7.13
4.87

2.04
1.75
1.58
1.22
1.21

0.235
0.361
0.071
0.235
0.045

1.50
0.92
1.39
0.55
1.09

2.86
3.03
1.78
1.85
1.34

0.962
0.886
0.992
0.867
0.995

10.3
16.8
3.8
13.8
3.0

11.5
20.7
4.5
19.3
3.7

90
81

Metal Ion
†
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63
166
2350
2440
1230

Table 2.1 Conditional stability constants, molar ratios, and statistical analysis for metal complexes with monorhamnolipids
95% Conf.
Coefficient
Limits
95% Conf. Limits
of Variation
Std.
log
β
χ
(%)
Log Error log
Std. error
Metal Ion

β

β

Lower

Upper

χ

χ

Lower

Upper

R2

Log β

χ

*Ca2+
Sr2+
*Co2+
*Ni2+

4.10
3.95
3.58
3.53

0.635
0.095
0.150
0.176

2.33
3.52
3.17
3.04

5.86
4.13
4.00
4.02

1.32
1.39
1.03
0.93

0.210
0.030
0.049
0.058

0.74
1.24
0.89
0.77

1.90
1.44
1.17
1.09

0.908
0.999
0.991
0.984

15.5
2.4
4.2
5.0

15.9
2.2
4.8
6.2

UO2 2+
§
Cs+

3.43
(3.43)

0.419

2.25

5.09

0.78
(1.47)

0.128

0.44

1.30

0.949
0.9635

12.2

16.5

17
1.6

Ba2+
*Mn2+
*Mg2+
Rb+

3.22
2.85
2.66
1.57

0.438
0.452
0.315
0.291

1.97
1.59
1.80
1.13

4.36
4.10
3.55
2.30

1.10
0.90
0.84
0.85

0.140
0.150
0.104
0.096

0.66
0.49
0.55
0.72

1.40
1.32
1.13
1.09

0.954
0.901
0.942
0.963

13.6
15.9
11.8
18.6

12.7
16.7
12.4
11.3

84

0.96

0.115

0.64

1.28

0.57

0.038

0.47

0.68

0.983

12.0

6.7

†

+

*K

*Values from Ochoa-Loza et al.21
† UO22+ had two distinct binding regions, and each region is included separately.
§ Values for Cs+ are tentative due to inconsistent and irregular results during replicate trials. Cs+ is
included in this table because it is utilized during the subsequent ion flotation study (see Chapter 4).
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1.2

The metals Al3+, Pb2+, and Cd2+ were tested in this study as a comparison to
values reported previously by Ochoa-Loza et al.21 Log β values for Al3+, Pb2+, and Cd2+
obtained here were 9.22, 9.13, and 7.17; these values are within the 95% confidence
intervals reported by Ochoa-Loza et al., demonstrating good agreement between the
studies.
Table 2.1 shows the log β and χ values determined for the 17 metals examined
combined with data for 10 metals from Ochoa-Loza et al.21 Log β values range from 9.82
to 0.96. A stability constant sequence could not be generated because there is significant
overlap of the conditional stability constants when the standard error is considered. As a
result, the 27 metals were divided into three groups, albeit somewhat subjectively:
weakly, moderately, and strongly bound. UO22+, Eu3+, Nd3+, Tb3+, Dy3+, La3+, Cu2+, Al3+,
Pb2+, Y3+, Pr3+, and Lu3+are strongly bound with conditional stability constants ranging
from 9.82 to 8.20; Cd2+, In3+, Zn2+, Fe3+, Hg2+, and Ca2+ are moderately bound with
stability constants ranging from 7.17 to 4.10; and Sr2+, Co2+, Ni2+, UO22+, Cs+, Ba2+,
Mn2+, Mg2+, Rb+, and K+ are weakly bound with stability constants ranging from 3.95 to
0.96. The uranyl ion is reported twice due to the ion demonstrating two distinct binding
regions (see below). These groups reveal that the REEs, metals of environmental concern
(e.g., Pb2+, Cd2+, Hg2+), and metals listed as critical (e.g., In3+) have relatively large log β
values, while common soil and water cations (e.g., Mg2+, Mn2+, K+) have small log β
values. The groups show that monorhamnolipids exhibit selectivity for REEs which are
concentrated in the strongly bound stability constant group.
The coefficients of variation (CV) for these log β values [(standard error / log
β)∙100%] range from 2.1 to 18.6%. The molar ratio values, χ, range from 2.93 to 0.57.
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Non-integer values for χ are counterintuitive, as it is impossible to have 2.93
monorhamnolipid molecules, but there are several possibilities for why non-integer
values are calculated. First, the values could be the result of analytical error in a system
with only a single complex formed.142 χ could also represent the average of a complex
population distribution if multiple monorhamnolipid:metal complexes are present,147-149
as has been shown for complexes of Pb2+/UO22+ and monorhamnolipids.22 The presence
of monorhamnolipid congeners might also explain non-integer molar ratios, as different
congeners may have different metal affinities, leading to different metal removal rates
and non-uniform molar ratios. Finally, in aqueous media, metal hydroxo complexes or
mixed hydroxo-monorhamnolipid complexes may also form resulting in ligand
competition that would complicate determination of χ values using Eq 2.1.
Uranyl (UO22+), the only oxycation in this study, was selected because there is
significant interest in recovering uranium from seawater in an environmentally
compatible manner.150 Interestingly, all of the metals tested exhibited plots like those
shown in Figure 2.1B, except for UO22+. When initially examined, uranyl appeared to
exhibit two distinct binding regions (data not shown). To confirm these results, a second
series of experiments with additional monorhamnolipid concentrations was conducted
(Figure 2.2). Uranyl clearly exhibits two distinct binding regions. Region 1 has a
conditional stability constant value of 3.43, while region 2 has a value of 9.82. The χ
value determined for region 1 is 0.78, while region 2 is 2.93. These two results are
included as separate entries in Table 2.1. The point of this incongruity occurs when the
ratio of monorhamnolipids to metal reaches 2:1.
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Figure 2.2 Determination of the conditional stability constant and stoichiometry of
monorhamnolipid:UO22+ complexes by ion-exchange equilibrium method. The circled
symbol indicates the monorhamnolipid concentration where the monorhamnolipid:metal
ratio is 2:1. Region 1 and 2 indicate the two distinct binding regions of monorhamnolipid
with uranyl. Each point represents the mean and standard deviation of 6 replicates.

There are several possibilities for this unusual behavior. At pH 7, uranyl can form
a complex mixture of positively to negatively charged hydroxo species in aqueous
media.151 It is possible that the cation binding resin has a greater affinity for a subset of
the aqueous uranyl species (e.g., those with higher charge). A second possibility is the
formation of mixed ligand species. Positively charged hydroxo species would remain
bound to the resin until monorhamnolipid replaced the hydroxo ligands. During ligand
exchange, positively-charged mixed-ligand complexes may form and remain bound to the
resin. In both possible explanations, release of uranyl complexes would require higher
concentrations of monorhamnolipid for effective competition.
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A third possible explanation relates to the stoichiometry of the
monorhamnolipid:UO22+complex. Previous work22 reveals that at a equimolar
concentrations of metal and monorhamnolipid, the 2:1 monorhamnolipid:UO22+ complex
is the most abundant species. Thus, under conditions where the ratio of
monorhamnolipid:UO22+ < 2:1 (Figure 2.2, Region 1), the amount of complex formed
with UO22+ is limited by monorhamnolipid, resulting in a smaller conditional stability
constant. However, when this ratio exceeds the 2:1 threshold, monorhamnolipid is no
longer limiting and the measured stability constant increases (Figure 2.2, Region 2).
2.4.2.

Mixed Metal Studies

Complexation results using single metals suggest that monorhamnolipids have potential
for use as metal complexing ligands. However, commercial and industrial applications
rarely involve single metal solutions. Since conditional stability constants are reported as
log values, a difference of one log β value means a ten-fold difference in preference,
favoring the metal with the larger log β. Log β values of individual metals should,
therefore, predict removal order when monorhamnolipids are applied in a mixed metal
solution. This was tested with two mixed metal studies.
The complexation preference of monorhamnolipids for metals with larger log β
values was examined using a mixture of three metals. Pb2+, Cd2+ and Ca2+ were selected
for the mixed metal study, because these metals represent large (9.13), intermediate
(7.17), and small (4.10) log β values. In the first series of experiments, an equimolar
amount of each metal was added (0.167 mM) for a total concentration of 0.5 mM metal.
As expected, monorhamnolipids complexed Pb2+ much more effectively than Cd2+ or
Ca2+ with 81, 97, and 100% of Pb2+ detected in the aqueous phase at concentrations of 1,
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2, and 4 mM of monorhamnolipids, respectively (Figure 2.3). In contrast, aqueous phase
Cd2+ and Ca2+ were 62 and 15% of added metal, respectively, at the 4 mM
monorhamnolipid concentration.

Figure 2.3 Effect of monorhamnolipid concentration on complexation of Pb2+, Cd2+, and
Ca2+ in an equimolar metal mixture (each metal was added at a concentration of 0.167
mM). Each point represents the mean and standard deviation of 6 replicates.

A second experiment was performed to confirm that complexation of metals
added at varying concentrations were dependent on their relative conditional stability
constants. This experiment was performed because environmental samples are likely to
contain a mixture of target metals and non-target metals in which the latter are present at
considerably higher concentrations (e.g., Ca2+, K+ etc.). The ability of monorhamnolipids
to complex target metals over non-target metals was tested with 10-fold differences in
metal concentrations: 0.45 mM Ca2+, 0.045 mM Cd2+, and 0.0045 mM Pb2+ (0.5 mM
total metal concentration). Results show that 80 and 86% of Pb2+, 14 and 27% of Cd2+
81

and 3 and 5% of Ca2+ were complexed by 1 and 2 mM monorhamnolipid, respectively
(Figure 2.4). As expected, in both experiments, removal of metals occurred in the order
Pb2+>>Cd2+>Ca2+. These results confirm the usefulness of conditional stability constants
as predictors for metal selectivity and removal order by monorhamnolipids.

Figure 2.4 Effect of monorhamnolipid concentration on complexation of Pb2+, Cd2+, and
Ca2+ in a 100:10:1 (Ca2+: Cd2+: Pb2+) metal mixture. Each bar represents the mean and
standard deviation of 6 replicates
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Table 2.2 Estimated and observed complexation of metals across complexation experiments

Order of
Equimolar
Magnitude
Individual
Mixed Metal
Mixed Metal
Metal Studies
Study
Studyb

Monorhamnolipid Concentration
1 mM
2 mM
4 mM
c
c
Estimated Observed
Estimated
Observed
Estimatedc Observed
(µM)
(µM)
(µM)
(µM)
(µM)
(µM)
Pb2+ (500 µM)

386

343

498

466

500

524

Cd2+ (500 µM)

304

97

463

190

495

288

Ca2+ (500 µM)

230

11.5a

354

21.5a

438

44.0a

Pb2+ (167 µM)

165

141

167

169

167

175

Cd2+ (167 µM)

142

19.5

162

62.5

166

104

Ca2+ (167 µM)

90.0

2.6

126

10.4

149

24.7

Pb2+ (4.5 µM)

4.5

3.9

4.5

4.2

Cd2+ (45 µM)

40.7

6.4

44.0

13.4

Ca2+ (450 µM)

212.4

14.0

322

24.2

a

Values calculated based on data from Ochoa Loza et al.21
b
1 Pb2+ : 10 Cd2+ : 100 Ca2+
c

Values were calculated using Eq. 2.1. Metal bound to the resin is assumed to be free metal. Table 2.1 β and χ
values and the concentrations given in this table were used as initial reaction conditions. Metal removal
concentrations were calculated for each metal alone as an estimation of removal in the mixed reactions.
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The equilibrium values of metal complexes were estimated using the stability
constant equation 𝛽 = [𝑀𝐿𝜒 ]/([𝑀][𝐿] 𝜒 ), log β and χ values from Table 2.1, and
different initial concentrations of metal and monorhamnolipid (Table 2.2). For these
calculations, it was assumed that all monorhamnolipids were in their anionic form, metal
bound to the resin is free metal, the metals are present alone, and the observed metal
concentrations are due to MLx where χ is equal to the value given in Table 2.1. A
comparison of the estimated values to the observed values shows that estimates for Pb2+
are similar to what is observed, while estimates for Cd2+ and Ca2+ were generally much
higher than what was observed. Given that there is more ligand available than the total
metal for all treatments in the table, the ligand should not be limiting. The most probable
explanation of the differences may be retention of monorhamnolipid:metal complexes on
the resin, especially 1:1 complexes which would retain a net positive charge. Because
Pb2+ estimates are essentially equivalent to the observed values, Pb2+ would be forming
neutrally charged 2:1 complexes which are not retained on the resin. If true, this
explanation highlights a failure to satisfy one of the foundational assumptions in the
Schubert method: no anions or complex species are adsorbed to the resin.144 If complexes
are being retained, the numbers reported for the conditional stability constants and
stoichiometries may be underreported.
2.4.3.

Determinants of Complexation Strength
Conditional stability constants for 27 metals are reported herein; the coverage of

metals across the periodic table enables examination of the data for trends associated with
metal cation physical parameters to infer the determinants of monorhamnolipid:metal
complexation strength. Identifying a specific determinant of monorhamnolipid:metal
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interactions is difficult due to numerous factors that play a role in the coordination
chemistry. Factors attributable to metal cations include, but are not limited to, cation
charge, ionic radius, preferred coordination geometry, electron configuration, crystal field
effects, and the Pearson’s hardness of the metal. Monorhamnolipid ligand factors include
metal binding pocket size, steric interference between monorhamnolipids, molecular
conformation, and Pearson’s hardness parameter similarity between monorhamnolipids’
oxygen (Lewis base) and the reacting metal (Lewis acid)—the strongest and fastest
reactions occur between hard-hard and soft-soft acid-base reactions.
Despite the numerous factors influencing complexation strength, we hypothesized
a strong correlation between the stability constants and one or more physical parameters
of the metals. Metal:monorhamnolipid conditional stability constants have significant (p
= < 0.0001), strong (Pearson’s r = 0.71) correlation to enthalpy of hydration and a
significant (p = 0.0045), less strong (Pearson’s r = 0.55) correlation to the ionic charge to
radius ratio (using values from salts with 6 coordinating anions). No significant
correlations were found for atomic radius, covalent radius, ionic radius (using values
from salts with 6 or 8 coordinating anions), Pauling’s electronegativity, or Pearson’s
hardness parameter (see Tables 2.3 for physical parameter values and Table 2.4 for
correlation values). The enthalpy of hydration and ionic charge to radius ratio (using
values from salts with 6 coordinating anions) are not suitable predictors of
monorhamnolipid:metal conditional stability constants, however, because they are
confounding parameters with a significant (p = <0.0001) and strong (Pearson’s r = 0.92)
correlation. This is to be expected, as enthalpy of hydration is affected by both ion size
and charge.2
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Localized periodic trends can be found within groups of metals with similar
characteristics. For example, the first row transition metals exhibit the Irving-Williams
effect, a general trend in stability constants of Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+
essentially irrespective of the nature of the ligand.146, 152 Example ligands following this
trend include oxalic acid, glycine, salicylaldehyde, ethylenediamine, and ammonia. The
data supporting the existence of this trend is observed with monorhamnolipids (Figure
2.5). The effect is caused by imperfect shielding of the nucleus as the number of protons
increases, with a progressively higher apparent nuclear charge (despite equal formal
charges) due to imperfect electron shielding of the nucleus. The stability constant
decrease at Zn2+ is the result of complete filling of the d electron set and loss of crystal
field stabilization energy.146
A second example can be found in the REEs, or lanthanoids, in the first row of the
f block. Due to the electron configurations within the f-block elements, the lanthanoids
tend to have very similar coordination chemistry.146 These metals bond with ligands
primarily through electrostatic (ionic) interactions with the strongest complexes forming
with hard base donors153 such as the hydroxyl and carboxyl donors of monorhamnolipids.
Examination of Table 2.1 shows that these metals behave somewhat predictably: they
group together and have high stability constants as predicted for interactions between the
lanthanoids and the hard base donor groups of the monorhamnolipids. The
monorhamnolipid:REE stability constants do not, however, exhibit the smooth increase in
log β characteristic of the lanthanide contraction, unlike previous studies with other
ligands such as carbonate, oxalate, 5-sulfosalicylate, α-hydroxyisobutyrate, and floride.154
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Examination of the 95% confidence intervals in Table 2.1 suggests the possibility that
this trend may be obscured by the precision of the method.

Figure 2.5 Log β values for the first row transition elements from Mn(II) to Zn(II)
demonstrating the Irving-Williams effect. Error bars represent 95% confidence intervals.
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Table 2.3 Values used to determine correlations between monorhamnolipid:metal conditional stability constants and physical
parameters
Ionic Radiusb
Metal
Ion
Eu3+
Nd3+
Tb3+
Dy3+
La3+
Al3+
Y3+
Pr3+
Lu3+
In3+
Fe3+
Cu2+
Pb2+
Cd2+
Zn2+
Hg2+
Ca2+
Sr2+
Co2+
Ni2+
Ba2+
Mn2+

Log
Atomic Covalent
68Pauling’s
Hydration
a
a
a
β
Charge Radius Radius Coordinated Coordinated Electronegativity Enthalpyc
(+)
(Å)
(Å)
(Å)
(Å)
(-kJ mol-1)
9.77
3
2.56
1.85
0.947
1.066
1.20
3600
9.69
3
2.64
1.64
0.983
1.109
1.14
3420
9.65
3
2.51
1.59
0.923
1.04
1.10
3540
9.57
3
2.49
1.59
0.912
1.027
1.22
3570
9.29
3
2.74
1.25
1.032
1.16
1.10
3296
9.22
3
1.82
1.18
0.535
1.61
4665
9.11
3
2.27
1.62
0.9
1.019
1.22
3583
9.04
3
2.67
1.65
0.99
1.126
1.13
3405
8.20
3
2.25
1.56
0.861
0.977
1.27
3530
6.70
3
2.00
1.44
0.8
0.92
1.78
4112
5.16
3
1.72
1.17
0.645
0.78
1.83
4430
9.27
2
1.57
1.17
0.73
1.90
2100
9.13
2
1.81
1.47
1.19
1.29
2.33
1481
7.17
2
1.71
1.41
0.95
1.1
1.69
1807
5.62
2
1.53
1.25
0.74
0.9
1.65
2046
4.49
2
1.76
1.49
0.72
0.89
2.00
1824
4.10
2
2.23
1.74
1
1.12
1.00
1577
3.95
2
2.45
1.91
1.18
1.26
0.95
1443
3.58
2
1.67
1.16
0.745
0.9
1.88
1996
3.53
2
1.62
1.15
0.69
1.91
2105
3.22
2
2.78
1.98
1.35
1.42
0.89
1305
2.85
2
1.79
1.17
0.83
0.96
1.55
1841
88

Pearson's
Hardness
Parameter d
(eV)

15.4
45.8

13.1
8.3
8.5
10.3
10.8
7.7

8.5
12.8

Table 2.3 Values used to determine correlations between monorhamnolipid:metal conditional stability constants and physical
parameters
Ionic Radiusb
Metal
Ion

Log
Atomic Covalent
68Pauling’s
Hydration
a
a
a
β
Charge Radius Radius Coordinated Coordinated Electronegativity Enthalpyc
(+)
(Å)
(Å)
(Å)
(Å)
(-kJ mol-1)
Mg2+ 2.66
2
1.72
1.36
0.72
0.89
1.31
1921
+
Rb
1.57
1
2.98
2.16
1.52
1.61
0.82
293
K+
0.96
1
2.77
2.03
1.38
1.51
0.82
322
a
Periodic Table of the Elements. VWR/Sargent-Welch, 1998
b
R. D. Shannon155
c
D. W. Smith156.
d
R. G. Parr. & R. G. Pearson157
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Pearson's
Hardness
Parameter d
(eV)
32.5
11.7

Table 2.4 Pearson's correlation coefficients for monorhamnolipid:metal
conditional stability constants and the physical parameters of metals
Physical Parameter

Pearson's Correlation
Coefficient ( r )

Significance Probability
(p-value)

Atomic Radius

0.0648

0.7582

Covalent Radius

-0.2080

0.3183

Ionic Radius
(Coordination Number 6)

-0.2730

0.1868

Ionic Radius
(Coordination Number 8)

-0.2696

0.2251

Pauling's
Electronegativity

0.1410

0.5013

Enthalpy of Hydration

0.7145

< 0.0001

Pearson's Hardness
Parameter

0.1252

0.6983

Charge/Ionic Radius
(Coordination Number 6)

0.5493

0.0045
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2.4.4.

Potential Monorhamnolipid Metal-Remediation Applications
Metal containing waste streams constitute not only an opportunity for recovery of

critical materials, but also a threat to environmental and human health if released to the
environment untreated. Unlike organic compounds, metals cannot be biodegraded and are
subject to accumulation; the ultimate fate of metals is dependent on the biogeochemical
environment into which they are released. Risks associated with metal release and
accumulation are widely recognized, and regulations are becoming increasingly stringent
regarding permissible metal content of waste effluents. For uranium, interest lies not in
recovery from waste streams, but mining seawater’s 4 billion tons (3.3 µg l-1) of
dissolved uranium (primarily as uranyl tricarbonate)150, 158 in lieu of opening new
terrestrial mines. Metal recovery from aqueous sources should, thus, be of interest as a
way of both recovering critical materials and preventing environmental contamination.
Many technologies have been designed to remove metals from aqueous media:
chemical precipitation, flotation, ion-exchange, adsorption, membrane filtration, and
electrochemical treatment.133, 159 Of these technologies, monorhamnolipids may be
suitable for use in froth fractionation and membrane filtration, specifically micellarenhanced ultrafiltration. As demonstrated by this research, monorhamnolipids exhibit
high selectivity for REEs, UO22+, and metals of environmental concern. Additionally, it
has previously been reported that monorhamnolipids are biodegradable, exhibit low
toxicity, and can be recovered for reuse by manipulation of pH. When acidified to pH ~2,
monorhamnolipids become poorly soluble and release complexed metal ions,74 allowing
for recovery of both complexing agent and metal. Taken together, these characteristics
suggest the potential for recovery of REEs and other metals from aqueous media by
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monorhamnolipids. Future research should focus on metal recovery using rhamnolipids
in naturally occurring metalliferous waters and waste streams generated by different
industries. These aqueous resources are complex, heterogeneous, and vary by source,
thus, the operational limits for application of rhamnolipids must be delineated.
2.5. Conclusion
Interactions between metals and monorhamnolipids have now been reported for
all regions of the periodic table. Results show that monorhamnolipid selectively
complexes economically important metals, such as the critical rare earth elements as well
as metals of environmental concern, in comparison to common soil and water cations.
Results suggest that the monorhamnolipid:metal conditional stability constants reported
here can be used to predict the removal of metals from mixed metal waste streams.
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3. CHAPTER 3

ENVIRONMENTAL COMPATIBILITY AND METAL CONDITIONAL STABILITY
CONSTANTS OF NOVEL MONORHAMNOLIPID BIOSURFACTANT
DIASTEREOMERS
3.1. Abstract
We have recently reported a novel synthetic pathway for monorhamnolipid.
Synthetic monorhamnolipid differs from biologically produced material in that synthetic
monorhamnolipid is produced as a single congener depending on the fatty acid used and
that it is produced as a mixture of four diastereomers. Here we compare the
biodegradability, acute toxicity (Microtox assay), embryo toxicity (Zebrafish assay), and
metal binding capacity of synthetic monorhamnolipids with biologically produced
monorhamnolipid. All of the monorhamnolipids were found to be inherently
biodegradable with mineralization ranging from 42 to 92%. Microtox assay data shows
all of the monorhamnolipids are categorized as slightly toxic according to the US
Environmental Protection Agency ecotoxicity categories with 5 min EC50 values ranging
from 39.1 to 86.5 µM. Of the 22 parameters tested, the zebrafish assay resulted in toxic
effects only for mortality at 120 hours post fertilization; all of the monorhamnolipids
caused significant mortality at 640 µM except diastereomer R,R which showed no toxic
effects at the concentrations tested. The conditional stability constants (log β) for the
monorhamnolipids with Pb2+ and Cd2+ ranged from 11.29 to 7.33 and 7.49 to 4.85,
respectively. These data begin to provide some of the information regarding
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monorhamnolipid diastereomers that is pertinent to their use as environmental
amendments.
3.2. Introduction
The addition of surfactants to enhance remediation of contaminated sites can lead
to dramatic improvements in remediation time and completeness.160 However, use of
surfactant amendments must be carefully considered to ensure the treatment does not
cause environmental harm or a secondary contamination event. Surfactants can be toxic
to life at all levels;161 in the 1967 Torrey-Canyon oil spill off the English coast,
dispersants—a mixture of solvents and surfactants—used to treat the spilled oil were
more toxic than the oil alone. In areas “close to dispersant spraying practically all animal
life was killed, while many algae… were killed or damaged.”162 During the 2010
Deepwater Horizon oil spill in the Gulf of Mexico, millions of liters of COREXIT
dispersants were released to disperse surface and sub-surface oil. COREXIT dispersants
are reported to have negative environmental effects: high toxicity to oil degrading
microbial communities,163 increased polycyclic aromatic hydrocarbon mobility into
anoxic sediments where degradation rates are slower,164 and formation of mutagenic oildispersant mixtures which affect marine organisms.165 Studies show some dispersant
components increase biodegradation while others are inhibitory, and by encouraging
selective microbial degradation of specific hydrocarbons, dispersants can result in
increased or decreased toxicity of residual oil.166 In summary, while dispersant use for oil
spills is routine, research on the environmental compatibility and efficacy of dispersants
yields conflicting results due to variability in environmental conditions, hydrocarbon
sources, and dispersant compositions studied.166

94

The use of bio-based and biogenic surfactants as amendments in remediation
applications is attracting increased interest because they can be less toxic and more
biodegradable than synthetic compounds.160 One example of a biological compound that
has been studied extensively with respect to potential environmental applications is
rhamnolipid, a family of biosurfactants produced primarily by Pseudomonas aeruginosa
strains. Rhamnolipids are considered “green” materials; they are a renewable resource
and generally accepted as more biodegradable and less toxic than currently used synthetic
surfactants.167 Rhamnolipids have been examined as remediation agents in numerous
environmental applications to: increase the solubility and biodegradation of
hydrocarbons,97, 139, 168 bind metals,19, 21, 74 decrease metal toxicity,95 modify cellular
characteristics and behavior,16 improve oil recovery,15 and for biocidal activity.169, 170
Despite this list of potential applications, the technical and economic hurdles of
biologically producing rhamnolipids has limited the scale-up and use for remediation and
other applications.171, 172
Biosynthesized rhamnolipids are composed of one (monorhamnolipid) or two
(dirhamnolipid) L-rhamnose sugars connected through a glycosidic bond to two βhydroxy fatty acids (varying from 8 to 16 carbons) linked by an ester bond.20 The βhydroxy fatty acids are (R)-3-hydroxy fatty acids, resulting in two R oriented chirality
centers (excluding the chirality centers on the rhamnose moiety).173-176 Biosynthetic
rhamnolipid is thus composed of a congener mixture of R,R rhamnolipids.
Recent advances in glycosylation research have enabled synthetic production of
rhamnolipid as an alternative to biological production. The chemical synthesis uses
minimal steps, renewable resources, and recyclable materials.177 There are two major
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differences between synthetically and biologically produced rhamnolipids. The first is
that the number of congeners can be controlled in synthetic rhamnolipids. Only a single
congener is produced if a single β-hydroxy fatty acid is used. If more than one β-hydroxy
fatty acid is used then a congener mixture will be produced that reflects the component
fatty acids used in the synthesis. The second difference is that chemical synthesis of
rhamnolipid results in the production of four diastereomers: R,R; R,S; S,S; and S,R
(Figure 3.1). The R,S; S,S; and S,R diastereomers represent novel molecules which have
not been assessed for toxicity, biodegradability, or useful applications, e.g., metal
binding. Yet, it is well-known that modifying chirality centers can alter toxicity,178
degradability, and transformation products.179-181

Figure 3.1 Structures of biosynthesized (left) and synthetic (right) monorhamnolipids
utilized in this study. The varying chain lengths of bio-mRL are represented by ‘m’ and
‘n’ values which vary from 4 to 12.

The objective of this study is to examine the biodegradability, toxicity, and metal
binding characteristics of synthetic monorhamnolipid diastereomers relative to a
biosynthetic monorhamnolipid congener mixture. The synthetic monorhamnolipid
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studied is Rha-C10-C10 (rhamnosyl-β-hydroxyalkanoyl-β-hydroxyalkanoate). Rha-C10C10 was selected because it is the most abundant congener (typically 75-85%) produced
by Pseudomonas aeruginosa ATCC 9027, the model strain used in this study.141
Biodegradability was assessed by CO2 evolution (mineralization) in biometer flasks.
Bacterial acute toxicity was assessed using the Microtox assay and eukaryotic toxicity via
zebrafish developmental assays. To determine diastereomer metal complexation
performance, conditional stability constants for Pb2+ and Cd2+ were determined. The
synthetic diastereomers were examined individually and as a mixture and were compared
to a congener mixture of biosynthetic monorhamnolipid, hereafter referred to as biomRL.
3.3. Materials and Methods
3.3.1.

Monorhamnolipids
All monorhamnolipid solutions were made in ultrapure water (≥18 MΩ-cm) using

a molecular weight of 504 g mol-1 and pH adjusted to 7.0 unless otherwise noted.
3.3.1.1.

Biosynthesized Rhamnolipid

3.3.1.1.1. Bio-mRL Production
Pseudomonas aeruginosa ATCC 9027 was obtained from the American Type
Culture Collection and kept as a glycerol freezer stock at -80° C. This strain has been
previously shown to only produce monorhamnolipid congeners.138, 139 Pseudomonas
aeruginosa was initially cultured for 24 h at 37° C on a PTYG agar (0.5% protease
peptone, 0.5% tryptone, 1% yeast extract, 0.06% MgSO4•7H2O, 7x10-4% CaCl2•2H2O,
and 1% glucose). The agar culture was transferred to Kay’s mineral medium for 24 h
growth at 37° C and 200 rpm. Kay’s mineral medium contains 100 ml of solution A
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(0.3% NH4H2PO4, 0.2% K2HPO4, and 0.2% glucose), 1 ml solution B (0.025%
FeSO4•7H2O) and 1 ml solution C (10% MgSO4•7H2O). The pre-culture was transferred
to a pH 7 minimal salts medium (MSM) with 2% glucose. MSM is composed of 1 ml of
solution A (0.25% NaNO3, 0.04% MgSO4•7H2O, 0.1% KCl, 0.1% g NaCl, 0.005%
CaCl2•2H2O, and 0.4% H3PO4) mixed with 1 ml of solution B (0.05% FeSO4•7H2O,
0.15% ZnSO4•7H2O, 0.15% MnSO4•H2O, 0.03% H3BO3, 0.015% CoCl2•6H2O, 0.015%
CuSO4•5H2O, and 0.01% Na2MoO4•2H2O). The MSM culture was placed in a 37° C
gyratory shaker, shaken for 72 h at 200 rpm, and bio-mRL was harvested as described
below.
3.3.1.1.2. Bio-mRL Purification.
The MSM culture was centrifuged (10,000 rpm for 10 min) to remove cells and
cellular debris, followed by removal and acidification of the supernatant to a pH of 2
using HCl to precipitate the bio-mRL.138 The precipitate was pelleted by centrifugation
and then dissolved in a 9:1 chloroform:methanol mixture and separated from remnant
water using a separatory funnel. The solvent was removed by rotoevaporation. The
concentrated bio-mRL was purified using a solvent mixture of 6:6:6:1:1 (v/v) of
hexane:dichloromethane:ethyl acetate:chloroform:methanol in 0.1% acetic acid by
elution through a 22 x 300 mm gravity-based, glass chromatography column packed with
45 g of 60-Å-pore silica gel. Bio-mRL was collected when column eluent fractions tested
positive for rhamnose with anthrone reagent dissolved in H2SO4. The solvent mixture
was removed from the rhamnolipid by rotoevaporation, and purity was assessed by high
pressure liquid chromatography.138 Characteristics of the bio-mRL are provided in Table
3.1.

98

3.3.1.2.

Synthetic Monorhamnolipids
The synthetic monorhamnolipid diastereomers were produced as >87% purity oils

of individual diastereomers and a mixture of all four diastereomers as described by
Coss.177 The surfactants were used as received. Characteristics of the diastereomers are
provided in Table 3.1.
3.3.2.

Biodegradability Testing
Mineralization of bio-mRL and synthetic monorhamnolipids was measured by

quantitation of CO2 as described previously with the following specifications.182 Each
experiment was performed in triplicate sealed biometer flasks (Corning Life Sciences)
and included a control treatment also in triplicate without added monorhamnolipid. The
microbial inoculum was aeration basin mixed liquor suspended solids (MLSS) from the
Tres Rios Water Reclamation Facility (Pima County, AZ). The MLSS was kept aerated
and used within 4 h of collection. Before addition to flasks, the MLSS was allowed to
settle in a graduated cylinder until the apparent volume of solids became constant. The
supernatant was decanted and reserved. The total reaction volume in each flask was 25
ml consisting of 2 ml settled MLSS flocculate, 15 ml MLSS supernatant, 6 ml EPA
minimal salts medium183, and 2 ml monorhamnolipid (5 mg ml-1) solution in ultrapure
water (final concentration 400 mg l-1). Control flasks received 2 ml ultrapure water with
no monorhamolipid. Flasks were shaken on a rotary shaker at 25° C for 30 d and assayed
for CO2 evolution every 24 h for the first 6 d and then every 48 h thereafter.
Carbon dioxide produced in the flasks was captured in 10 ml of 0.1 M KOH
placed into the biometer flask’s sidearm through the formation of K2CO3(aq). The amount
of CO2 produced was measured by titration; the sidearm solution was removed and mixed
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with phenolphthalein indicator, 1 ml of 1 M BaCl2, and 5 ml of water used to wash the
sidearm. This solution was titrated with 0.05 M HCl. The K2CO3(aq) reacts with BaCl2(aq)
to form BaCO3(s) which prevents the release and recapture of CO2 by unreacted -OH
during titration. All reagents were made with ultrapure water purged of CO2 for 10 min
with nitrogen gas sparging.
Mineralization of the monorhamnolipid treatments was measured as percent
mineralization which was calculated using Equation 3.1:
% 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =

𝐶𝑂2 𝑚𝑅𝐿
𝐶𝑚𝑅𝐿

× 100

[3.1]

where CO2 mRL is the moles of CO2 from mineralized monorhamnolipid and CmRL
is moles of carbon added as monorhamnolipid (based on MW 504 g mol-1). A
monorhamnolipid-free control was used to quantify CO2 production from mineralization
of carbon in the MLSS solids and supernatant. Thus, CO2 mRL was calculated using
Equation 3.2:
𝐶𝑂2 𝑚𝑅𝐿 = 𝐶𝑂2 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝐶𝑂2 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

[3.2]

Where CO2 treatment is moles of CO2 produced for each treatment and CO2 control is
moles of CO2 measured in the monorhamnolipid-free control.
3.3.3.

Microtox Acute Toxicity Assay
Prokaryotic acute toxicity of the surfactants was assessed using a Microtox®

Model 500 analyzer (Modern Water Inc., New Castle, DE, USA). The Microtox® assay
assesses toxicity by determining the effective concentration (EC50) at which a toxicant
reduces bioluminescence of the marine bacterium Vibrio fischeri by 50% relative to a
toxicant-free control. Reagents were sourced from Modern Water Inc. (New Castle, DE).
Triplicate experiments with monorhamnolipid solutions were tested as previously
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described.184 In brief, a 2 mM monorhamnolipid stock solution was diluted to adjust the
osmotic strength using the Microtox osmotic adjustment solution as instructed by the
manufacturer. The adjusted solution was then 1:1 serially diluted using the Microtox
diluent to create 9 monorhamnolipid concentrations (3.5-889 µM). Microtox diluent was
used as the toxicant free control. Initial bioluminescence was measured then the toxicant
solutions were mixed with the bacterium, and bioluminescence was measured at 5, 15,
and 30 min to determine the EC50 for each time point.
3.3.4.

Zebrafish Toxicity Assay
Zebrafish assays were performed in the Sinnhuber Aquatic Research Laboratory,

Oregon State University, Corvallis OR. Zebrafish (Danio rerio) embryos with intact
chorions were exposed to the monorhamnolipid treatments from 6 to 120 h postfertilization (hpf), following the protocol outlined in Truong et al.185 Briefly, at 6 hpf,
embryos were placed manually in 96-well plates containing embryo medium (90 μl)
consisting of (in mg l-1): NaCl (875.0), KCl (37.5), CaCl2•H2O (145.0), KH2PO4 (20.5),
Na2HPO4 (7.1), and MgSO4•7H2O (4.9). Monorhamnolipid samples were added (10 μL)
in the concentration range 0.064-640 μM, and 32 replicates were run for each
concentration and controls, all including 0.64% dimethylsulfoxide (DMSO) to ensure
dissolution when preparing the stock solutions of the monorhamnolipids. The 96-well
plates were covered in foil and incubated at 28° C in the dark. At 24 and 120 hpf,
development abnormality and mortality assessments were performed.185 The endpoints
evaluated at 24 hpf included mortality, developmental delay, spontaneous movement, and
notochord; and at 120 hpf included: mortality, notochord, yolk sac edema, body axis, eye
defect, snout, jaw, optic vesicle, pericardial edema, brain, somite, pectoral fin, caudal fin,
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pigment, circulation, truncated body, swim bladder, and touch response. Endpoint scoring
and statistical analyses were performed in R software as described previously.185
3.3.5.

Metal Conditional Stability Constant Assay
The conditional stability constant of the surfactants was determined using an ion-

exchange method described by Ochoa-Loza21 with minor modifications. The ion
exchange method utilizes multiple concentrations of monorhamnolipid mixed with metalcomplexed SP Sephadex C25 resin (GE Healthcare) to determine the conditional stability
between monorhamnolipid and metals. The ion exchange resin was, prepared by soaking
in ultrapure water overnight. The hydrated resin was washed with equal parts ultrapure
water, then pH 6.9 disodium PIPES buffer [Piperazine-N,N′-bis(2-ethanesulfonic acid)],
and air-dried; sufficient buffer was used to saturate the resin with Na+. Ion exchange
reactions took place in 15-ml metal-free centrifuge tubes. Each reaction contained 100
mg of prepared resin and a total volume of 10 ml with final concentrations of 0.5 mM
Pb2+ or Cd2+, 0.01 M PIPES buffer at pH 6.9, and 0, 0.1, 0.5, 1, 2, and 4 mM of the
monorhamnolipid solutions (pH 6.9). In the absence of monorhamnolipids, 99% of the
metal is bound by the resin. Metal solutions were mixed with ultrapure water 0.5 h before
use. Reactions were shaken horizontally on a gyratory shaker (200 rpm) for 2 h, allowed
to settle vertically for a minimum of 1 h, and then a sample of supernatant was removed
and diluted in trace-metals grade 2% HNO3. Metal concentrations were measured by
inductively coupled plasma-atomic emission spectroscopy. Calibration curves were
prepared using standard solutions in 2% HNO3. A detailed discussion of this method is
located in Appendix A.
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3.4. Results
3.4.1.

Biodegradation Assay
The bio-mRL and the diastereomers were mineralized—transformed into CO2,

H2O, and cell mass—to varying extents ranging from 42 to 92% (Figure 3.2, Table 3.1).
A limited number of biometer flasks allowed only four treatments and a control to be
assayed in each experiment. Therefore two experiments were performed: experiment 1
compared mineralization of the four diastereomers (Figure 3.2A) and experiment 2
compared the bio-mRL, diastereomer R,R, and the diastereomer mixture (Figure 3.2B).
Mineralization was calculated at the estimated transition from exponential phase to
stationary phase (filled symbols in Figure 3.2). It is assumed that CO2 production
measured after this transition point is due to endogenous decay (decay and degradation of
new cells produced), and this CO2 was not included in calculations for estimated
monorhamnolipid biodegradation.
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Figure 3.2 CO2 production due to mineralization of (A) diastereomer R,R; R,S; S,S; and
S,R and (B) diastereomer R,R, diastereomer mixture, and bio-mRL. CmRL represents the
moles of carbon added as monorhamnolipid. Closed symbols indicate the estimated
transition from exponential phase to stationary phase where mineralization was
calculated. Each point represents the mean and standard deviation of 3 replicates.
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Table 3.1 Characteristics of the monorhamnolipid treatments
Minimum
Surface
Monorhamnolipid
a
a
Purity
CMC
Tension
Treatment
(%)
(µM)
(mN m-1)

Areaa
(Å2 molecule-1)

Congener
Mixture

Mineralizationb
(%)

Bio-mRL

201 ± 12

29.0 ± 0.5

85.8 ± 1.9

Yes

92 2

Diastereomer
Mixture

277 ± 21

27.9 ± 0.3

73 ± 2

No

69 2

3

27.4 ± 0.2

82 ± 1

No

59 1

Diastereomer R,Sc

99

Diastereomer R,Rc

87

270 ± 77

28.1 ± 0.2

119 ± 10

No

731, 692

Diastereomer S,Sc

92

201 ± 51

29.5 ± 0.2

94 ± 8

No

53 1

Diastereomer S,Rc

92

180 ± 24

28.5 ± 0.2

105 ± 4

No

42 1

79 ±

a

Measured at pH 8
Mineralization values were determined using two experiments as indicated by the superscript next to each value. 1 =
experiment 1 (Fig. 3.2A), 2 = experiment 2 (Fig. 3.2B). Diastereomer R,R was evaluated in both experiments.
c
CMC, minimum surface tension, and molecular area data from Palos Pacheco et al.186
b
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3.4.2.

Microtox Acute Toxicity Assay
Microtox results revealed EC50 values ranging from 39.1 to 86.5 uM at 5 min and

31.3 to 55.9 uM at 30 min (Table 3.2). Over time, within treatments, the bio-mRL, R,R,
S,S, and S,R, had significantly increased (α=0.05) toxicity between the 5 and 15 min
exposures while there was no increase for R,S and the diastereomer mixture (data not
shown). However, there was no significant change in toxicity between the 15 and 30 min
exposure times for any of the treatments (data not shown).
Table 3.2 Bacterial acute toxicity EC50 values at 5, 15, and 30 minutes for Microtox assay
(µM)
Monorhamnolipid
Treatment

5 minutea
(µM)

15 minutea
(µM)

30 minutea
(µM)

Bio-mRL

79.3 ± 10.1

A

50.5 ±

7.9

AB

45.0 ±

4.8

AB

Diastereomer
Mixture

39.1 ± 10.3

B

31.3 ±

6.9

B

31.3 ±

5.9

B

Diastereomer R,S

86.5 ± 14.4

A

57.7 ± 13.5

A

55.9 ± 15.3

A

Diastereomer R,R

77.7 ±

4.0

A

53.1 ±

3.3

AB

46.7 ±

1.2

AB

Diastereomer S,S

63.5 ±

8.4

AB

42.1 ±

4.4

AB

38.4 ±

3.7

AB

Diastereomer S,R

61.1 ±

4.6

AB

39.1 ±

2.9

AB

36.1 ±

2.9

AB

a

Values reported are the means of triplicate trials ± the standard deviations of the mean.
Significant treatment differences were determined by one-way ANOVA using the Tukey–
Kramer HSD test to compare means (α = 0.05). Each column was tested independently.
Levels not connected by same letter are significantly different.
Among treatments, a comparison of EC50 values at each time point tested shows
that the R,S, R,R, and bio-mRL treatments were generally least toxic and the diastereomer
mix was most toxic (Table 3.2). Statistical analysis of these results shows that the
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diastereomer mixture was significantly (α = 0.05) more toxic than the R,S diastereomer at
all time points and more toxic than the bio-mRL and the R,R, diastereomer at 5 min
(Table 3.2). There was no significant difference between the bio-mRL and individual
diastereomers at any time point.
3.4.3.

Zebrafish Toxicity Assay
Overall, the only developmental endpoint affected of those measured in the

concentration range of 0 to 640 µM monorhamnolipid was mortality. All treatments,
except R,R, showed significant mortality at 640 µM (Figure 3.3) relative to the no
monorhamnolipid treatment. The most toxic diastereomer was R,S, with 100% mortality
(32 out of 32), followed by S,S, with 81% mortality. The diastereomer mixture, S,R, and
the bio-mRL all exhibited similar 120 hpf mortality ranging from 56 to 66%, while the
R,R diastereomer showed no mortality among the 32 replicates. Mortality at 120 hpf was
also significant, although at a lower percent mortality, for S,S at 6.4 µM (19% mortality)
and R,S at 64 (13%) and 0.064 (13%) µM. Developmental endpoint assessment suggests
that mortality occurred at an early stage, before hatching from the chorion (Figure 3.4),
suggesting the toxicity may result from the rapid transport of the monorhamnolipid across
the chorion at very early developmental stages.
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Figure 3.3 Mortality incidences (out of 32) at 120 hpf for monorhamnolipid treatments
from 0 to 640 μM. Stars indicate a significant difference in mortality compared to a
toxicant free control.

Control (0 μM)

Bio-mRL (640 μM)

5 mm

Figure 3.4 Detail of light micrograph showing 120 hpf zebrafish in a 96-well plate. Left
wells: control (no monorhamnolipid added); Right wells: bio-mRL (640 μM).
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3.4.4.

Metal Conditional Stability Constant Assay
The ability of the synthetic and bio-mRL rhamnolipids to bind Pb2+ and Cd2+ was

compared using calculated conditional stability constants (log β). The conditional
stability constants for Pb2+ranged over four orders of magnitude, from 11.29 to 7.33
decreasing in the order: S,S ≈ S,R > diastereomer mix > R,S ≈ bio-mRL > R,R (Table 3.3).
The conditional stability constants for Cd2+ranged over 2.6 orders of magnitude, from
7.49 to 4.85 decreasing in the order: S,R ≈ bio-mRL > R,S > S,S ≈ diastereomer mix >
R,R (Table 3.4). The highest stability constants for both metals were observed with the
S,R diastereomer and lowest was the R,R diastereomer. However, the order of the
remaining monorhamnolipids was metal-dependent.
These experiments also allow calculation of the stoichiometric ratio (χ) of
rhamnolipid ligand to metal (Tables 3.3 and 3.4). This ratio varied from 2.1 to 3.0 for
Pb2+ following the same order as the conditional stability constants. For Cd2+, the ratio
did not vary widely for five of the monorhamnolipids tested (1.9 to 2.1). However the
R,R diastereomer had a lower ligand to metal ratio of 1.2.
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Table 3.3 Conditional stability constants, stoichiometric ratios, and statistical analysis for Pb2+
complexes with monorhamnolipid treatments
95% Conf.
Limits log β
Lower Upper

Coefficient of
Variation (%)
Log β
χ

Monorhamnolipid
Treatment

Log
β

Std.
Error
log β

Bio-mRL

8.95

0.162

8.56

9.38

2.22

1.8

2.3

0.985

Diastereomer R,S

9.00

0.150

8.74

9.32

2.23

1.7

2.2

0.986

Diastereomer R,R

7.33

0.391

6.62

8.00

2.10

5.3

6.1

0.905

Diastereomer S,S

11.29

0.352

10.49

12.10

2.98

3.1

3.9

0.961

Diastereomer S,R

11.15

0.391

10.23

11.81

3.00

3.5

4.3

0.951

Diastereomer
Mixture

9.96

0.344

9.12

10.72

2.63

3.5

4.3

0.950
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χ

R2

Table 3.4 Conditional stability constants, stoichiometric ratios, and statistical analysis for Cd2+
complexes with monorhamnolipid treatments
95% Conf.
Limits log β
Lower Upper

Coefficient of
Variation (%)
Log β
χ

Monorhamnolipid
Treatment

Log β

Std.
Error
log β

Bio-mRL

7.45

0.270

6.87

8.22

2.04

3.6

13.2

0.952

Diastereomer R,S

7.29

0.147

6.95

7.62

2.02

2.0

2.4

0.984

Diastereomer R,R

4.85

0.609

3.42

6.08

1.24

12.5

16.2

0.977

Diastereomer S,S

6.91

0.148

6.53

7.23

1.88

2.1

2.6

0.981

Diastereomer S,R

7.49

0.147

7.13

7.79

2.14

2.0

2.3

0.986

Diastereomer
Mixture

6.81

0.169

6.41

7.15

2.04

2.5

2.7

0.979
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χ

R2

3.5. Discussion
3.5.1.

Biodegradability of Synthetic Monorhamnolipids
The Environmental Protection Agency classifies chemicals using the arbitrary

classification “readily biodegradable” when the chemicals have passed certain specified
screening tests for ultimate biodegradability. Because the screening tests are stringent, the
readily biodegradable classification allows one to assume readily biodegradable
compounds will rapidly and completely biodegrade in aquatic, aerobic environments.183
One way in which readily biodegradable has been quantified is by evaluating
mineralization. In this case in order to be considered readily biodegradable, the measured
CO2 must be >60% of the theoretical CO2 (equal to CmRL) within a 10-day window which
begins when measured CO2 surpasses 10% of theoretical CO2; the 10-day window must
fall within a 28-day study.187
Mineralization of the monorhamnolipids was evident for all treatments tested with
percentages ranging from 42 to 92%. Diastereomer R,R, the mixture, and bio-mRL were
mineralized to a greater extent than the other treatments and meet the standards for
readily biodegradability. Interestingly, bio-mRL had the highest level of mineralization
and diastereomer R,R was next. These two treatments have the same stereo-orientations
which suggests the R,R orientation may be more accessible to degrading microorganisms.
We compared rhamnolipid biodegradability to that of COREXIT. The COREXIT
dispersants (9500 and 9527) applied to the Deepwater Horizon oil spill in the Gulf of
Mexico contained 4 surfactants: anionic bis-(2-ethylhexyl) sulfosuccinate (DOSS), nonionic sorbitan monooleate (Span 80), non-ionic sorbitan monooleate polyethoxylate
(Tween 80), and non-ionic sorbitan trioleate polyethoxylate (Tween 85).188 Reported
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biodegradation values for these compounds, under ideal conditions, by a mixed culture of
estuary isolates were ~25% for Tween 80 (14 d), ~65% for Tween 85 (19 d, single
isolate), and ~10% for Span 80 (17 d) at 15°C where biodegradation was measured by
absorbance shown by surfactant C=C groups or by the absorbance of a colored complex
formed during addition of a heteropolyacid.189 DOSS showed 99% removal (14 d) at
25°C and 98% removal (42 d) at 5°C by a microbial culture collected from the Gulf of
Mexico where biodegradation was determined by measuring DOSS concentrations using
liquid chromatography mass spectroscopy.190 These data suggest that the biologically
produced and synthetic monorhamnolipids studied here are generally as or more
biodegradable than the non-ionic surfactants components of COREXIT and comparably
degradable to the anionic DOSS component.
The inherent biodegradability of the monorhamnolipids tested is promising, but
further testing under less ideal conditions is required to fully understand the fate of
surfactants released to the environmental. For example, though DOSS was found to be
biodegradable in laboratory settings,190 samples from the Gulf of Mexico found DOSS in
deep-sea sediment and coral communities 6 months after the spill and on Gulf of Mexico
beaches nearly 4 years after.191
3.5.2.

Toxicity of Synthetic Monorhamnolipids
To determine the risk associated with environmental amendments, a suite of tests

are used to develop an ecological effect characterization that describes a substance’s
toxicity. Characterization tests study substances in the short-term (acute) and long-term
(chronic) using a variety of species and measures, e.g., mortality, growth effects,
behavioral effects, effect duration, recovery potential, bioaccumulation, etc.192 In this
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study, we use two aquatic toxicity assays to examine monorhamnolipid toxicity:
Microtox and Zebrafish.
3.5.2.1.

Microtox
The Microtox assay measures the acute toxicity of toxicants to aquatic

prokaryotes using the model bacterium Vibrio fischeri by determining the EC50 values
where the bacterium’s bioluminescence is reduced by half. EC50 values can then be used
to categorize materials into one of five EPA ecotoxicity categories for aquatic organism
acute exposure concentrations: very highly toxic (<0.1 mg l-1), highly toxic (0.1-1 mg l-1),
moderately toxic (>1-10 mg l-1), slightly toxic (>10-100 mg l-1), and practically nontoxic
(>100 mg l-1).192 All of the monorhamnolipid treatments fall into the slightly toxic
category (Table 3.5). Table 3.2 shows there were a few statistical differences between the
monorhamnolipid treatments, but the classification of all the treatments into the same
EPA ecotoxicity category shows there is no practical difference among them.
In comparison to monorhamnolipids, COREXIT 9500 has a Microtox EC50 of 170
mg l-1 (15 min),193 and Tween 80, 7000 mg l-1.194 Thus, monorhamnolipids are more toxic
than COREXIT 9500 as a whole and the constituent surfactant Tween 80. No data for
DOSS toxicity using Microtox could be found, but when monorhamnolipids are
compared to other synthetic anionic surfactants, monorhamnolipid EC50 values are less
toxic; sodium dodecyl sulfate (SDS) has a 15 min EC50 of 0.72-1.05 mg l-1,195, 196 and
linear alkylbenzene sulfates (LAS) have a 30 min EC50 of 5.2-5.5 mg l-1.197 All of the
monorhamnolipids tested herein could be considered less toxic alternatives for SDS and
LAS applications, e.g., as soil washing agents or detergents,160 respectively.
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Table 3.5 Bacterial acute toxicity EC50 values at 5, 15, and 30 minutes for Microtox
assay (mg l-1)
Monorhamnolipid
Treatment

5 minutea

15 minutea

30 minutea

(mg l-1)

(mg l-1)

(mg l-1)

Bio-mRL

40.0 ±

5.1

A

25.5 ± 4.0 AB

22.7 ±

2.4

AB

Diastereomer
Mixture

19.7 ±

5.2

B

15.8 ± 3.5

B

15.8 ±

3.0

B

Diastereomer R,S

43.6 ±

7.2

A

29.1 ± 6.8

A

28.2 ±

7.7

A

Diastereomer R,R

39.2 ±

2.0

A

26.8 ± 1.6 AB

23.5 ±

0.6

AB

Diastereomer S,S

32.0 ±

4.2

AB

21.2 ± 2.2 AB

19.3 ±

1.9

AB

Diastereomer S,R

30.8 ±

2.3

AB

19.7 ± 1.5 AB

18.2 ±

1.5

AB

a

Values reported are the means of triplicate trials ± the standard deviations of the mean.
Significant treatment differences were determined by one-way ANOVA using the Tukey–
Kramer HSD test to compare means (α = 0.05). Each column was tested independently.
Levels not connected by same letter are significantly different.
In a review of anionic and nonionic surfactant toxicity, Lechuga et al.198 found
chain length of the hydrophobic moiety controls the relative toxicity of surfactants. For
example, Microtox data for the alkyl sulfonates C8, C10, C12, and C14 molecules show 30
min EC50 values of 265, 33, 19, and 66 mg l-1, respectively. Data for the analogous alkyl
sulfates were 35.1, 7.0, 0.98, and 34.8 mg l-1, respectively.197 From these series, chain
length is clearly a large contributor to aquatic toxicity with maximum toxicities in the
C10-12 range. This suggests that it may be possible to moderate the acute toxicity of the
Rha-C10-C10 by shortening the fatty acid moiety to C8 or lengthening it to a C14 when
selecting a β-hydroxy fatty acid’s length during rhamnolipid synthesis.
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3.5.2.2.

Zebrafish
The zebrafish (Danio rerio) is a well-accepted animal model for the in vivo

testing of chemical ecotoxicity. The assay screens for 22 developmental and
neurotoxicity effects of chemicals during embryogenesis. This test was selected because
zebrafish have a short generation time, rapid development, and short life cycle during
which toxicological effects can be observed.185 The EPA ecotoxicity categories defined in
the previous section are also used to describe zebrafish assay toxicities. All of the
treatments, except for diastereomer R,R, showed toxic effects resulting in early mortality
of Zebrafish embryos at the 640 μM (323 mg l-1) concentration; bio-mRL had the lowest
mortality rate of 56%. By the EPA aquatic ecotoxicity measures, R,R is practically nontoxic and the bio-mRL, mixture, and S,R¸ classify as slightly toxic. R,S and S,S cannot be
classified since these treatments were found to have significant mortalities at multiple,
non-sequential concentrations (Figure 3.3). These results contrast with the results of
Johann et al.199 who report toxicity of 100% mortality at a concentration of 100 mg l-1
monorhamnolipids from a recombinant strain of Pseudomonas putida. However, both
studies agree that monorhamnolipids have low embryotoxic potential overall, and the
toxicity appears to manifest as early damage to the embryo. The lack of positive results
for measures other than mortality suggests monorhamnolipids have a low ecotoxicity
risk, except for very early, vulnerable embryonic stages of growth which are generally
more sensitive to chemicals.200
The toxicity of COREXIT 9500 and 9527 have been examined for a variety of
early life stages of fish, crustaceans, and mollusks with lethal concentration 50 (LC50)
values ranging from 1.6 to > 100 mg l-1 at 48-96 h—lethal concentration 50 is the
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concentration at which a toxicant is lethal for 50% of the organisms in an assay.
Zebrafish were found to have an LC50 of 60 mg l-1 (slightly toxic) for monorhamnolipids
after 48 h199 and 4.7 mg l-1 (moderately toxic) for SDS after 48 h.201 Monorhamnolipids
are comparably toxic to the COREXIT mixture of surfactants, but less toxic than the
anionic surfactant SDS. A direct comparison between monorhamnolipid and DOSS, the
only anionic surfactant in COREXIT 9500 and 9527, would be a better comparison than
between monorhamnolipids and COREXIT as a whole, but no data for DOSS could be
found.
3.5.3.

Synthetic Monorhamnolipid and Metal Complexation
Monorhamnolipids were first reported to complex metals in 1994.19 Subsequent

studies have shown that bio-mRLs bind metals of environmental concern (Pb, Zn, Cd)21
and rare earth elements202 more strongly than common soil and water cations (Ca, Mg,
K). The selectivity of monorhamnolipids for rare earth and toxic elements has
engendered interest in these molecules for metal recovery applications,203 suggesting that
we examine the ability of the monorhamnolipid diastereomers to complex metals. The
conditional stability constants for the diastereomers with Pb2+ and Cd2+ differed from biomRL with no discernable pattern: some stability constants were larger, some smaller, and
some nearly the same with differences changing by up to two orders of magnitude. These
differences demonstrate the importance of the hydrophobic moiety during metal
complexation by monorhamnolipids. Though the hydrophobic moiety likely takes no
active role in the complexation process, the stereo-orientation of the tails would be
expected to have a strong effect on the complexation strength. Thus, we hypothesize that
the differences in complexation strength are due to interactions among ligands during
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multi-ligand complexation of the metal. Namely, reductions in intermolecular steric
interference should lead to stronger complexation while increasing steric interference
would decrease the complexation strength. Steric hindrance is likely not the only factor,
however, because the treatments do not consistently increase or decrease for both metals:
diastereomer S,S increases for Pb2+ but decreases for Cd2+. Another factor like the ion
size or molecular conformation, e.g., binding pocket shape of the ligand, must also play a
role. The differential changes in metal complexation strength may reveal an opportunity
to manipulate the monorhamnolipid structure to create ligands specific for select metals.
3.6. Conclusion
It is important to understand the environmental compatibility of surfactant
amendments used in environmental remediation. This study shows that the presence of
multiple congeners as well as differences in the stereochemistry of the monorhamnolipid
molecule can result in measureable changes in biodegradation, zebrafish toxicity, and
metal complexation; no difference was detected for acute aquatic prokaryotic toxicity
using the Microtox assay. Because of its recent widespread use and attention, the
dispersant COREXIT was compared to monorhamnolipids throughout this paper to
demonstrate the importance of evaluating multiple environmental parameters when
considering a material as an environmental amendment. It cannot be argued that
monorhamnolipids are an environmentally superior material to COREXIT, but by some
parameters monorhamnolipids are more environmentally compatible. This work lays a
foundation for understanding the environmental compatibility of novel monorhamnolipid
diastereomers and provides information regarding their potential as environmental
amendments.
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4. CHAPTER 4

REMEDIATING METAL CONTAMINATED WASTEWATERS USING ION
FLOTATION WITH MONORHAMNOLIPID COLLECTOR
4.1. Abstract
Water scarcity is a globally recognized issue that is expected to worsen due to
global warming and population expansion. To meet future water needs, reclaimed water
use will increase to help satiate demand. To prevent risks to human and environmental
health, reclaimed water must be free of organic and metal contaminates. Ion flotation
using the biosurfactant rhamnolipid, which exhibits metal selectivity for rare earth
elements and elements of environmental concern, as a metal collector may offer an
environmentally friendly way to remove metal contaminants from water. Thus,
monorhamnolipids were examined for their utility as ion flotation collectors for Cs+,
Cd2+, and La3+. An ion flotation apparatus was designed to test the flotation efficacy of
monorhamnolipid at collector to colligend ratios of 2, 5, and 10. Results show that
monorhamnolipid forms stable foams and rapidly removes metals from aqueous solution.
The collector to colligend ratio and valency of the metal play a large role in determining
flotation success. The removal efficiency for the metals when floated individually and at
equimolar concentrations was in the order Cd2+> La3+ >> Cs+. The order was Cd2+>> Cs+
>> La3+ when the metals were at a ratios of 10:100:1, respectively. Future research should
examine parameters including pH and ionic strength that may affect the flotation process
as well as actual metal-contaminated waste streams to evaluate the usefulness of this
technology.
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4.2. Introduction
In light of global climate change and population expansion, water scarcity is a
growing problem. The United Nations defines water scarcity as
“the point at which the aggregate impact of all users impinges on the supply or
quality of water under prevailing institutional arrangements to the extent that the
demand by all sectors, including the environment, cannot be satisfied fully.”204
Water scarcity issues are widely recognized and described in the literature. 204-208 By
2030, demand for water is expected to reach 6,900 billion m3 (40% above current
accessible reliable supplies), and a third of the world population is projected to live in
basins where the water deficit is greater than 50%. Water use in 2030 is projected to be
65% agricultural, 22% industrial, 12% domestic.209 In order to close the 40% gap
between available and projected water supplies, global scale efforts must be made to
reduce water use, improve the efficiency of water use, and reclaim water for re-use.
Wastewater reclamation and re-use from industrial and residential sectors is becoming
increasingly common. In the arid desert southwest of the United States, reclaimed water
is being utilized for industrial processes, groundwater recharge, surface water supply, and
recreational and agricultural irrigation.210
Before reclaimed water can be used, however, the quality of water must be
examined to ensure organic and metal contaminants are sufficiently removed during
treatment processes. Metals, in particular, may pose a serious risk to environmental and
human health; unlike organic compounds, metals are not biodegraded and are subject to
accumulation depending on environmental chemistry and redox reactions which dictate
their ultimate fate when released into the environment. Metal contamination has been
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found in effluents from mining operations,124, 130 industrial processes,133 landfills,136 and
wastewater treatment facilities.135 Risks associated with metal release and accumulation
are widely recognized, and many states have implemented regulations regarding
acceptable contaminant levels in reclaimed waters.210 It is important to identify and treat
these effluents to reduce risks associated with reuse and/or environmental release of
reclaimed water.
Metalliferous water treatment requires metal capturing compounds selective for
metals which pose risks to environmental or human health. The biosurfactant rhamnolipid
has shown potential for this purpose.19, 21, 74, 202 Biosurfactants are compounds which
exhibit surface activity (e.g., reduce surface and interfacial tensions) and are derived from
biological sources. They are considered green substances due to their natural derivation,
biodegradability, and generally accepted lack of toxicity.20 Monorhamnolipids of
Pseudomonas aeruginosa (Figure 4.1) are a class of biosurfactant proven to complex
metals with a preference for valuable metals (e.g., rare earth elements) and metals of
environmental concern (e.g., Cd, Pd, Hg) over common soil and water cations.202
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Figure 4.1 Structure of monorhamnolipids utilized in this study. The varying chain
lengths of the monorhamnolipid congeners are represented by ‘m’ and ‘n’ which vary
from 4 to 12.

Ion flotation is one potential application that can utilize monorhamnolipid-metal
binding properties for the removal and recovery of metals from aqueous solutions. Ion
flotation was first described by Sebba211 in 1959. In this process, a dissolved, surfaceinactive ion (colligend) is concentrated through complexation with surfactant (collector)
and subsequent introduction of air bubbles. The ion-surfactant complexes (sublate) attach
to the bubble air/water interfaces and accumulate at the solution surface in collectable
foam (foamate).212 The remaining solution (raffinate) metal concentration is then reduced
and ready for additional treatment or release. Numerous reviews have been published
demonstrating the efficacy and optimal operating conditions of ion flotation using a wide
variety of collector and colligend pairs.212-214 When developing a flotation process, the
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collector characteristics of collector-colligend selectivity, critical micelle concentration,
solubility, toxicity, and biodegradability should be considered. The latter two points are
particularly important because some of the collector will be lost in the raffinate, and
secondary contamination by a toxic or recalcitrant collector is undesirable.
Despite green characteristics and the ability to preferentially bind valuable and
hazardous metals, the use of rhamnolipids in aqueous metal removal technologies has
received little attention. Only two studies describing rhamnolipids’ utility in aqueous
metal remediation applications could be found; the first focused on rhamnolipid use in
micellar-enhanced ultrafiltration102 and the second in ion flotation.114 The latter study
showed rhamnolipids could remove Cu, Zn, and Cd from solution, but the description
lacked clarity regarding relevant parameters of the experiments such as whether the
rhamnolipid used was a mono- or dirhamnolipid or a mixture, and flotation conditions
between experiments. Based on their findings and previous metal complexation studies,
we sought to further elucidate the operational limits of ion flotation using
monorhamnolipid collector. Thus, the objectives of this study were to: 1) design a benchscale flotation column suitable for use with monorhamnolipid collector, 2) examine
collector to colligend ratio effects on metal recovery efficiency, and 3) determine ion
flotation efficiencies in mixed metal systems.
4.3. Materials and Methods
4.3.1.

Monorhamnolipid Production and Purification
Pseudomonas aeruginosa ATCC 9027 was obtained from the American Type

Culture Collection and kept as a glycerol freezer stock at -80o C. This strain is a natural
mutant that has been previously shown to exclusively produce monorhamnolipid
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congeners 138, 139. P. aeruginosa was cultured for 24 h at 37o C on a PTYG agar (0.5%
protease peptone, 0.5% tryptone, 1% yeast extract, 0.06% MgSO4•7H2O, 7x10-4%
CaCl2•2H2O, and 1% glucose). The agar culture was transferred to Kay’s mineral
medium for 24 h growth at 37o C and 200 rpm. Kay’s mineral medium contains 100 ml of
solution A (0.3% NH4H2PO4, 0.2% K2HPO4, and 0.2% glucose), 1 ml solution B
(0.025% FeSO4•7H2O) and 1 ml solution C (10% MgSO4•7H2O). The pre-culture was
transferred to a pH 7 minimal salts medium (MSM) with 2% glucose at a ratio of 1 ml
pre-culture per 100 ml MSM. MSM is composed of 1 l of solution A (0.25% NaNO3,
0.04% MgSO4•7H2O, 0.1% KCl, 0.1% NaCl, 0.005% CaCl2•2H2O, and 0.4% H3PO4)
mixed with 1 ml of solution B (0.05% FeSO4•7H2O, 0.15% ZnSO4•7H2O, 0.15%
MnSO4•H2O, 0.03% H3BO3, 0.015% CoCl2•6H2O, 0.015% CuSO4•5H2O, and 0.01%
Na2MoO4•2H2O). The MSM culture is placed in a 37o C gyratory shaker and shaken for
72 h at 200 rpm.
4.3.2.

Monorhamnolipid Purification
Monorhamnolipids produced by Pseudomonas aeruginosa ATCC 9027 are a

congener mixture of up to 30 molecules in which the rhamnose headgroup is preserved
but the alkyl chains can vary in chain length and, to a lesser extent, saturation.140 The
protocol used for this work generates a pure native mixture in which the major congener,
rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-C10-C10), typically dominates
at 75-85 wt% of the mixture. 140, 141 This complex assembly of congeners is referred to
herein as simply monorhamnolipids.
The monorhamnolipids were concentrated by centrifugation (10,000 rpm for 10
min) to remove cells and cellular debris, followed by removal and acidification of the
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supernatant to pH 2 using HCl. Monorhamnolipids have pKa values of ~5.5, below which
they become poorly soluble138 and can be collected by centrifugation. Pelleted
monorhamnolipids were dissolved in a 9:1 chloroform:methanol mixture and separated
from remnant water using a separatory funnel. The solvent was removed by
rotoevaporation. The concentrated monorhamnolipids were purified using a solvent
mixture of 6:6:6:1:1 (v/v) of hexane:dichloromethane:ethyl acetate:chloroform:methanol
(containing 0.1% acetic acid) by elution through a 22 x 300 mm gravity-based, glass
chromatography column packed with 45 g of 60-Å-pore silica gel. Monorhamnolipids
were collected when column eluent tested positive for rhamnose with anthrone reagent
dissolved in H2SO4. The solvent mixture was removed from the monorhamnolipids by
rotoevaporation, and purity was determined by reverse phase high performance liquid
chromatography on a C18 column.138
4.3.3.

Metals
Cs(NO3), Cd(NO3)2•4H2O, and La(NO3)3•6H2O were purchased from Sigma-

Aldrich with a purity of ≥99% and were used as received. 100% molecular-grade ethanol
was purchased form Fisher Scientific and used as received.
4.3.4.

Flotation Column Design
A literature review of ion flotation was conducted, and the methodology sections

examined for descriptions of flotation column design. Designs were qualitatively
compared to determine a design which would be suitable for monorhamnolipid collectors.
The design of Thalody and Warr215 was selected as the basis for the column design
depicted in Figure 4.2. The initial column was made using a glass tube (50 cm tall with a
diameter of 5.5 cm) fused to a medium glass frit (Chemglass, 10-15 µm pore size) at the
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bottom. The column was equipped with a bulk solution sampling port 5 cm above the frit,
and a spout at the top to direct overflow into the foamate collection reservoir.

Figure 4.2 Schematic of the initial flotation column design, including the air pump, flow
meter, air sparger, sampling port, and foam collection vessel.

Subsequent design improvements led to the lowering of the sampling port to 2 cm
above the fritted glass sparger and the incorporation of a removable foam funnel for
directing foam to the foamate reservoir. The final column apparatus is shown in Figure
4.3. All glass blowing services were provided by the Department of Chemistry and
Biochemistry Glass Shop.
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Figure 4.3 Final column apparatus used for flotation experiments in this study.

4.3.5.

Ion Flotation Experiments
One previous study114 has examined ion flotation parameters using rhamnolipids

as the collector. This study attempted to determine optimal operating parameters for the
removal of cadmium from solution including the effects of cadmium concentration,
rhamnolipid concentration, pH, frother addition, and type of rhamnolipid (i.e. mono- or
dirhamnolipid or a mixture). This study laid the initial foundations for ion flotation using
rhamnolipids, but failed to adequately explain the operation parameters or what
rhamnolipids were used across experiments, so optimal operating conditions were not
established. Their results were used in this study to guide the establishment of initial
operating conditions.
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All experiments in this study were conducted using a pH of 7, an air flow rate of
50 ml min-1, and an ethanol frother concentration of 0.5 or 0.8% (v/v) based on
preliminary experiments (data not shown). pH 7 ensures all of the monorhamnolipids
(pKa ≈ 5.5140) are in their anionic form. The air flow rate was determined to be optimal at
50 ml min-1; faster flow rates caused excessive entrainment of water in the foam,
lowering the efficiency of flotation. Frothers are amphiphiles added to flotation processes
to improve conditions for bubble and froth formation. As mentioned below, bubble size
plays a major role in flotation efficiency. Frothers improve flotation efficiency by
facilitating the formation of smaller bubble sizes, preventing coalescence of bubbles,
decreasing bubble rise rate thereby increasing the time for sublate attachment to the
bubble interface, and increasing the strength of bubbles and stability of foams.216 Linear
alcohol frothers like ethanol improve foam formation by lowering the air/water interfacial
tension enabling smaller bubbles to form and increasing surface area for sublate
attachment.212, 217 They reduce coalescence and stabilize foams by stabilizing the
hydrated layer around the bubble through interactions of their hydrophilic moieties with
the aqueous phase. By stabilizing the hydrated layer, it is more difficult to displace the
water film surrounding the bubble when bubbles collide, and coalescence is reduced.216
Ion flotation is thought to be most efficient at or below the collector’s critical
micelle concentration (CMC)211, 212, 218 because aggregated surfactants compete with
interface-attached surfactants for colligend, hindering flotation. Monorhamnolipids have
a CMC from ~10 to 120 µM depending on solution conditions;140 researchers report
CMC values of 50 µM at pH 4.0 and 5.0, 150 µM at pH 6.5, 100 µM at pH 6.8, 180 µM
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at pH 7.0, and 70 µM at pH 7.219 All experiments in this study use a monorhamnolipid
concentration of 100 µM which lies within the reported CMC values near pH 7.0.
All experiments used 250 ml of solution in the column. Solutions were made
using ultrapure water (≥18 MΩ-cm) and mixed in acid-washed polypropylene volumetric
flasks with magnetic stirring. The pH was adjusted to 7.0 ± 0.1 using 1.0 M NaOH or
HCl. Before each experiment, columns were prepared by rinsing with 9:1
chloroform:methanol to ensure that adsorbed rhamnolipid from previous experiments was
removed, rinsing 5 times with ultrapure water, and drying by running air through the
fritted glass. Columns were not acid-washed between experiments except where noted
below. Foamate was collected in acid-washed 250 ml polypropylene graduated cylinders.
Foam was broken in the cylinders by an initial addition of 20 ml of 2% nitric acid.
Transfer of water from the column to the foamate reservoirs was measured
gravimetrically. A compressed air tank (breathing quality UN 1002) was used as the
column air supply. Air was supplied at 20 psi via a regulator to a gas manifold with three
outlets. Air was supplied to three columns simultaneously immediately after the addition
of column solution; air flows were controlled by separate flow meters. Samples were
collected via a syringe from the rubber septum sealed sampling port. All samples were
collected in metal-free 15 ml centrifuge tubes, diluted in 2% trace metals grade nitric acid
(Fisher Scientific), and analyzed by inductively coupled plasma mass spectrometry in the
Arizona Laboratory for Emerging Contaminants at the University of Arizona. The
operational parameters of all experiments performed are summarized in Table 4.1.
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4.3.5.1.

Effect of Collector to Colligend Ratio

The collector to colligend ratio (ϕ) was varied to determine the operational
limitations of monorhamnolipid collector with a monovalent cation Cs+, divalent cation
Cd2+, and trivalent cation La3+. Each metal was tested independently at ϕ values of 2, 5,
and 10 with an ethanol concentration of 0.8%. Samples from the column were taken at 0,
5, 10, 15, 25, 40, and 60 min. Airflow was stopped at 40 min and the column foam
allowed to collapse before sampling the concentration of residual metals in the raffinate
at 60 min. The foamate reservoirs were sampled at the end of the experiment to determine
metal recovery.
4.3.5.2.

Metal Mass Balance
After conducting the collector to colligend ratio experiments, it was determined

that insufficient data was available for accurate metal mass tracking. Therefore, the ϕ =
10 experiments for Cs+, Cd2+, and La3+ were repeated with additional measurements. The
columns were acid washed both before and after the experiment by shaking
approximately 100 ml of 10% trace metals grade nitric acid in the column for 2 min
followed by a 2 min distilled water rinse. Column samples were collected at 0, 5, 10, 15,
25, 40, and 50 min. Airflow was stopped at 40 min, and the raffinate sampled at 50 min,
after foam collapse. The foamate reservoir was sampled for metal recovery. The postexperiment acid rinse was sampled to determine to what degree metals were adsorbing to
the glass or complexed to adsorbed rhamnolipids. Sample volumes and dilutions were
determined volumetrically to improve accuracy for the metal and water mass balances.
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4.3.5.3.

La3+ Flotation by Foam Fraction
The removal rate for La3+ was determined by measuring collected foam fractions

for as a function of time. Three columns were run with a ϕ value of 10 and ethanol
concertation of 0.5%. Samples were collected from 0-2, 2-4, 4-6, 6-10, 10-15, and 15-20
min where time 0 is the point of first foam collection from the collection funnel. Samples
were collected in 50 ml metal-free centrifuge tubes with 4 ml of 2% trace metals grade
nitric acid to break the foam. The volume of solution transferred was determined
gravimetrically. Sparging was ceased after 20 min of foam production and the foam
allowed to collapse before a sample of raffinate was taken for mass balance.
4.3.5.4.

Metal Competition
The floatability of a mixed Cs+, Cd2+, and La3+ solution was tested with the metals

at equimolar and order of magnitude different concentrations. In both experiments, the
total metal ϕ value was 10. In the former, each metal was at a concentration of 3.3 µM. In
the latter experiment, the metals were present at 9, 0.9, and 0.09 µM for Cs+, Cd2+, and
La3+, respectively. In both experiments, the ethanol concentration was 0.5% and samples
were collected at 0, 2.5, 5, 10, 15, 25, and 40 min. Airflow was stopped at 25 min, and
raffinate was collected at 40 min. The foamate reservoirs were sampled to determine
metal recovery.
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Table 4.1 Ion flotation parameters for all experiments in this study
фa

Metal

2
5
10
2
5
10
2
5
10
10

μM
50.0
20.0
10.0
50.0
20.0
10.0
50.0
20.0
10.0
10.0

Cd2+ 10

Experiment Metal

Equimolar
Mixed
Metal

Number
of
replicates

7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
7.0 ± 0.1

% (v/v)
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.5

1
1
1
1
1
1
1
1
1
1

10.0

7.0 ± 0.1

50.0

100.0

0.5

1

La3+ 10

10.0

7.0 ± 0.1

50.0

100.0

0.5

1

La3+ 10

10.0

7.0 ± 0.1

50.0

100.0

0.5

3

7.0 ± 0.1

50.0

100.0

0.5

3

Cd2+

Cs+

Recovery
of La3+ by
Foam
Fraction

Rhamnolipid Ethanol
μM
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

+

La3+

Mass
Balance

Airflow
Rate
ml min-1
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0

Cs

Collector to
Colligend
Ratio

pH

Cs+
Cd

2+

La3+

3.3
10

3.3
3.3
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Table 4.1 Ion flotation parameters for all experiments in this study
Experiment Metal

фa

Metal

pH

μM
Order of
Magnitude
Mixed
Metal
a

Cs
Cd

+

2+

Airflow
Rate

Rhamnolipid Ethanol

ml min-1

μM

% (v/v)

50.0

100.0

0.5

Number
of
replicates

9
10

0.9

7.0 ± 0.1

La3+

0.09
ф is the collector to colligend ratio.
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4.3.6.

Calculations
Multiple measures were used to describe the efficacy of the flotation process. The

first is metal removal efficiency (R) which is calculated using Equation 4.1:
𝐶

𝑅 = (1 − 𝐶 ) × 100
𝑜

[4.1]

where C is the column solution concentration at time t and Co is the column solution
concentration at time t=0.114, 213, 220 This measure is a traditional method of reporting
metal recovery during ion flotation, but it does not take into account the transfer of water
from the column to the foamate reservoir. Water removal from the column impacts the
efficiency of the flotation processes because it reduces the mass of treated solution, and
dilutes the foamate concentrate. To take into account water transfer, an enrichment factor
is also reported. The enrichment factor (E) is calculated using Equation 4.2:
𝐶𝑓

𝐸 = (𝐶 )
𝑜

[4.2]

where Cf represents the metal concentration in the foamate.218 If E < 1 the colligend is
concentrating in the column as bulk water is removed in the foam. If E = 1, there is no
retarding or concentrating effect occurring during flotation. If E > 1, the colligend is
being concentrated in the foamate. The greater E value, the more concentrated the
colligend is and the more efficient the flotation process.
An estimate of the removal kinetics is also reported for each experiment. The
kinetics of flotation can be described using the first-order kinetic Equation 4.3:213, 221, 222
𝑑𝐶

− 𝑑𝑡 = 𝑘𝐶

[4.3]

where k is the flotation rate constant. The rate constant k represents a complex function
involving many of the flotation variables (air concentration, reagents concentrations,
particle and bubble sizes, induction times, flotation cell design, froth removal rate, etc.),
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𝑑𝐶

and ( 𝑑𝑡 ) is assumed to remain constant. Integration of Equation 4.3 from Co to C yields
Equation 4.4:215
𝐶

ln (𝐶 ) = 𝑘𝑡
𝑜

[4.4]

Since the values of C and Co are experimentally determined at a variety of time points,
one can plot this equation and determine k from the slope of a linear regression.
4.4. Results and Discussion
4.4.1.

Column Design
The initial construction of the flotation columns followed the design shown in

Figure 4.2. This design was flawed in a variety of ways. First, the spout at the top of the
column was successful in directing the foam during low flow rates, but faster flow rates
caused the foam to overflow the sides of the column. Even at slow air flow rates, the
directed foam was difficult to collect without loss of material or potential contamination.
As a result, the columns were modified to include a narrowing top leading to a glass
funnel capable of delivering foam directly into a collection reservoir. The funnel attaches
to the column with a ground-glass connection and is removable for column filling and
cleaning.
The second design flaw was discovered during preliminary tests of frother
addition to the bulk solution. When frother is added, bubble formation increases, and the
foam becomes wetter and more voluminous. This resulted in the bulk solution level
dropping below the sampling port located 5 cm above the fritted glass. This was
corrected by relocating the sampling port to 2 cm above the fritted glass sparging surface.
Ideally this port should be located just above the fritted glass, but the port could not be
located closer without risking damage to the frit.
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Preliminary frothability tests of rhamnolipid showed that rhamnolipid was able to
support large heads of foam which filled the columns, especially when column solution
included ethanol frother. Upon the addition of metals to the flotation solution, however,
foam columns were unable to fill the entire column headspace before collapsing. Initial
experiments were conducted with a column solution of 250 ml. Doubling the column
solution to 500 ml enabled proper column function and foam collection, but there was
insufficient rhamnolipid to support the number of experiments planned for this study. As
a result, the column height was reduced to 25 cm, and the column solution was reduced to
250 ml for all experiments. The final column design used for the experiments in this
study is shown in Figure 4.3.
During the column and operational modifications described in this chapter, it
became clear that finding the optimal combination of operational parameters is a difficult
process necessary for each flotation apparatus and solution system. This is because the
flotation efficiency and underlying reaction kinetics of ion flotation are reliant on dozens
of variables.223Among these variables, the bubble size and initial kinetics should be
investigated to improve the ion flotation process with monorhamnolipid collector.
When designing flotation columns, it is important to consider bubble size relative
to the sublate size being floated. Aeration of the column solution influences the flotability
of different size fractions, with flotation being optimal for small particles with small
bubbles and large particles with large bubbles.224 Ion flotation is thought to occur through
two possible processes: 1) the sublate forms in the bulk solution and subsequently
attaches to the bubble interface or 2) collector adsorbed to the bubble surface associates
with ions but the solid sublate does not form until leaving the solution and becoming
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entrained in the foam.212 If the former is applicable, flotation efficiency would be
increased by minimization of bubble size since monorhamnolipid-metal sublates will be
ultrafine particles. If the latter case applies, then it is desirable to have maximal surface
area for collector and metal adsorption so bubble size should be minimized. Thus,
regardless of the ion flotation process, it is desirable to generate the smallest bubble size
possible to improve flotation efficiency.
Bubble size can be controlled by the bubble generation method and chemical
amendments such as frothers (discussed above). Bubbles can be created through one of
three means: mechanical, pneumatic, and precipitory.225 Mechanical bubble generation
uses impellers to form bubbles by shearing apart a stream of gas or by causing changes in
solution pressures, e.g., precipitation of air bubbles in low pressure cavities resulting
from the impellers disturbing the solution. Pneumatic bubble generation can be
accomplished by forcing air through porous media such as cloth, glass, or resin.
Precipitory bubble generation uses pressure or vacuum vessels to place a solution under
either pressure or vacuum so that when the pressure is reduced, the solution becomes
saturated in dissolved gasses which then precipitate out as bubbles.213, 225
The medium frit sparger (pore size of 10-15 µm) used for this experiment is a
pneumatic bubble generator. This generator was selected due to the availability of
equipment and associated resources. Ethanol was used as a frother to reduce bubble size
and prevent coalescence.The flotation efficiency of the experiments discussed below
would likely be improved by generating a smaller bubble size using a different generation
method. A fine frit sparger, for example, would have a smaller pore size and be able to
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generate an overall smaller bubble size. The method of bubble generation should be
considered for future column design modifications to improve process efficiency.
Along a similar vein, the initial kinetics of sublate and collector attachment to
bubble interfaces should be given more consideration in future column designs. The rate
at which bubbles rise through water is a function of bubble size with smaller bubbles
rising slower than larger bubbles. In an example provided by Klassen,216 a 0.96 mm
bubble (radius or diameter was not specified) had a velocity of 19.8 cm s-1 while a 1.54
mm bubble’s velocity was 30.2 cm s-1. In a well-mixed system, Morgan et al.226 estimate
it takes 0.1 s for a bubble and collector to reach equilibrium adsorption densities on the
bubble interface, but Liu and Doyle227 show that the time is system specific, reporting
times of 0.2, 2, and 8 s for copper flotation with different collectors. To improve the
initial flotation kinetics, it is desirable to allow the bubble and reactants to reach
adsorption equilibrium densities before entering the foam. To ensure equilibrium is
reached, the solution depth of the column should be large enough to allow adsorption
equilibrium densities to be attained. To prevent column heights from becoming too large,
collectors and frothers can be added to the system to reduce the rise velocity of bubbles
and reduce the depth required to reach adsorption equilibrium densities.216 For Klassen’s
bubble size example above, the addition of collectors retarded the rise velocity by 1.7-2.1
times.216 Initial kinetics can also be increased by increasing the total bubble surface area
(smaller bubbles) as described above, or increasing the flow rate. The latter option
increases solution retention in the foam which is undesirable, but this can be compensated
for by increasing the time available for foam drainage.228 Optimizing these initial kinetic
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factors is an important step in increasing the overall reaction kinetics of the ion flotation
process.
4.4.2.

Effect Collector to Colligend Ratio
The effect of collector to colligend ratio (ϕ) on ion flotation was examined for

Cs+, Cd2+, and La3+ individually at ϕ ratios of 2, 5, and 10, and the results are shown in
Table 4.2 and Figure 4.4. All three metals were successfully floated and concentrated at ϕ
ratios 5 and 10, but only Cs+ and Cd2+ were collected at ϕ = 2 . The efficacy of flotation
was assessed using multiple parameters as shown in Table 4.2. Analysis of metal
recovery efficiency showed Cd2+ was the best floated ion with removal efficiencies from
90.1 to 99.8% and Cs+ was the least successfully floated with removal efficiencies of
37.1 to 46.2%. Recovery efficiencies appear to increase as the value of ϕ increases. The
recovery efficiency calculation is based on column solution concentration without regard
to water transferred into the foamate. To account for transfer of water, an enrichment
factor—the ratio of foamate concentration to initial solution concentration—is also
reported.
All of the treatments showed enrichment of the metals in the foamate, indicating
successful flotation, but the degree of enrichment varied greatly. Cd2+ had an enrichment
factors of 27.2 and 15.4 at ϕ = 2 and 5, respectively. La3+ and Cd2+ had lesser enrichment
factors with maximums of 6 at ϕ = 5 and 1.9 at ϕ = 2, respectively. All of the treatments
exhibited decreasing enrichment factors with increasing ϕ. The decrease in enrichment is
not surprising because as ϕ increased, so did the entrainment and transfer of water with
water transfer of 42, 42, and 30% for Cs+, Cd2+, and La3+, respectively, at ϕ = 10. Metals
are sometimes used for foam inhibition because they counteract effects of electrostatic
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stabilization and reduce the solubility of ionic surfactants.217 Thus, at higher ϕ, there are
fewer metals and richer, more stable foam is produced and more water is entrained. For
all three metals, coarser foam with larger bubbles was observed for ϕ values of 2
compared to 10 as seen in Figure 4.5. The enrichment factors can be improved by
reducing the mass transport of water in the foam. Water entrainment may be reduced by
lowering frother concentration or increasing the headspace height to allow additional
gravitational drainage.
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Figure 4.4 Effect of collector to colligend ratio (ϕ) on ion flotation was examined for (A)
Cs+, (B) Cd2+, and (C) La3+ individually at ϕ ratios of 2(●) , 5(▲), and 10(■). The open
symbol indicates the raffinate sample collected after column foam was allowed to
collapse. In part C, ● represents the apparent metal concentration in the column and the
half-filled circles represent the actual column metal concentration.
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Table 4.2 Results of ion flotation for Cs+, Cd2+, and La3+ at varying collector to colligend ratios
Water
Metal
Flotation
Concentration
Enrichment
ф
Transfer to
Removal
Rate
of Foamate
Factorc
Foamate
Efficiencyb
Constantd
μM
ml
μM
%
min-1
2
34.0
59.9
104.0
37.1
1.9
0.006
+
Cs
5
12.6
82.8
39.1
40.6
1.8
0.006
10
5.7
105.9
16.1
46.2
1.5
0.005
2
4.6
6.1
1257.5
90.1
27.2
0.015
2+
Cd
5
0.04
84.3
54.7
99.8
15.4
0.048
10
0.02
106.2
22.0
99.8
2.8
0.043
e
2
13.2
0.0
-0.0
0.0
0.015
3+
La
5
0.2
45.2
92.8
98.6
6.0
0.060
10
0.3
73.9
28.5
96.3
3.8
0.072
a
ф is the collector to colligend ratio.
b
Calculated using the equation R = (1-C/Co)∙100 where C is the column concentration at time t and Co
is the initial column concentration.213
c
Calculated using the equation E = Cf/Co where Cf is the concentration of metal in the foamate and Co
is the initial column concentration.218
d
Estimate calculated using the first-order kinetic equation (dC/dt) = -kC as described by Matis213 and
Matis.221
e
No foam was collected from this column due to the formation of a surface scum which could not be
collected.
a

Raffinate
Concentration
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Figure 4.5 Typical appearance of a coarse foam (left) at ϕ = 2 and a fine foam (right) at ϕ
= 10

La3+ at ϕ = 2 failed to produce any foam and the effective recovery is 0%. A white
scum was observed concentrating at the solution surface with some adsorbing onto the
glass (Figure 4.6). This scum was a precipitate of monorhamnolipid-La complexes.
Because the precipitate was concentrating at the surface, an apparent change in the
solution La3+ concentration was observed (Figure 4.4C), but no metal was removed from
the column. Interestingly, this result demonstrates that ion flotation does not require the
formation of foam to be considered successful. Ion flotation causes the formation of a
solid particle—consisting of a colligend and collector as chemical constituents—which
becomes concentrated on a solution surface as either a foam or scum.213, 214 Scum
formation in lieu of foam during ion flotation is perfectly acceptable, and may be
preferential as scum provides a highly concentrated material that is easily removed from
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the surface—the design of the columns used in this study a excluded the possibility of
collecting the scum for analysis. As an alternative, the precipitate scum could also be
floated using additional or alternative collectors in a related process called precipitate
flotation.

Figure 4.6 Scum concentrating on the solution surface and adsorbing to the column while
floating La3+ at ϕ = 2.

The contrasting results between Cd2+ and La3+ under the same flotation conditions
is intriguing. Both La3+ and Cd2+ form monorhamnolipid:metal complexes with an
average stoichiometetry of 2:1.202 All monorhamnolipid monomers should be associated
with a metal for both metals at ϕ = 2. The different behavior of the two metals could be
related to either sublate solubility, or the presence/absence of excess monorhamnolipid
monomers. It is possible the Cd2+ sublate is relatively soluble and retains the ability to
foam, while the La3+ sublate is much less soluble, inhibiting foam formation.
Measurements of residual La3+ in the column after precipitate formation showed ~40% of
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the metal was still in solution, though it is unknown if this metal was present as an ion or
monorhamnolipid complex. If lanthanum was present as the complex, low solubility is
the likely explanation. On the other hand, if the lanthanum was present as an ion, it is also
possible the monorhamnolipid monomers were depleted, preventing foam formation. If
this is true, then the floatability of Cd2+ suggests excess surfactant was available and the
surfactant:metal stoichiometry was less than two. Future studies should include an
examination of the metals’ speciation diagrams under this experiment’s conditions to
resolve this question.
Overall, the results of these colligend to collector ratio experiments show the
efficacy and efficiency of ion flotation is reliant on ϕ and the valency of metals. When ϕ
is small, the metals are better enriched, but foam quality decreases. At larger ϕ, removal
efficiencies increase, but at the cost of greater water transfer and lower metal enrichment.
Because the metal sublates are chemical compounds of colligend and collector, flotation
requires a specific stoichiometric ϕ for sublate formation. In all ion flotation systems
there is an ideal ϕ ratio which is almost always greater than the stoichiometric ratio of the
sublate, but varies widely with values ranging from 1 to 44 in early ion flotation studies
studies.212 The ideal ϕ ratio for monorhamnolipids probably lies between 2 and 5 for the
metals and conditions tested herein.
4.4.3.

Mass Balance
During analysis of the results from the previous section, it was realized

insufficient data was collected to compile an accurate mass balance for the metals.
Shortfalls included dilution measurements conducted volumetrically instead of
gravimetrically, imprecise tracking of sample volumes removed from the flotation
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column, and no pre- and post-experiment acid washing of the flotation column. As a
result, the ϕ = 10 flotation experiments for the three metals were repeated to allow a
thorough mass balance analysis with a reduced ethanol frother concentration of 0.5%.
The results for the mass balance are reported in Table 4.3 and the results for flotation
performance are reported in Table 4.4 and Figure 4.7

Table 4.3 Metal mass balance for ion flotation of Cs+, Cd2+, and La3+ at a
collector to colligend ratio of 10
Metal Fraction (%)
Metal

Samplinga

Residualb

Foamatec

Acid
Washd
3.8
0.4
1.3

Total

5.0
29.7
52.0
90.4
Cs+
2+
1.2
0.1
98.6
100.3
Cd
3+
1.5
1.3
85.8
89.9
La
a
Metal lost due to sampling the column.
b
Metal remaining in the column after flotation has ceased and foam has
collapsed.
c
Metal collected in the foamate.
d
Metal collected in the post flotation acid wash of the column.
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Table 4.4 Results of ion flotation for Cs+, Cd2+, and La3+ at a collector to colligend ratio of 10
Raffinate
Metal
Concentration
+

Cs
Cd2+
La3+
a

μM
4.89
0.02
0.21

Water
Transfer to
Foamate
ml
80.12
92.09
76.18

Concentration
of Foamate
μM
15.94
19.98
24.31

Metal
Enrichment
Removal
Factorc
Efficiencyb
%
50.2
1.6
99.8
2.7
97.6
2.8

Flotation
Rate
Constantd
min-1
0.011
0.047
0.056

ф is the collector to colligend ratio.

b

Calculated using the equation R = (1-C/Co)∙100 where C is the column concentration at time t and
Co is the initial column concentration.213
c
Calculated using the equation E = Cf/Co where Cf is the concentration of metal in the foamate and
Co is the initial column concentration.218
d
Estimate calculated using the first-order kinetic equation (dC/dt) = -kC as described by Matis213
and Matis.221
e
No foam was collected from this column due to the formation of a surface scum which could not
be collected.
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Figure 4.7 Effect of collector to colligend ratio (ϕ) on ion flotation was examined for (●)
Cs+, (▲) Cd2+, and (■) La3+ individually at ϕ ratio 10. The open symbol indicates the
raffinate sample collected after column foam was allowed to collapse.

The performance of the second set of ϕ = 10 experiments were very similar to
those described in Table 4.2. Removal efficiencies were in the same order as in the
previous experiments (Cd2+ > La3+ >> Cs+), with nearly the same values reported for
recovery efficiency. The water transfer to the foamate was reduced for Cs+ (~26 ml) and
Cd2+ (~14), but increased slightly for La3+ (~2). The enrichment factors for Cs+ and Cd2+
were unchanged, and La3+ showed a slight decrease. Residual concentrations were nearly
the same for all the metals. Flotation rate constants increased for Cs+ and Cd2+ but
decreased for La3+. These differences may be the result experimental error, improved
metal accounting, changes in frother concentration, or a combination of these effects. The
frother concentration was reduced for this experiment and all subsequent experiments in
an attempt to reduce the relatively high water transfer rates observed in section 4.4.2.
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The metal mass balance (Table 4.3) was able to account for 90.4% of Cs+, 100.3%
of Cd2+, and 89.9% of La3+. Results show that little metal is lost due to adsorption to the
glass column or due to complexation with monorhamnolipid adsorbed to column
surfaces. Only minor fractions of the metal were lost due to sampling, and the majority of
the metals were located in the raffinate or foamate fractions. The values reported for the
foamate in Table 4.3 are directly measured and should be equivalent to the metal
recovery efficiency values reported in Table 4.4. A comparison of these values shows
some differences which likely arise from the latter not taking into account water transfer
from the column solution.
4.4.4.

Foam Fraction
During initial experiments, metal concentrations in the column solution dropped

rapidly in the first 5-10 minutes. This rapid removal rate is desirable because it reduces
the time required to complete the flotation process during batch operations. Due to
column design, however, metal removed from solution is not actually removed from the
column until the foam reaches the top of the column and is directed into the foamate
reservoir. As foam progresses through the column headspace, it is possible for metals to
reflux as the foam coalesces and entrained water drains towards the column solution.
Thus, it is important to look at the metal content of different fractions of foam as it
emerges from the column to better understand metal transport in the foam column. Figure
4.8 shows the La3+ content of the foam fractions collected over 20 minutes for triplicate
columns with ϕ = 10. Metal concentrations were greatest in the 4-6 and 6-10 minute
fractions, and 90.4% of the La3+ was collected in the first 10 min of foam production. A
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total of 108% of the metal was collected in the foamate and less than 1% was present in
the raffinate.

Figure 4.8 Metal recovery during ion flotation of La3+ at ϕ =10 measured by foam
collected during different time frames of foam production. Bars represent averages and
standard deviations of triplicate columns.

The 10 min recoveries for La3+ (ϕ =10) in sections 4.4.2 and 4.4.3 were 94% and
96%, respectively. Because these recoveries were calculated by measuring the column
solution and not through direct foam measurements, it was not possible to definitively
claim the removed metals would be found in the first ten minutes of foamate. The results
of the foam fraction experiment show, in this system, the concentration of metal removed
from a solution in a given time frame will be approximately the same as the concentration
of metals in an equivalent time frame of foamate, i.e., the metal removed from the
column solution in the first 10 min of flotation will be present in the first 10 min of
foamate. This observation indicates that metals are not being refluxed inside the column
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under these experimental conditions. These results are useful because they provide
important information necessary to determine ion flotation process parameters like
foamate recovery time required to achieve desired treatment levels of contaminated
solutions.
4.4.5.

Mixed Metal Ion Flotation
Monorhamnolipids are selective for rare earth elements and elements of

environmental concern over common soil and water cations.202 Metals are rarely present
as single element solutions, and interest in using ion flotation to selectively concentrate
target metals dates back to Sebba’s original description of ion flotation.211 The ability of
monorhamnolipid to selectively remove specific metals was tested using mixed metal
solution of Cs+, Cd2+, and La3+ at equimolar concentrations and concentrations different
by orders of magnitude.
The efficacy of ion flotation of mixed metal solutions with Cs+, Cd2+, and La3+ at
3.3 µM each (total ϕ = 10) is summarized in Table 4.5 and Figure 4.9. The order of
removal was Cd2+ > La3+ >> Cs+ with recoveries of 98.4, 88.1, and 39.4% respectively.
The enrichment factor was greatest for Cd2+ at 5.1. Inspection of Figure 4.9 shows that
Cd+2 is almost completely removed from solution by 10 min where it reaches near
maximal removal, while La3+ reaches a near maximal removal at 15 min. The difference
observed in the figure makes it appear as though Cd2+ has a faster removal rate than La3+,
but a review of the estimated flotation rate constants in Table 4.5 show La3+ has the faster
rate constant. Though the metals are tested independently in separate columns, these
same observations can be made for data in Table 4.3 and Figure 4.7 as well. The cause of
this phenomenon is unknown, but from the initial experiments examining collector to
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colligend ratios, it was observed La-monorhamnolipid complexes seem to be less soluble
than Cd-monorhamnolipid complexes. It is possible Cd2+ may appear to have faster
removal rates because the mass transfer to the air/water interface is more rapid for
dissolved species than for the less soluble species. The conflicting flotation rate constants
may be an artifact of poor linear fitting of experimental data into equation 4.4. These
flow rate constants are provided primarily as an estimate to provide a general idea of the
kinetics monorhamnolipid flotation of metals and could be improved with additional
replicate experiments.
The efficacy of ion flotation of mixed metal solutions with Cs+, Cd2+, and La3+ at
9, 0.9, and 0.09 µM (total ϕ = 10) is summarized in Table 4.5 and Figure 4.10. Figure
4.10A and Figure 4.10B portray the same data with different y-axis scales. The order of
removal for the metals is Cd2+ >> Cs+ >> La3+. The reported value removal efficiency for
La3+ is 11.7%, but Figure 4.10A shows an increase in solution concentration at the final
time point 40 min. Figure 4.10A also shows the concentration of La3+ in solution
repeatedly increased and decreased, reaching a minimum at 10 min with a metal
recovery efficiency of ~52%. These fluctuating values suggest that La3+ is not being fully
removed from the column, and may actually be refluxing in the foam column, likely as a
fine precipitate.
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Table 4.5 Results of ion flotation for mixed metal solutions of Cs+, Cd2+, and La3+ at equimolar and order-ofmagnitude difference concentrations
Raffinate
Metal
Concentration

Order of
Magnitude
Mixed
Metal

Equimolar
Mixed
Metal

μM
Cs+

2.09 ± 0.04

Cd2+

0.04 ± 0.02

La3+
+

2+

Cd

0.00 ± 0.00

La3+

0.05 ± 1.18

Cs

Water Transfer
to Foamate

Concentration
of Foamate

Metal
Removal
Efficiencyb

ml

μM

%

Enrichment
Factorc

Flotation
Rate
Constantd
min-1

7.80 ± 0.27 39.4 ± 2.7

2.3

0.016

13.19 ± 1.62 98.4 ± 0.7

5.1

0.070

0.32 ± 0.05

11.60 ± 1.24 88.1 ± 2.1

4.3

0.081

5.30 ± 0.04

24.91 ± 3.45 46.4 ± 0.6

2.5

0.020

3.76 ± 0.78 99.5 ± 0.2

6.4

0.033

1.05 ± 0.43 11.7 ± 16.0

20.0

0.007

54.16 ± 7.59

51.51 ± 10.58

a

ф is the collector to colligend ratio.
Calculated using the equation R = (1-C/Co)∙100 where C is the column concentration at time t and Co is the initial column concentration.213
c
Calculated using the equation E = Cf/Co where Cf is the concentration of metal in the foamate and Co is the initial column concentration. 214
b

d

Estimate calculated using the first-order kinetic equation (dC/dt) = -kC as described by Matis213 and Matis221.

e

No foam was collected from this column due to the formation of a surface scum which could not be collected.
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Figure 4.9 Efficacy of ion flotation of mixed metal solutions with (●) Cs+, (▲) Cd2+, and
(■) La3+ each 3.3 µM (total ϕ = 10). The open symbol indicates the raffinate sample
collected after column foam was allowed to collapse. Symbols represent mean and
standard deviation values from triplicate columns.
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Figure 4.10 Efficacy of ion flotation of mixed metal solutions with (●) Cs+, (▲) Cd2+,
and (■) La3+ at 9, 0.9, and0.009 µM (total ϕ = 10), respectively. The open symbol
indicates the raffinate sample collected after column foam was allowed to collapse.
Symbols represent mean and standard deviation values from triplicate columns. The same
data is presents on a (A) semi-log graph and (B) linear graph.
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With the exception of the mixed metal experiment with metals concentrations
differing by orders of magnitude, the flotation removal efficiency order of the metals was
Cd2+ > La3+ >> Cs+. This result is surprising and unexpected as the stability constants for
these metals with monorhamnolipid are log β = 9.29, 7.17, and (3.43) for La3+, Cd2+, Cs+,
respectively (see Chapter 2). Based on these stability constants, one would expect La3+
removal to exceed Cd2+ for all the experiments. The data also shows, however, that at the
same concentrations and conditions, the two metals are capable of exhibiting drastically
different behaviors, e.g., at ϕ = 2 Cd2+ forms a good foam while La3+ forms a scum. The
root cause of these differences likely lies in different solubilities of the sublates as
described above.
4.5. Conclusion
Monorhamnolipids were examined for their utility as ion flotation collectors for
Cs+, Cd2+, and La3+. Monorhamnolipids form stable foam during the aeration process, but
the stability of the system is highly dependent on the metal and on the stoichiometric
ratio of monorhamnolipid to metal. Overall, flotation improved above the estimated
stoichiometric ratios of the collector-colligend sublates. Mass balances of the flotation
system show minimal losses due to adsorption in the column and sampling, and the
majority of the metal was found in the raffinate and foamate fractions. Examination of
the foamate fraction shows that metals are rapidly removed, with removal concentrations
nearing maximum within 10-15 minutes. When present as mixed metals solutions, metals
were not removed as predicted by their stability constants, and metal speciation or sublate
solubility issues are likely explanations. Overall, this study shows that monorhamnolipids
have potential for use in ion flotation technologies, but determining the optimal operating
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conditions for efficient flotation processes is a significant challenge subject to
perturbation by even modest changes to single process parameters. Research efforts
should be direct towards finding a specific application for monorhamnolipid-based ion
flotation and developing application-specific processes for optimal flotation performance.
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A. APPENDIX A

ELABORATION ON SCHUBERT’S METHOD AND ITS RELEVANCE HEREIN
A.1. Introduction
Determination of the stability constant of metal complexes can be accomplished
in a variety of ways. A non-exhaustive list of methodologies which have been developed
include potentiometry, polarography, amperometry, solubility, phase partitioning,
spectrometry, conductivity reaction kinetics, and ion exchange.229, 230 The use of ion
exchange processes for any purpose was practically non-existent until the creation of
synthetic organic ion exchangers in 1935. After their discovery, the utility of ion
exchange was rapidly recognized, and ion exchange applications flourished.231 Interest in
ion exchange was driven by the unique characteristics of the newly discovered synthetic
organic ion exchangers according to Schubert: “high capacity in acid solutions, chemical
and physical stability, rapidity and reversibility of the exchange reactions, and the
approximate independence of capacity on particle size.”231
In 1948, Schubert described an ion exchange methodology for determining the
formation constants of complex ions of zero or net negative charge. He summarizes the
advantages of his method as 1) only tracer quantities of metal are required (10-10 moles),
2) it is suitable for use over a wide range of pH and temperature ranges, 3) it is rapid and
simple, and 4) it appears to have good accuracy and precision.144 Schubert’s method was
rapidly accepted and utilized for the study of metal complexes. A literature review by
Marcus and Kertes232 identified a total of 28 studies using Schubert’s method to study
metal complexes with organic and inorganic ligands. In later years, the method was
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adapted by researchers studying the metal binding characteristics of humic substances
and other environmental organic materials, e.g., poultry liter and wastewater sludges; a
literature review by MacCarthy and Mark233 list 28 articles using Schubert’s method to
study organic matter between 1958 and 1975. More recently, Schubert’s method has been
adapted for the study of metal complexes with biosurfactant ligands.21, 74, 202
A.2. Schubert’s Method
A.2.1.

Foundation
The adsorption isotherm for a cation and cation-exchanger with a given exchanger

weight and solution volume is linear over a wide range of cation concentrations,144 and
this is the basis for Schubert’s method. Within the linear range of the adsorption
isotherm, the quantity of cations adsorbed on the exchanger, MR (mol kg-1), is
proportionate to the quantity of cations in the aqueous phase, M (mol l-1). Thus, the
distribution coefficient λo (Eq. A.1) within this linear range is constant at equilibrium.229,
231

𝜆𝑜 = [𝑀𝑅]/[𝑀]

[A.1]

Eq. A.1 describes the distribution coefficient in the absence of a ligand. The distribution
coefficient at equilibrium in the presence of ligand is described by Eq. A.2:
𝜆 = [𝑀𝑅]/[(𝑀 + 𝑀𝑐 )]

[A.2]

Mc is the concentration of complexed metal (mol l-1). Combining Eqs. A.1 and A.2 gives:
𝜆𝑜 /𝜆 − 1 = [𝑀𝑐 ]/[𝑀]

[A.3]

which shows (𝜆𝑜 /𝜆 − 1) is equal to the ratio of complexed metal to free metal.233
λo and λ can be experimentally determined by measuring the metal concentration
in one or both of the resin and solution phases after the ion exchange reactions have
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reached equilibrium. Unknowns can then be determined using mass balance equations.
By doing so, this ion exchange method is essentially a technique for measuring and
distinguishing between free and complexed metals in solutions.233
A.2.2.

Determination of Stability Constant
The stability constant is determined using a linear relationship derived from the

ligand-metal equilibrium reaction and the distribution coefficients. The equilibrium
reaction for the formation of a metal-ligand complex is (charges have been omitted for
clarity)
[𝑀] + 𝜒[𝐿] ⇄ [𝑀𝐿𝜒 ]

[A.4]

and from the law of mass action, the equilibrium stability constant is then
𝛽 = [𝑀𝐿𝜒 ]/([𝑀][𝐿] 𝜒 )

[A.5]

In the case of a single complex species in solution, [Mc] from Eq. A.3 equals [MLχ] and
𝜆𝑜 /𝜆 − 1 = [𝑀𝐿𝜒 ]/[𝑀]

[A.6]

(𝛽) ∙ ([𝑀][𝐿] 𝜒 ) = [𝑀𝐿𝜒 ]

[A.7]

If Eq. A.5 is rearranged to

Eqs. A.6 and A.7 can be combined to obtain
𝜆𝑜 /𝜆 − 1 = [𝛽] ∙ [𝐿] 𝜒

[A.8]

Taking the logarithm of both sides results in the linear relationship
𝜆

𝑙𝑜𝑔 ( 𝜆𝑜 − 1) = 𝑙𝑜𝑔([𝛽]) + 𝜒𝑙𝑜𝑔([𝐿])

[A.9]

originally described by Schubert.234 This form of Schubert’s equation is applicable for
only mononuclear complexes,143, 233, 235-237 but similar equations have been derived for
equilibrium reactions of the general form233, 235
𝑎[M] + b[L] ⇄ [𝑀𝑎 L𝑏 ]
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[A.10]

Because monorhamnolipid will form only mononuclear complexes, discussion of
polynuclear complexes is beyond the scope of this dissertation and has been omitted.
Using Eq. A.9, metal-ligand stability complexes can be determined if distribution
coefficients are measured in a ligand-free system and in a ligand-containing system at
𝜆

two or more ligand concentrations. By plotting log([𝐿]) versus log ( 𝜆𝑜 − 1), the slope
and intercept will represent the metal to ligand stoichiometry and logarithm of the
stability constant, respectively.
A.2.3.

Fundamental Assumptions
Underlying Schubert’s method are numerous assumptions which must be

considered when designing an experiment to determine stability constants by ion
exchange. Schubert explicitly states five assumptions that must be met:
1. “The complex-forming ions are ‘swamped’ by excess neutral salt; the ionic
strength remains nearly constant.”
2. “The concentration of Ma+ is negligible as compared to that of the complexforming anion, A-b; actually, Ma+, is present in radiochemical concentrations
(~10-9 mole per liter).”
3. “All pairs of solutions which are compared have the same pH, volume of
solutions, and weight of adsorbent.”
4. “The exchanger used has been previously saturated with the cation component
of the bulk electrolyte.”
5. “No adsorption of the complex-forming anion or of the complex ion takes
place.”
Stability constants can be reported as either activity quotients (“thermodynamic”
stability constants) or as concentration quotients (stoichiometric stability constants). The
former should be independent of ionic media, while the latter are valid in only specific
media compositions.230 Thus,
“[i]f concentration quotients are determined in the presence of a large excess of
background salt…, it may be assumed that the activity coefficients are
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independent of the concentrations of the reacting species and depend only on the
nature and concentration of the bulk electrolyte.”230
The purpose of Schubert’s first assumption is to ensure the activity coefficients of
reacting species remains constant and stoichiometric values can be used instead of
activities for the reactants.
Schubert’s second assumption allows for the simplification of calculations during
determination of the stability constant. The term [L] in Eq. A.9 is the free, i.e.,
dissociated, ligand concentration. By having a metal concentration which is negligible
(100-fold less than the ligand concentration), the amount of complexed ligand can be
considered insignificant and [L] treated as equal to [Lo], the stoichiometric concentration
of ligand in the system, for calculations. The low concentrations of cation also ensure that
the reaction occurs in the linear region of the adsorption isotherm.233 Lastly, for
Schubert’s method to work, there must be an analytically detectable difference in the
amount of metal in solution when ligand is added at different concentrations. Thus,
working within a ligand concentration range which yields large changes in solution
metals is desirable. Low concentrations of metals allow a wider range of ligand
concentrations to be used such that an optimal range can be utilized.236
The third assumption of Schubert’s method is to ensure comparable results
between complexation reactions. Changing the pH, volume of solution, or weight of
adsorbent could change the distribution coefficients, which would in turn, cause error in
the calculation of the stability constants.
Assumption four requires the exchanger to be pre-saturated with the cation of the
neutral electrolyte. Pre-saturating the exchange resin with the electrolyte serves to precondition the resin to experimental conditions. It serves to reduce the transfer of cations
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which are not being studied and reduce the error in mass balance calculations by
preventing the introduction of unaccounted reactant cations. Lastly, pre-conditioning the
resin with the neutral cation ensures that all exchange sites are stripped of H+ which
could affect the pH within and across reactions.238
The fifth assumption states the resin must not adsorb the ligand or complex ions.
This assumption is unique to Schubert’s method compared to other ion exchange
methods.232 This assumption is repeatedly made in the literature.147, 239-241 Li et al.239 and
Schubert et al.241 tested this assumption using radio-labeled acetate and oxalate,
respectively, and found neither acetate nor oxalate cation complexes were adsorbed by
the resin, thereby confirming the validity of the assumption. These two examples are the
exception, however, as few other studies actually test the assumption, despite evidence
showing some cation complexes demonstrate affinity for cation exchange resins.232
Exchange of positively charged complex species would not be remarkable,236 but
Marcus and Kertes232 note, “in general, it may be expected that with an anionic ligand Li-,
the charge of the cation complexes MLnm-ni being lower that the uncomplexed metal,
Mm+, they will have lower affinity to the resin.” Galindo and Zunino236 further elaborate
that exchange of positively charged complex species should be expected unless the
complex size is so large that steric hindrance could prevent exchange. Complexes which
are neutrally charged should have low affinity for the resin unless the conditions of the
reaction favor resin infiltration by the complex.232 Regardless of the charge of the
complex species, the validity of this assumption is important: any sorption of complexes
to the exchanger will result in lower apparent concentrations of complexes in solution,
and error will be introduced into the stability constant determination. It is worth noting
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that since Schubert’s method was described, alternative ion exchange methods have been
developed which are capable of accounting for adsorbed complexes and, thus, are not
limited by Schubert’s final assumption.232, 242
In addition to Schubert’s five assumptions, Zunino et al.235 list an additional three.
First, it is assumed the ion exchange reaction is conducted with a “very high
concentration of available cation exchange sites on the resin in relation to the metal-ion
concentration in the solution.” This assumption is meant to ensure that the adsorption
isotherm is linear over a wide range of cation concentrations, and cation adsorption is not
limited by limited exchange sites.
The second and third assumptions are “the amount of metal bound to the resin at
equilibrium would be the same in the presence or in the absence of the complexant,” and
“the free metal-ion concentration in solution at equilibrium is the same in the presence or
absence of the complexing anion,” respectively. Zunino et al. argue that both of these
assumptions are clearly erroneous (unless the complexing agent fails to complex the
cation), but both wrong assumptions “compensate” each other such that Schubert’s
method holds true for mononuclear complexes. McCarthy and colleagues233, 237, 243
reviewed Schubert’s original article144 to examine the latter two assumptions proposed by
Zunino et al.235 and found Zunino’s assumptions were erroneous. MacCarthy found that
Zunino’s argument were based on misinterpretation of unclear writing and equation
misprints in Schubert’s paper. MacCarthy and Zunino agree that, as Schubert’s equations
are written, Schubert’s method is valid for only mononuclear complexes, but MacCarthy
shows that Schubert’s equations would be valid for polynuclear complexes with suitable
corrections.237 Despite Schubert’s errors, MacCarthy233 further points out that Schubert
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makes two unstated assumptions which also make the final equations applicable to only
mononuclear complexes:
1. “Schubert assumes that the concentration of the complex in solution is
equivalent to the total concentration of complexed metal ion in solution. This
is true only for mononuclear complexes….”
2. “It is only in the case of mononuclear complexes that we can express the
stability constant of a complex where the free and complexed metal ions are
represented only as percentages of the total metal present.”
That is

𝛽𝑚𝑛 =

{%[𝑀𝑐 ]}
𝑚{%[𝑀]}𝑚 [𝐿]𝑛

for m=1 only.

Because Schubert was primarily interested in ligands which formed mononuclear
complexes only, he likely overlooked these errors and assumptions in his original
paper.233
A.3. Examination of Schubert’s Method as Used Herein
A.3.1.

Chapters 2 and 3: Conformity to Schubert’s Assumption
Upon review of the methodologies described in Chapters 2 and 3 of this

dissertation, it was determined that the conditions utilized did not fully satisfy the six
assumptions required for Schubert’s method to be valid. The conditions which were
employed and the degree to which they satisfy Schubert’s assumptions are described:
1. The reactants must be swamped by excess neutral salt:
The ion exchange reactions contained monorhamnolipid from 0.1 to 4 mM,
metal at 0.5 mM, and 0.01 M of the neutral salt piperazine-N,N′-bis(2ethanesulfonic acid (PIPES). To satisfy Schubert’s assumptions, the neutral
salt must “swamp” the reactants. “Swamped” is defined as a 100-fold
difference in concentration. The concentration of PIPES exceeded
monorhamnolipid by 2.5 to 100 times. PIPES exceeded the metal
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concentration by 20 times. These conditions do not fully satisfy this Schubert
assumption.
2. The cation concentration is negligible compared to that of the anion:
The ion exchange reactions contained monorhamnolipid from 0.1 to 4 mM
and metal at 0.5 mM. To be considered “negligible”, a material must have a
100-fold lower concentration than the material to which it is being compared.
The monorhamnolipid concentration ranged from 0.2 to 8 times the metal
concentration. These conditions do not fully satisfy this Schubert assumption.
3. All pairs of reactions to be compared have equivalent pH, resin weight,
and solution volume:
All ion exchange reactions were conducted at pH 6.9 in 10 mL of solution,
with 100 mg of resin. These conditions meet Schubert’s assumption.
4. The resin was pre-saturated with the cation of the neutral salt:
SP Sephadex C25 resin is manufactured with Na+ as the counter-ion in the
exchanger and was the resin utilized for all reactions. The resin was initially
prepared by overnight soak in deionized water. The hydrated resin was rinsed
with 1 l of deionized water, and mixed with enough pH 6.9 PIPES-Na2 buffer
to exceed the exchange site capacity of the resin with Na+. The resin was then
dried for use in the ion exchange reactions. During the experiment, the acid
form of PIPES was used as the neutral electrolyte buffer. Though Na+ was not
the cation of the neutral electrolyte, saturating the resin with Na+ instead of H+
was required to prevent resin H+ from changing the reaction pH.238 These
conditions do not technically meet Schubert’s assumption, but the conditions
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were selected to meet the needs of the experiment and were supported by
published protocols in the literature.238
5. The anion nor any complex species adsorb to the resin.
Previous research has shown monorhamnolipids do not adsorb to the resin.74
No method was used to verify whether monorhamnolipid-metal complexes
were adsorbing to the resin herein. Equilibrium first principles calculations
(discussed in Chapter 2) show less metal is found in solution than is predicted
by the stability constants (Table 2.2). This suggests some metal may be
forming cationic 1:1 complexes with monorhamnolipid and being retained on
the resin. Thus, the conditions used may not satisfy this Schubert assumption.
6. The number of cation exchange sites must be in excess of the cation
concentration.
SP Sephadex C25 resin has a total ionic capacity of 2-2.6 mmols g-1 dry resin.
Assuming the lower limit, 0.2 mmols of ionic capacity was available in each
reaction. The reactions contained 0.005, 0.01, and 0.015 mmols of charge for
the mono-, di-, and trivalent metals, respectively. The resin had at least 13 to
40 times the capacity required by the metal concentrations in the reaction.
These conditions meet this Schubert assumption.
Because the conditions utilized in Chapters 2 and 3 did not fully satisfy Schubert’s
assumptions, a revised experiment was devised to examine monorhamnolipid
complexation of Pb2+ and La3+ in conditions which satisfy Schubert’s assumptions.
A.3.2.

Revised Experimental Materials and Methods

A.3.2.1.

Monorhamnolipid Production
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Pseudomonas aeruginosa ATCC 9027 was obtained from the American Type
Culture Collection and kept as a glycerol freezer stock at -80o C. This strain is a natural
mutant that has been previously shown to exclusively produce monorhamnolipid
congeners.138, 139 P. aeruginosa was cultured for 24 h at 37o C on a PTYG agar (0.5%
protease peptone, 0.5% tryptone, 1% yeast extract, 0.06% MgSO4•7H2O, 7x10-4%
CaCl2•2H2O, and 1% glucose). The agar culture was transferred to Kay’s mineral
medium for 24 h growth at 37o C and 200 rpm. Kay’s mineral medium contains 100 ml of
solution A (0.3% NH4H2PO4, 0.2% K2HPO4, and 0.2% glucose), 1 ml solution B
(0.025% FeSO4•7H2O) and 1 ml solution C (10% MgSO4•7H2O). The pre-culture was
transferred to a pH 7 minimal salts medium (MSM) with 2% glucose at a ratio of 1 ml
pre-culture per 100 ml MSM. MSM is composed of 1 l of solution A (0.25% NaNO3,
0.04% MgSO4•7H2O, 0.1% KCl, 0.1% NaCl, 0.005% CaCl2•2H2O, and 0.4% H3PO4)
mixed with 1 ml of solution B (0.05% FeSO4•7H2O, 0.15% ZnSO4•7H2O, 0.15%
MnSO4•H2O, 0.03% H3BO3, 0.015% CoCl2•6H2O, 0.015% CuSO4•5H2O, and 0.01%
Na2MoO4•2H2O). The MSM culture is placed in a 37o C gyratory shaker and shaken for
72 h at 200 rpm.
A.3.2.2.

Monorhamnolipid Purification

Monorhamnolipids produced by Pseudomonas aeruginosa ATCC 9027 are a
congener mixture of up to 30 molecules in which the rhamnose headgroup is preserved
but the alkyl chains can vary in chain length and, to a lesser extent, saturation.140 The
protocol used for this work generates a pure native mixture in which the major congener,
rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-C10-C10), typically dominates
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at 75-85 wt% of the mixture.140, 141 This complex assembly of congeners is referred to
herein as either the native monorhamnolipid mixture or simply monorhamnolipids.
The native monorhamnolipid mixture was concentrated by centrifugation (10,000
rpm for 10 min) to remove cells and cellular debris, followed by removal and
acidification of the supernatant to pH 2 using HCl. Monorhamnolipids have pKa values of
~5.5, below which they become poorly soluble138 and can be collected by centrifugation.
Pelleted monorhamnolipids were dissolved in a 9:1 chloroform:methanol mixture and
separated from remnant water using a separatory funnel. The solvent was removed by
rotoevaporation. The concentrated monorhamnolipids were purified using a solvent
mixture of 6:6:6:1:1 (v/v) of hexane:dichloromethane:ethyl acetate:chloroform:methanol
(containing 0.1% acetic acid) by elution through a 22 x 300 mm gravity-based, glass
chromatography column packed with 45 g of 60-Å-pore silica gel. Monorhamnolipids
were collected when column eluent tested positive for rhamnose with anthrone reagent
dissolved in H2SO4. The solvent mixture was removed from the monorhamnolipids by
rotoevaporation, and purity is checked by reversed phase high performance liquid
chromatography on a C18 column.138
A.3.2.3.

Metals

Pb(NO3)2 and La(NO3)3•6H2O were purchased from Sigma-Aldrich with a purity
of ≥99% and were used as received.
A.3.2.4.

Ion Exchange Reactions

The ion exchange resin SP Sephadex C25 (GE Healthcare) was prepared by
soaking in ultrapure water (≥18 MΩ-cm ) overnight. The hydrated resin was washed with
equal parts ultrapure water, then pH 6.9 PIPES-Na2 buffer, and air-dried; sufficient buffer
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was used to saturate the resin with Na+. Ion exchange reactions were conducted in 15-ml
metal-free centrifuge tubes. Each reaction contained 10 mg of prepared resin, a volume of
10 ml, a pH of 6.9, and final concentrations of 50 nM metal, 0.01 M PIPES-Na2 buffer,
0.1 M NaNO3, and 0, 10, 20, 30, or 40 µM of the native monorhamnolipid mixture. NaCl
was tested for use as the neutral electrolyte, but it was found to be unsuitable due to
precipitate formation with the test metals. 10 mM monorhamnolipid solution was
generated in a Teflon container using a molecular weight of 504 g mol-1 for the native
monorhamnolipid mixture. Monorhamnolipids were measured gravimetrically, dissolved
in the reaction buffer (0.1 M NaNO3 and 0.01 M PIPES-Na2), and the solution adjusted to
pH 6.9. 0.5 mM metal solutions were mixed with the same reaction buffer 0.5 h before
use. Reactions were mixed horizontally on a platform rotator for 2 h, allowed to settle
vertically for a minimum of 1 h, and then a sample of supernatant was removed and
diluted in 2% HNO3. To determine a metal mass balance, the remaining supernatant was
decanted from the resin, and the resin was oven dried at 60° for 4 days. Both the
supernatant and resin samples were sent to the Arizona Laboratory for Emerging
Contaminants (ALEC) at the University of Arizona for metals analysis by inductively
coupled plasma mass spectrometry. Metal analysis of the resin samples included a nitric
acid and microwave digestion procedure performed by ALEC personnel.
A.3.3.

Revised Experiment’s Conformity to Schubert’s Assumptions
The degree to which the conditions outlined in section A.3.2 satisfy Schubert’s

assumptions are described:
1. The reactants must be swamped by excess neutral salt:
The ion exchange reactions contained monorhamnolipid from 10 to 40 µM,
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metal at 50 nM, and 0.1 M of the neutral salt NaNO3. To satisfy Schubert’s
assumptions, the neutral salt must “swamp” the reactants. “Swamped” is
defined as a 100-fold difference in concentration. The concentration of
NaNO3 exceeded monorhamnolipid by 2500 to 10,000 times. PIPES exceeded
the metal concentration by two million times. These conditions satisfy this
Schubert assumption.
2. The cation concentration is negligible compared to that of the anion:
The ion exchange reactions contained monorhamnolipid from 10 to 40 µM
and metal at 50 nM. To be considered “negligible”, a material must have a
100-fold lower concentration than the material to which it is being compared.
The monorhamnolipid concentration ranged from 200 to 800 times the metal
concentration. These conditions satisfy this Schubert assumption.
3. All pairs of reactions to be compared have equivalent pH, resin weight,
and solution volume:
All ion exchange reactions were conducted at pH 6.9 in 10 mL of solution
with 10 mg of resin. These conditions satisfy Schubert’s assumption.
4. The resin was pre-saturated with the cation of the neutral salt:
SP Sephadex C25 resin is manufactured with Na+ as the counter-ion in the
exchanger and was the resin utilized for all reactions. The resin was initially
prepared by overnight soak in deionized water. The hydrated resin was rinsed
with 1 l of deionized water, and mixed with enough pH 6.9 PIPES-Na2 buffer
to exceed the exchange site capacity of the resin with Na+. The resin was then
dried for use in the ion exchange reactions. During the experiment, a NaNO3
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and PIPES-Na2 buffer were used as the neutral electrolyte. Since both the
buffer and resin utilized Na+ as the neutral electrolyte cation, these conditions
satisfy this Schubert assumption.
5. The anion nor any complex species adsorb to the resin.
The resin was not directly measured for adsorbed monorhamnolipids, nor was
the supernatant measured to determine the monorhamnolipid distribution in
the ion exchange reactions. Direct quantitative measurement of the
monorhamnolipids used in this experiment would be difficult due to the mass
of monorhamnolipids used: 50-200 µg per reaction. Based on the large
stability constants determined in Chapter 2 and given the large excess of
ligand compared to cation, it is assumed all metal in the reaction is complexed
to some degree with the monorhamnolipid ligand and no free metal exists.
Thus, any metal found adsorbed to the resin is assumed to be part of a metalligand complex. While evidence is collected to determine whether this
assumption is satisfied, the conditions used in the revised experiment do not
directly address this Schubert assumption.
6. The number of cation exchange sites must be in excess of the cation
concentration.
SP Sephadex C25 resin has a total ionic capacity of 2.-2.6 mmols g-1 dry resin.
Assuming the lower limit, 0.02 mmols of ionic capacity was available in each
reaction. The reactions contained 1 or 1.5 nmols of charge for the Pb2+ and
La3+, respectively. The resin had at least 13,333 to 20,000 times the capacity
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required by the metal concentration in the reactions. These conditions meet
this Schubert assumption.
A.3.4.

Results and Discussion
The metals lead and lanthanum were reacted with monorhamnolipid to determine

the conditional stability constants and stoichiometry of monorhamnolipid:metal
complexes using Schubert’s ion exchange technique.144 Figure A.1A shows the change in
solution metal content as the monorhamnolipid concentration is increased. Solution La3+
increased from 9% of added metal in the ligand free control to 16% at the highest
monorhamnolipid concentration of 40 µM. The solution Pb2+ content remained
effectively constant at all of the monorhamnolipid concentrations tested. These results
starkly contrast the results for Pb2+ and La3+ using the experimental conditions outlined in
Chapter 2 (Figure A.1B) where 97% and 84% of the added metals were found in solution
at the highest monorhamnolipid concentration, respectively. Even when no ligand is
present in either metal system, the adsorption of Pb2+ and La3+ are dramatically different
between the experimental conditions of Appendix A and Chapter 2. In the former, Pb2+
and La3+ are 59% and 9% in solution versus <1% in solution for both in the latter set of
conditions. λo values decrease for both metals. La3+ decreased from 3330 to 9.8 and Pb2+
decreased from 166 to 0.7.
Solution metal concentrations were used to determine the conditional stability
𝜆

constants and complex stoichiometry using Eq. A.9. Figure A.2 shows a plot of 𝑙𝑜𝑔 ( 𝜆𝑜 −
1) as a function of 𝑙𝑜𝑔(𝐿) for La3+, from which the conditional stability constant and
complex stoichiometry can be determined using the linear regression shown. The
conditional stability constant (log β) is 4.56 and the complex stoichiometry (χ) is 1.06 for
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La3+ interacting with monorhamnolipids under conditions which meet the Schubert
method’s assumptions. These values are significantly lower than those reported in Table
2.1 from Chapter 2: log (β) = 9.29 and χ = 2.07. Because Pb2+ showed no increase in
solution metal with increasing monorhamnolipid concentration, Schubert’s method could
not be used for the determination of the monorhamnolipid-metal stability constant under
these conditions.

174

Figure A.1 (A) Effect of monorhamnolipid concentration on the complexation of Pb2+
and La3+ under conditions which meet the Schubert method assumptions. Each point
represents the mean and standard deviation of 3 replicates. (B) Effect of
monorhamnolipid concentration on the complexation of Pb2+ and La3+ under the original
conditions of Chapter 2. Each point represents the mean and standard deviation of 6
replicates.
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Figure A.2 Determination of the conditional stability constant and stoichiometry of
monorhamnolipid:metal complexes by ion-exchange equilibrium method for La3+ under
conditions which meet the Schubert method assumptions. Each point represents the mean
and standard deviation of 3 replicates.

These results demonstrate that when the conditions under which the Schubert
methodology is conducted are changed, there are dramatic shifts in the behavior of the
system as a whole. The purpose of this appendix is to examine these differences and
determine what impact changing the experimental conditions to meet Schubert’s
assumptions would have on the complexation data presented in Chapters 2 and 3.
Unfortunately, the changes to the conditions were so drastic that the experimental
methodologies created two completely different systems, and it is difficult, if not
impossible, to determine the cause of differences in results between the two
methodologies. For the purpose of subsequent discussion, the methodology described in
Chapters 2 and 3 will be referred to the “original methodology” and the methodology
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described in Appendix A will be referred to as the “modified methodology”. Table A.1
summarizes the experimental conditions used for these methods.
Table A.1 Summary of experimental conditions for the original
(chapter 2 & 3) and modified (appendix A) methodologies
Methodology
Original
Modified
NaNO3 (mM)

0

100

PIPES (mM)

10

10

Monorhamnolipid
(µM)

0, 100, 500, 1000,
2000, 4000

0, 10, 20, 30, 40

Metal (nM)

500000

50

Resin (mg)

100

10

Volume (ml)

10

10

pH

6.9

6.9

To illustrate the difficulty in comparing results between the methodologies,
consider the conditional stability constant of La3+. Using the original methodology, the
conditional stability constant of La3+ was log (β) = 9.13, while the modified method
yielded log (β) = 4.56. The difference of 4.57 could be the result of the latter experiment
conforming to the Schubert assumptions, but there are numerous factors which are likely
causes of the disagreement. For example, changing the ionic strength of the solution in an
ion exchange experiment can cause order of magnitude stability constant differences in
otherwise identical systems. This was demonstrated in a study that examined changing
the ionic strength from 0.0 to 0.15. Increased ionic strength caused log (β) values to
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decrease linearly in metal-fulvic acid systems for all 10 metals tested.142 The degree of
change was dependent on the metal, but differences were on the scale of one or more
orders of magnitude.142 The same trend was observed for a strontium and citrate
system.244 These two studies show the differences in stability constant with changing
ionic strength are characteristic of a ligand and metal pair. In the experiments reported
herein, the difference in ionic strength was about 0.1 M, and the ~4 order of magnitude
difference could be the result of differences in ionic strength.
The monorhamnolipid concentrations were also changed by two orders of
magnitude. The monorhamnolipid concentration was changed from well above the
critical micelle concentration to a concentration near the critical micelle concentration. It
is unknown what effect the presence or absence of monorhamnolipid aggregates would
have on the conditional stability constant determined by Schubert’s method. Furthermore,
the reduction of the monorhamnolipid concentration to 10-40 µM from 0.1-4 mM, raises
concerns of monorhamnolipid loss due to adsorption to the reaction vessel. At the 10-40
µM range, the 15-ml centrifuge tubes have enough surface area to adsorb 2.5 to 10% of
the added monorhamnolipid, respectively (calculations not shown). Loss of this much
monorhamnolipid from the system could be a potential explanation of lower stability
constants using the modified methodology. In the 0.1-4 mM concentration range,
monorhamnolipid loss due to adsorption can be considered negligible. These calculations
do not include the surface area added by the resin, but it has been show that there is no
measureable loss of monorhamnolipid due to resin adsorption at a concentration range of
0-4.2 mM.74 Because of the much smaller concentration range, it is feasible that
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adsorption of monorhamnolipid to resin may not be negligible for µM concentrations,
thus, potentially reducing the stability constant further.
Other considerations for the difference in stability constants should include the
addition of large quantities of neutral electrolyte and the reduction of resin weight in the
modified methodology. The results show that the large difference in background cation
concentration and reduction in resin weight reduced the ligand-free distribution
coefficient, λo, for both metals with unknown effect on stability constant determinations.
The use of Eq. A.9 assumes no other ligands complex the metal. This is not always true
and other equations are required to describe more complicated systems where this is
occurring.244 NO3- concentrations increased by nearly three orders of magnitude in the
modified methodology, and it is unknown the degree to which NO3- is interacting with
the metals or how it may be affecting the stability constant determination. In the original
method, NO3- is present at the same concentration as the metal because nitrate metal salts
were used.
As a final illustration of the difficulty in comparing differences of the results from
Appendix A and Chapters 2 and 3, consider the monorhamnolipid to metal ratios in
Figure A.1 where Figure A.1A is data collected using the modified methodology, and
Figure A.1B is data collected using the original methodology. During the discussion of
first principle calculations versus observed results in section 2.4.2, it was noted that
calculated estimates of metal complexation differed from observed data. The difference
was attributed to positively charged complex species adsorbing to the resin. Assume this
is true. Figure A.1B shows that as the monorhamnolipid to metal ratio increases from 1 to
8, the amount of complexed metal (indicated by the presence of metal in solution)
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increases from 1.5% to 97% for Pb2+ and from ~0.25% to 85% for La3+. The increase in
solution metal is expected because, as the ligand to metal ratio increases, there is
additional ligand available for the formation of MLn species with higher ‘n’ values. As
‘n’ increases, so does the number of neutrally or negatively charged species in solution.
Contrast this data to the data in Figure A.1A where the monorhamnolipid to metal
ratio increases from 200 to 800. Despite the ligand being in great excess where ‘n’ should
be at a maximum, Pb2+ shows no increase in the reaction solution. If our assumption
above is true, then this can be attributed to either the formation of only positively charged
complexes or no complexation of lead with monorhamnolipid. The former explanation is
contradictory to the results of Figure A.1B since neutral or negatively charged leadmonorhamnolipid species are evident at the much lower monorhamnolipid to metal
ratios, and the latter case is clearly erroneous as there is plentiful evidence of
monorhamnolipid binding of lead.203 Examination of La3+ in Figure A.1 shows a similar
divergence where at lower monorhamnolipid to metal ratios, there is a substantial degree
of neutral or negatively charged species in solution (Figure A.1B), while at the much high
monorhamnolipid to metal ratios there is relatively little formation of such complex
species. These differences are evidence that the two methodologies have resulted in two
systems so vastly different, that comparison of the two systems for the purpose of
understanding the effects of Schubert’s assumptions is not feasible. The difference in
conditional stability constants between the two methods is certainly a function of meeting
Schubert’s assumptions, but due to the compounding issues highlighted above,
understanding the effects Schubert’s assumptions requires a significant amount of
additional research to manage, understand, or eliminate other variables.
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A.4. Conclusion
The underlying principle of the conditional stability constant is that, during
analysis, the concentration of the anticipated or desired analyte is of the utmost
importance and other species are of lesser importance.245, 246 By approaching the
determination of stability constants in this way, the stability constant is conditional on the
prevailing conditions in which it was determined.245 In this dissertation, there is no
question, the methodology of Chapters 2 and 3 do not fully satisfy the assumptions
underlying Schubert’s method, but they do provide a measure of the analyte of interest:
monorhamnolipid complexed metal. Schubert’s method is intended to determine the
stoichiometric stability constant of metal ligand complexes; the work in this dissertation
and by others21, 74 has adapted Schubert’s method for the determination of conditional
stability constants so that an understanding of the relative binding strengths of
monorhamnolipid with a variety of metals could be developed. Even Schubert has used a
similar approach which did not meet his assumptions to determine the relative influence
of factors such as temperature, ionic strength, and presence of formaldehyde on stability
constants: “[Eq. A.9] is valid for the conditions employed even when the complex ion is
itself adsorbed, i.e., has a net positive charge.”244 The suitability of this approach is
supported by the results of mixed metals studies in this dissertation (Chapters 2 & 4) and
the literature.73-77, 79, 80, 82, 102
At the outset of the work covered in this dissertation, it was never the goal to
establish exact stoichiometric stability constants for metal-monorhamnolipid complexes.
Rather, I sought to assess the relative binding strength of monorhamnolipids with a
variety of metals to determine which metals are preferentially bound by
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monorhamnolipid. The information gleaned from this research would then become the
foundation on which monorhamnolipid-based technologies could be developed for the
recovery of target metals from metalliferous aqueous media, whether for economic gain
or environmental protection. I strongly believe that the work contained within this
dissertation accomplished this goal, generated reliable data using appropriate methods,
and contributed valuable information to the scientific community.
If the specific stoichiometric stability constant and step-wise stability constants of
monorhamnolipid with metals are of future research interest, the method of Schubert may
be utilized. The assumptions on which the method is based can be satisfied, but careful
research will be required to determine optimal reaction conditions; a review of the
literature related to Schubert’s method will yield numerous papers which provide
guidance on what conditions and mathematical treatments should be utilized to generate
reliable data with little error.230, 232, 233, 235, 236, 244, 244, 247 If challenges remain, such as
adsorption of ligand to the resin, other methodologies may prove to be more successful
approaches.230, 232
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