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Abstract

Pollution of soils and sediments by heavy metals is an environmental concern. Among the remedial techniques, soil washing is proving to
be reliable. Biosurfactant rhamnolipid has shown its potential as a washing agent. In this research, small angle neutron scattering (SANS) was
employed to investigate the size and morphology of rhamnolipid aggregates and micelle structure in the presence of heavy metals Cu, Zn, and
Ni. The results indicate the importance of the pH of the system in the morphology of the aggregates in the rhamnolipid solution. Creation of a
basic condition by addition of 1% NaOH led to the formation of large aggregates (>2000 A) + micelles with Rg ~ 17 A while in the acidic
environment with 1% NaCl, large polydisperse vesicles with a radius about 550-600 A were formed. The size of the aggregates in both acidic and
basic condition is fine enough to ease the flow of the thamnolipid solution through the porous media with the pore sizes as small as 200 nm.
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1. Introduction

Biosurfactants are surface active agents produced by mi-
croorganisms. The rhamnolipids used in this study, R1 and R2,
are biosurfactants from the glycolipid group produced by the
bacterium Pseudomonas aeruginosa the chemical structures of
which are shown in Fig. 1 [1,2]. They are capable of effec-
tively removing heavy metals (such as copper and zinc) from
sediments [3,4] and enhancing the removal of oil grease and
metal ions from contaminated soil [5—7]. This capacity opens a
new horizon to study the extraction of copper from ore. Up to
53.4% of copper was extracted from a mining residue using 5%
rhamnolipid [8]. Addition of 1% NaOH showed significant en-
hancement of the removal of copper from sediments and mining
residues [9]. The changes in heavy metal removal efficiency un-
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der different conditions presumably pertain to the change in the
structure of rhamnolipid [6,8,10]. It is known that a variety of
morphologies of rhamnolipid exist including lamellar, vesicles
and micelles [11]. The structures of rhamnolipids were previ-
ously studied using polarized optical microscopy (POM) and
cryo-transmission electron microscopy (cryo-TEM) to sample
the structure of rhamnolipid micelles locally upon varying elec-
trolytes (metal ions), pH and alkanes [12,13]. Small angle neu-
tron scattering (SANS), a complementary technique to POM
and cryo-TEM, is able to provide the average global morphol-
ogy of aggregates in solutions and has also been widely used in
resolving the structures of surfactants, phospholipids and mi-
croemulsions with the length scale ranged from 10 to 1000 A.
In this study, the objective was to use SANS to investigate the
morphology of the rhamnolipid in the absence and the presence
of different additives including NaOH, KOH, NaCl, and heavy
metal ions such as Cu?T, Zn?>*, and Ni*>* to obtain more insight
in to the structural transformations.
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Fig. 1. Structure of rhamnolipid types I and II.

2. Materials and methods
2.1. Materials

The rhamnolipids, used in this study, were biosurfactants
type I, RLL (R1), and type II, RRLL (R2), from the glycolipid
group made by Pseudomonas aeruginosa with the trademark
JBR215 from Jeneil Biosurfactant Co. JBR215 is an aqueous
solution of rhamnolipid at 15% concentration. It is produced
from a sterilized and centrifuged fermentation broth. The mole-
cular formula of R1 is CoH4809 and that of R2 is C3pHs58013.

2.2. Sample preparation

According to the literature [3,4,10], working with the con-
centration of 2% rhamnolipid is the most practical in soil wash-
ing. The samples run at the Canadian Neutron Beam Centre
(CNBC, Chalk River, ON, Canada) were prepared with and
without 100 mg/L of copper, nickel and zinc individually in 2%
rhamnolipid in D, O adjusting the pH to 5 and 13. The samples
for further detailed neutron scattering study at National Insti-
tute of Standards and Technology (NIST) Center for Neutron
Research (NCNR, Gaithersburg, MD, USA) were prepared in
the same manner including 100 mg/L of all ions (Cu?*t, Ni**
and Zn**) in 2% rhamnolipid in D,0. The pH of the samples
using no additives (S#1), 1% NaOH (S#2), 1% KOH (S#3), and
1% NaCl (S#4), were measured at 6.5, 13.2, 13.2, and 5.5, re-
spectively. The pH of the S#1 was adjusted using 10% HNOj3
and NaOH (1 M).

2.3. Instrument and data reduction

SANS experiments were conducted at both NIST (National
Institute of Standards and Technology) Center for Neutron Re-
search (NCNR, Gaithersburg, MD, USA) and Canadian Neu-
tron Beam Centre (CNBC, Chalk River, ON, Canada).

2.3.1. NG3 30 m SANS instruments at NCNR

A neutron wavelength (1) of 6 A and three sample-to-
detector distances (1, 5, and 13 m) were employed, cover-
ing a g-range of 0.003 < g < 0.3 A~1 where ¢ is defined as
4 /Asin@/2, where 0 is the scattering angle between the inci-
dent and the scattered neutron beams. Samples were placed into
demountable cells with a path length of 2 mm. The 2-D raw data
were corrected for the ambient background and empty cell scat-

tering and normalized to yield an absolute scale (cross section
per unit volume) by the neutron flux on the samples [14]. The
data were then circularly averaged to yield the 1-D intensity
distribution, 7/ (g). The incoherent scattering was approximated
from the high ¢ intensity plateau and subtracted from the cor-
responding reduced data.

2.3.2. E3 neutron diffractometer at CNBC

A neutron wavelength of 2.37 A was selected by a pyrolitic
graphite monochromator. A 0.1-inch wide and 19-inch long col-
limation is applied to the incident beam to yield an achievable
minimal ¢ value of 0.025 A~!. The 32-wire detector simulta-
neously measures the scattered intensity at the scattering plane
and swings (with respect to the sample) to 4 different positions
to cover a ¢ range from 0.025 to 0.25 A~!. The data were then
corrected by the transmission, empty cell and background scat-
tering. However, due to the smearing effect contributed by the
vertical divergence, we are not able to compare the E3 data di-
rectly with the NG3 data. The measurements mainly provide a
qualitative comparison among the samples.

3. Data analysis and results

The scattering data of the samples containing various ions
(i.e., Cu>t, Ni*, Zn>*, separately and all together) obtained
from E3 diffractometer (Fig. 2) indicate that the scattering pat-
tern strongly depends on the pH values of the systems instead
of the presence of the ions. All the curves of the samples in the
basic condition collapse onto one curve with a low-g plateau
followed by a high-g decay, indicative of small particles. This
is different from all the scattering curves of the acidic samples,
which have a common pattern that two monotonic decays with
different slopes at low- and high-g regimes are observed. Due
to a strong smearing effect from vertical divergence, a detailed
analysis is not performed on these data. Instead, we analyzed
the SANS data of the representative samples (S#1-S#4) ob-
tained from NG3 30-m SANS instrument, which has a higher
resolution.

The SANS data in Fig. 3 shows that S#1 and S#4 have
a similar pattern, while S#2 and S#3 are almost identical to
each other. This result confirms the E3 neutron diffraction data,
indicating that pH value is one of the most influential para-
meters on morphology. The scattering intensity of S#1 at the
low-¢ regime (from 0.003 to 0.05 A~!) follows a ¢ 2 decay, a
characteristic of scattering from two-dimensional objects, pre-
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Fig. 2. CNBC E3 neutron diffraction data for samples of various ion dopants
(no dopant: purple diamonds; Cu?: blue tip-up triangles; Ni2t: green squares;
Zn2t: orange tip-down triangles; all ions [Cu2+, Ni2+, Zn2+]: red circles)
under acidic (solid symbols) and basic (open symbols) conditions.
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Fig. 3. NIST SANS data (represented by symbols) of S#1 (blue), S#2 (orange),
S#3 (green) and S#4 (red). The solid curves are the best fitting results for S#1
and S#4 using the polydisperse spherical shell model and S#2 and S#3 using
spherical model. The inset illustrates the Guinier plots [In(/) vs q2] of S#2
(orange) and S#3 (green). The slopes of the solid regression lines reveal the
size of micelles (= —R%/3).

sumably, unilamellar vesicles. Moreover, there are weak oscil-
lations along the curve indicating the vesicular size distribu-
tion is somewhat narrow. Therefore, a simple model could be
used, a polydisperse spherical shell [15], to fit the experimental
data. The shell, presumably, is composed of the rhamnolipid bi-
layer and the best fitting result indicates a bilayer thickness of
1542 A, an average diameter of 550 + 50 A and polydispersity
of 0.28 +0.05.

The best fitting curve does not agree with the SANS data
very well at low ¢, presumably due to the strong influence of
interparticle interaction (known as the “structure factor”) or the
existence of another population of smaller aggregates (e.g., mi-
celles). However, the feature of oscillation and the position of
the broad peak are captured, indicative of reasonably reliable
size and polydispersity from the best fitting result. In the case
of S#4, whose pH value is lower than that of S#1, the scattering
pattern also shows a ¢~2 dependence at low ¢. However, the
absolute intensity is slightly higher than that of S#1 at the same
q range and the intensity oscillation is almost absent with the
broad peak seemingly shifting to a lower g value, indicative of
a higher polydispersity and slightly larger particles in the sys-
tem. After fitting the data using the same model, the bilayer
thickness, diameter and polydispersity of the S#4 vesicles are
obtainedtobe 14+ 1, 580450, and 0.38 £0.10 A, respectively.

For both S#2 and S#3 (under a strong basic condition), the
intensity decays as a function of ¢ —* (corresponding to Porod’s
law [16] of scattering from the interface) at the low-g regime
(g <0.007 A~1), indicative of the existence of large aggregates
(>200 nm). Then, the intensity remains practically constant
over the ¢ range between 0.012 and 0.06 A~! followed by
another ¢—* decay at ¢ > 0.1 A=, indicative of another pop-
ulation of smaller aggregates, possibly micelles (Fig. 2). The
scattering intensity contributed from the micelles can be ap-
proximated as the following, where Réq2 /3<1:

1(g) ~ I(0)e Ra?’/3, (1)

Here 1(0) and Rg is the zero-angle intensity and radius of gy-
ration of the micelles [16]. A Guinier plot, where In[/(q)] is
plotted against ¢2, can therefore be constructed to obtain the
dimension of the micelles (inset of Fig. 3). This approach is
based on the following two assumptions: the inter-micellar in-
teraction is minimal, and the contribution of SANS intensity
from large aggregates at the g region in interest (in this case,
g > 0.03 A~ is negligible. According to Eq. (1), the ob-
tained slope of the line, In[(¢q)] vs ¢, is —R%/3. Applying
the Guinier plot on the SANS data over a g range between 0.04
and 0.1 A~! results in a value of Rg=172+1.0 A. The same
data analysis can be applied to the scattering curve of S#3 as
well. The obtained Rg is 17.9 & 1.0 A, which is practically the
same dimension as that of S#2 within the error. Therefore, it
can be concluded that they presumably have the same micellar
structure. The data were also fitted by a spherical model (the
solid curves) [17] yielding a radius of 17.5 A for both cases
confirming the result from Guinier analysis. Since the larger
aggregates (causing the uprising at low ¢) are outside the scale
of the SANS probing range, we cannot conclude the structure
based on current SANS data. However, they are possibly not
of unilamellar structure, since the scattering decay follows g —*

instead of ¢ 2.

4. Discussion
Previously, Andri et al. [18] published the structure of R2

using small angle X-ray scattering and two structures of multi-
lamellae and cubic phases were observed depending on the
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concentrations and temperatures. Helvaci et al. [13] also re-
ported a transition from lamellar to hexagonal phase in R1
and R2 solutions upon increased salt (NaCl) concentration
based on the optical microscopic data. However, these experi-
ments were conducted with relatively high lipid concentrations
(>5%), while none of the above mentioned structures are found
in our systems possibly due to the low concentration. Moreover,
as mentioned previously, the morphology of the aggregates in
the solution is strongly dependent on the pH of the system.
In the case of adding 1% NaOH, a basic condition, the mix-
ture forms large aggregates (>200 nm) + micelles whose Rg
is ~17 A, while in the sample with 1% NaCl, in an acidic
environment (pH 5.5), the mixture forms large polydisperse
vesicles with a radius ~600 A, consistent with the early cryo-
TEM results by Ishigami, et al. [19] and Champion et al. [12].
However, they did not observe the large aggregates under basic
conditions, while SANS presents all the aggregates in the solu-
tions. Another observation of the increased size of the vesicles
with increased acidity, however is consistent with their result.
This morphological transformation from large vesicles — small
vesicles — micelles (coexisting with large aggregates) upon in-
creasing pH value is presumably due to the increased charge
density on the carboxyl group, resulting in a more repulsive
hydrophilic head group and an increased effective size of the
head group, thus intriguing the formation of high-curvature mi-
celles [20]. The wall thickness of the vesicles (~15 A) seems
thinner than that of normal phospholipid vesicles possibly due
to a shorter hydrocarbon chain (only 7 carbons) but this is not
totally unexpected. A detailed SANS study on the structure of
a 6-carbon phospholipid (dihexanoyl phosphatidylcholine) so-
Iution shows that the lipid forms prolate micelles with a shorter
axis of 17.8 A, which is comparable to our best-fit result [21].

The neutron diffraction result indicates that the influence of
metal ions on the morphologies is minimal in contrast to the
study of Champion et al. [12] who found that the presence of
cadmium decreased the vesicular diameter, because Cd2t sta-
bilized the vesicle structure. According to the findings of this
study, one can also conclude that the size of aggregates in both
acidic and basic conditions is fine enough to ease the flow of the
rhamnolipid solution through the porous media with the pore
sizes as small as 200 nm.

5. Conclusions

The global structures of R1 and R2 aggregates in solu-
tions were successfully obtained using SANS and the result
confirms the morphological transition reported with cryo-TEM
data. Based on SANS data, it can also be concluded that pH

is the determining factor for the transition. In fact, the pH-
sensitive vesicles have the potential for the use of controlled
release nanoparticles to deliver drugs. From an environmental
standing point, the pH in the media to which the metal tech-
niques applied is a major controlling parameter in the efficiency
of the process. This is due to changes in the morphological tran-
sition of the rhamnolipid structure.
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