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Abstract

Plastic becomes a persistent contaminant in aquatic systems. The adherence of abiotic and biotic
materials to plastics may potentiate structural changes and their degradation. How the main elements
present in sea water interact with polymers is largely unknown. Nuclear microprobe clusters PIXE
and RBS techniques, which offer unique possibilities to characterize the materials deposited on the
surface of plastics rejected to the aquatic environment. These techniques enable to study penetration
profiles of elements that are present in the deposits, estimate their depth structure and polymer
matrix variations. Food packaging polymers, high-density polyethylene (HDPE) and polyethylene
terephthalate (PET) exposed to turbid water of the Tagus estuary were studied. The deposition
mosaic contained clastic, biota and saline components. A major finding was the diffusion of the ion
Cl− in the polymer matrix. This was possible by examining elemental profiles taken in transversal
sections of the polymers. The depth structure of deposits was estimated using RBS and PIXE data
applying general purpose programs, such as OMDAQ2007 and NDF. To illustrate the capabilities of
these analytical tools the depth structure of biotic and abiotic deposits was examined. The results
pointed out for a multilayer depth structure which can decode the complex arrangement of cellular
and sedimentary materials deposited on the polymers surface. In addition, it was possible to identify
sources of uncertainties in simulating the interface and the changeable polymer matrix in deeper regions.
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1. Introduction

Increasing amounts of floating plastic debris in
rivers, estuaries and sea is a preoccupying environ-
mental and toxicological issue [1]. Over time, plas-
tics break down into smaller pieces due to weath-
ering, such as sunlight exposure, oxidation, waves
action, currents, and grazing forming particles with
less than 5 mm, the so called microplastics [2]. It
is currently consensual that the adherence of biota
and inorganic suspended particles as well as solu-
ble materials to plastics, eventually interact with
polymers favouring their structural changes, degra-
dation and fragmentation [3]. However, how abiotic
(earth crust materials and saline compounds) and
biotic materials in water interact with the polymers
and promote their ageing process is still an open
question. Recent studies point out for a possible
absorption of earth crust materials by the polymer,
which may be dependent on the plastic chemical
nature [4]. Other possible process involves adher-
ence of clastic materials to plastics increasing oxi-
dized moieties, that in turn facilitate the adhesion
of microorganisms. These synergistic events per-
sist through time leading to a relatively steady film

covering the plastic material, which may favour the
weathering of the surface of the polymer. Measure-
ments of chemical elements deposited on plastics at
a microscale are virtually lacking. Especially, how
major ions present in sea water, e.g., Cl, Na, S, Ca,
K, Br, interact with polymers is largely unknown.
Microbeam capabilities offer unique possibilities to
characterize the complex deposits on the surface of
daily use plastics, which are rejected to the environ-
ment. Nuclear microscopy, which mainly clusters
PIXE and RBS techniques together with ion beam
analytical tools, such as OMDAQ2007 and NDF,
enables to characterize the depth structure of the
deposits and assess the depth distribution of ele-
ments in the deposit and inside the polymer matrix
[5]. This will help reconstructing a 3-dimentional
picture of the deposits and characterize polymer
matrix changes. The objective of this study is thus
to examine the elemental composition of deposits
in plastics exposed to a turbid estuarine environ-
ment and to learn about the depth penetration of
key elements into the plastics.
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2. Background

In this experimental work, the analysis of the plastic
samples are provided by the simultaneous collection
of PIXE and RBS events. Considered singularly,
each of these techniques permits the characteriza-
tion of materials, with different features and results.

2.1. Particle-Induced X-ray Emission (PIXE)

PIXE is based on the excitation of inner-shell elec-
trons from target atoms by the energetic incident
particle impact and the spectroscopy of the subse-
quently emitted X-rays during the electronic relax-
ation. The counts on the PIXE spectrum related to
the X-rays emitted by the element Z (atomic mass
A) is called yield YP (Z). To estimate the elemen-
tal concentration Nz (atoms/cm3) of the element
in the sample, precise knowledge of the ionization
cross section σz(E), of the fluorescence yields ω and
of branching ratios b is required. Furthermore, for
thick targets, the overall stopping power of the sam-
ple matrix SM (E) and, if there are absorbers, the
transmission coefficient t, have to be known. For
the geometry shown in Fig.1, with a homogeneous

Figure 1: Scheme of PIXE experimental geometry.

sample of intermediate thickness, the concentration
of a specific element can be estimated from the el-
ements PIXE yield, with the equation [6]:

YP (Z) = ω b ·Nz ·GP (Z) ·
∫ Ef

E1

σz(E)Tz(E)
SM (E) dE (1)

Here, considering a general experimental setup, E1

is the initial ion energy, and Ef , is the final energy
on exit from the sample. GP (Z) is an experimental
parameter,

GP (Z) = εP (EZ) · ΩP

4π ·Np · (1−DTRP ) · t

where ΩP is the detector solid angle, εP (EZ) is its
relative efficiency, EZ the emitted X-ray energy,
DTRP the detector dead time ratio and Np is
the number of incident protons. The quantity
Tz(E) describes the X-ray transmission from the
successive depths in the matrix.

2.2. Rutherford Backscattering Spectroscopy
(RBS)

The fundamental basis of RBS is the detection and
analysis of the projectile ions which are backscat-
tered after the interaction with the target nuclei
that compose the sample matrix. Measurements of
the number and energy distribution of these ions,
provide the quantitative determination of the com-
position of a material and depth profiling of individ-
ual elements. The theoretical scattering model that
describes this technique raise from the assumption
that the process is a two-body elastic collision be-
tween two isolated particles of masses M1 and M2.
The incident particle with mass M1, atomic number
Z1 and energy E1, interacts with a nucleus of the
sample, at rest in the laboratory frame (E2 = 0),
with mass M2 and atomic number Z2. After the
scattering process, the projectile is deflected at an
angle θ with kinetic energy E1

′ while the target nu-
clei is scattered through the recoil angle Φ with ki-
netic energy E2

′ 6= 0. The energy E1
′ of the scat-

tered projectile ion is determined by applying con-
servation of kinetic energy and of longitudinal and
transverse momentum of the two-body system after
the scattering process. Using the related equation,
considering M1 < M2, it is possible to define the
Kinematic factor Ktarget as the ratio between the
energy before and after the interaction:

Ktarget = E1
′

E1
=

[√
1−(M1/M2)2 sin2 θ+(M1/M2) cos θ

1+(M1/M2)

]2

(2)

As highlighted by the subscript, this factor has an
intrinsic dependence on the target element. Hence,
for a ion with known light mass M1 (e.g. 1H or
4He), the energy loss of the incident ion, after elas-
tically colliding with the target atom, becomes a
function only of the scattering angle θ and the tar-
get mass M2. Therefore, the kinematic factor per-
mits to recognize the element of the sample involved
in the scattering process (given that the collision
happens in the sample surface).

The capability of characterizing the analyzed
sample in depth rely mainly on the energy loss of
the analysis beam ions as they traverse the speci-
men. The stopping power of a material is usually
defined as the energy loss per distance travelled by
a particular ion in the material and is denoted as
dE/dx. It includes two contributions, the electronic
and the nuclear scattering processes. In RBS appli-
cations, MeV light ions beam are used and the rate
of the electronic energy loss can be characterize by
the Bethe-Block formula in the non relativistic ap-
proximation [7]:

−dEdx

∣∣∣∣
e

= 4π
me
· neZ1

2

v12 ·
(

e2

4πε0

)2

· ln
(

2mev1
2

I

)
(3)

where v1 is the projectiles velocity, ne the number
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of electrons per unit volume, me the electron mass
and I the mean excitation potential. The beam ions
are characterized by their dE/dx, that, considering
the in and out-coming trajectories of the particles,
enables the extraction of depth information from
the sample. Figure 2 schematize the backscattering
process.

Figure 2: Scheme of a backscattering event at a
certain depth in the sample.

The particle enters in the sample with an energy E1

and an angle θ1 respect to the surface normal. After
having transvered a depth xt in the material, it is
backscattered at an angle θs, losing a fraction of its
energy, given by the kinematic factor. In order to
be detected and contribute to the RBS spectrum,
it then goes through the sample until it emerges off
at an angle θ2 respect to the normal of the sample
surface. The ion loses an energy ∆Ein along its
path into the sample and ∆Eout along its path out
of the sample, where

∆Ein =
∫ xt/ cos θ1

0
dE
dx

∣∣∣∣
E1

dx ∆Eout =
∫ 0

xt/ cos θ2
dE
dx

∣∣∣∣
Es

dx (4)

in which the subscripts E1 and Es stand for the
energy value from which the energy loss has to be
evaluated. The first is the ion energy before enter-
ing the sample while Es is its energy just after be-
ing scattered, Es = Ktarget(θs)·(E1−∆Ein), where
Ktarget(θs) is the kinematic factor given in Eq. 2,
that depends directly on the backscattered angle θs
and the target atom. The measured backscattered
ion energy E1

′ from a given element at a depth xt
is thus

E1
′ = Ktarget(θs) · (E1 −∆Ein)−∆Eout (5)

Using the proper rates of ion energy loss and kine-
matic factors, the energy spectrum of the collected
backscattered ion can be converted to the depth
profile of each element of the sample.

The RBS technique enables also the determina-
tion, with considerable precision, of the stoichiom-
etry of the sample elemental matrix. Considering
a uniform beam of normal incidence on an uniform
sample surface, the numbers of backscattered ions
detected after interacting with a layer of atoms with

mass A of thickness ∆t, uniformly distribuited with
concentration NA, is given by:

YR(A,∆t, θs) = GR ·NA ·
∫∆t

0
σR(E(xt), θ2)dxt (6)

where σR(E(xt), θ2) is the scattering cross section
at angle θ2 evaluated at ion energy E(xt), with xt
the depth of the involved target atom and GR(Z)
the experimental parameter related to the RBS
setup:

GR = ΩR

4π ·Np · (1−DTRR)

Using beam energies typically in the order of few
MeV , the scattering cross section can be assumed
to be the Rutherford. Np is the measured number
of incident particles, DTRR the detector dead
time ratio and ΩR its solid angle. Eq. 6 can be
efficiently used if in the spectrum, the full peak of
the considered element can be resolved, so that the
element concentration NA can be estimated.

2.3. PIXE and RBS complementarity

IBA techniques, together with the characteristic
features present also limitations. For PIXE, when
analyzing a thick sample, the elemental composition
of the matrix is required to estimate the concentra-
tion of the elements. If this is not known, precise in-
formation can not be deduced. On the other hand,
RBS analysis are not fruitful when they have to
deal complex structure samples, being either multi-
elemental or multi-layered or even both. In these
situations, the multiple variables that have to be
considered, originate ambiguities in the RBS spec-
trum interpretation and, as a result, there is not
a unique matrix that simulates properly the spec-
trum.

These limitations can be partially solved by clus-
tering the two techniques. The analysis provided
singularly, in fact, focuses in different features of
the sample. As such, combining the data, comple-
mentary and self-consitent results can be obtained.
In particular, for PIXE and RBS, two different ap-
proaches are possible. The first consists in improv-
ing the PIXE estimation of the elements concentra-
tions in a thick sample using the RBS capability of
estimate the sample matrix and provide a correction
to the measured charge, that may differ from the ef-
fective one. This method is called Q-factor, from
the charge correction parameter [8]. Vice versa,
the RBS depth profiling evaluation can be improved
limiting the possible matrices that fits the spectrum
to the ones that produce also a PIXE simulation
that is in agreement with the related data [9].

3. Experimental Analysis

Food packaging polymers, such as high-density
polyethylene (HDPE) and polyethylene terephtha-
late (PET) were exposed to turbid water of the
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Tagus estuary for 30 days. Pieces of these poly-
mers of approximately of 2.5 x 5 cm2 were used and
suspended in the water-column at the same depth.
After exposure, samples retrieved from the site were
air dried. Pieces of approximately 0.5 cm2, repre-
sentative of high and low deposition areas, were cut
for further nuclear microscopy analysis. For precise
and clean cuts a surgical blade was used. Pristine
samples were used as controls. The polymer materi-
als were analysed at the nuclear microprobe facility
of IST/CTN [10]. A proton beam of 2.0 MeV and
100 pA current focused to a 3 x 4 µm2 spot size was
used. PIXE and RBS analysis were carried out si-
multaneously to assess the micro-distribution maps
of elements on the surface (surface analysis) and in
cross sections (transversal analysis) of the samples.
Linescans were also obtained in selected regions of
transversal sections. Acquisition of data was per-
formed using OMDAQ (Oxford Microbeams Ltd,
UK). The polymer samples were mounted on a sam-
ple stage with a goniometer that enabled the posi-
tioning of the samples to produce elemental map-
ping of the surface deposits and of the transver-
sal sections of the polymers. The polymer samples
were carbon coated to avoid charge build up. The
analysis of PIXE and RBS data obtained in sur-
face mapping and transversal profiles was carried
out using software analytical tools such as, i) OM-
DAQ2007 (Oxford Microbeams Ltd, UK), which
provides an interface for GUPIX [11] and RUMP
[12], to estimate the charge and the matrix through
the RBS spectra to normalize PIXE data, and pro-
duce quantitative elemental measures; ii) NDF to
define a high-resolution depth structure of the de-
posit and changes of the polymer matrix at the in-
terface. NDF uses complementary data from PIXE
spectra collected simultaneously to generate a sin-
gle solution consistent with the RBS depth profile
as fit parameter. The program calculates the PIXE
elemental yields for the layer structure that best fit
the RBS spectra comparing them to the elemen-
tal yields in the PIXE spectra obtained experimen-
tally. In both OMDAQ2007 and NDF approaches
the depth profile is represented by finite layers with
constant concentrations.

4. Results

4.1. Surface elemental distribution

In both HDPE and PET the deposition mosaic con-
sisted of abiotic and biotic components. The de-
posits showed saline, sediment-like materials and
a large diversity of organisms dispersed in a non-
homogeneous manner and arranged in a complex
layered distribution, as can be depicted in Figure 3.

Figure 3: Elemental distribution of several surface
deposits.

Biota can be easily identified through the Ca
map, as calcium carbonate is the building block for
the cell walls, shells and skeletons of many marine
organisms. Marine organisms are intertwined with
sedimentary materials that can be inferred by Si, Fe
and K, and saline deposits such as Cl (see Figure
3-A and B) even when cells are isolated in regions
with very low deposit (Figure 3-A). This distribu-
tion pattern suggests an association of biota with
sedimentary materials that may stabilize the ad-
hesion to the polymer substrate. Concerning sedi-
mentary materials, a variety of grain sizes was ob-
served, probably silt, clay or other earth crust ma-
terials (e.g., Si, Ti, Fe, K and Ca) and salt particles
(e.g., Cl) (Figure 3-C). These elemental signatures
are also present in regions of the plastics with very
low deposits (Figure 3-D). However, the distribu-
tion of Cl followed a different pattern of the other
elements that characterize the sedimentary mate-
rial. This was also evident in panels A and B of
Figure 3, where Cl particles that populate the de-
posit regions showed well defined boundaries likely
crystals of sea salt and were not correlated with
major sedimentary grains or cells.

4.2. Transversal elemental distribution

The polymer matrices and deposits were also in-
spected by transversal analysis. By rotating the
samples of 90◦, the cross section of the polymer
could be scanned and line profiles produced in re-
gions of interest. These line profiles were taken in
both pristine (control) and exposed samples. In the
latest, high-loaded regions, low-loaded regions and
virtually clean regions of the plastic sample were

4



examined. The number of counts for each element
in the PIXE and RBS spectra was plotted in func-
tion of depth. Only one edge was analysed at a
time, due to the system geometry. The results ob-
tained for the pristine polymers, showed that PET
is a very uniform material (Figure 4 A, B and C).

Figure 4: Transversal section analysis of PET pris-
tine samples: maps and linescans.

The HDPE polymer used in the study contained
Ti homogeneously distributed in the C matrix and
Ca in a grain like structures (Figure 5 D and E).
These features can be clearly inferred in surface and
transversal analysis and in elemental profiles (Fig-
ure 5 D and F).

Figure 5: Transversal section analysis of HDPE
pristine samples: maps and linescans.

In Figure 6 cross section analyses of PET and
HDPE samples of a high-load deposit region are
displayed.

Figure 6: Linescans of exposed samples showing
several elements.

The selected cases illustrate the profiles of ele-
ments detected in the PIXE and RBS spectra in the
polymers cross section. The plastic surface was set
visually by the user using the C signal from RBS
spectra to define the edge of the polymer. This
boundary was taken as the zero depth. The ele-
mental distributions showed that deposits can be
easily identified by well-defined peaks of several el-
ements (e.g., Si, K, Ca, Ti, Fe) in front of the
substrate edge. The elemental profiles of polymers
cross-sections enabled to have an estimation of the
deposit thickness. A Gaussian fit of the peaks of in-
dividual elements provided a consistent estimation
of the width of the deposit in each sample. For the
line scans plotted in Figure 6, the deposit widths
were of 9-15 µm in PET and 14-18 µm in HDPE.
However, the calculated deposit width is just indica-
tive and comparison between samples not straight-
forward.

A relevant Cl diffusion in the polymer matrix was
observed in both PET and HDPE (see Figure 6 A
and B). However, the Cl diffusion into the plastic
was largely nonhomogeneous. In some regions a rel-
evant diffusion occurred whereas others are devoid
of Cl, as illustrated by the images of the transversal
sections of both polymers in Figure 7.
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Figure 7: Transversal section maps of different sam-
ples that present Cl diffusion.

There was no evidence of diffusion for any other
element detected. This procedure had limitations in
what concerns assessing penetration profiles at the
deposit-polymer interface. The major limitations
were imposed by the lateral resolution of the beam
and the demarcation of the polymer boundary de-
fined visually by the user. Nevertheless, the surface
and transversal characterization of the polymers en-
abled us (i) to associate elemental composition with
sedimentary deposits and identify biological colo-
nization of the plastic surface, (ii) to evaluate the
magnitude of the thickness of the deposits, and (iii)
to establish elemental profiles which permitted to
identify the nonhomogeneous diffusion of Cl in both
polymer matrices.

4.3. Evaluation of depth structure of deposits

The cross-section analyses of the polymers did not
provide information about the structure of the de-
posits, despite important information about the
elemental composition of those deposits and the
spreading of Cl inside the polymers matrix. Be-
sides, the manipulation of the sample may create
artefacts as particles of the deposit can be dragged
or splashed to the cross section during cut. Also,
transversal analysis of thin plastics (< 100 µm) will
be demanding. Therefore, it is important to trans-
late the results obtained in transversal analysis to
surface analysis. This is possible by using RBS data
of surface analysis and ion beam tools such as OM-
DAQ2007 and NDF programmes that will enable
to estimate the structural composition of the de-
posit and to examine the deposit-polymer interface
and the changes of the polymer matrix. The ra-
tionale of using RBS data of surface analysis is the
better depth resolution achieved with RBS in com-
parison to PIXE for the transversal profiles, which
is limited by the beam lateral resolution. The ap-
proach was applied to spectra collected in two types
of deposits on PET and HDPE, such as biological
and sedimentary materials. These spectra corre-

sponded to point analysis from details identified in
surface analysis maps, i.e., tiny areas equivalent to
the beam dimensions (approximately 3 x 4 µm2 ).
The polymer matrix was first estimated using the
RBS spectra of pristine polymers and included in
OMDAQ2007 and NDF analysis of deposits as a
substrate layer. The HDPE matrix estimation using
both OMDAQ2007 and NDF produced the same re-
sult (C 99 % + (Ca+Ti) 1 %); thickness >300µm),
whereas the PET matrix was marginally different
when OMDAQ2007 results (C 67 % +O 33 % us-
ing; thickness >100 µm) were compared to NDF
results (C 77 % + O 23 %; thickness >100 µm).
The OMDAQ2007 result of the RBS fit was consis-
tent with the PET stoichiometry (C10H8O4). The
NDF result was influenced by the lack of relevant
elements detectable by PIXE. Only Ca (probably
present as an impurity) was used in the NDF calcu-
lations and the very low statistics of the peak lead to
a less adjusted solution.A three-layer structure was
initially assumed for the two types of deposits: (i)
the thin carbon coating used to avoid charge build
up during irradiation; (ii) the deposit layer based
on major elements that can be detected in both
RBS and PIXE spectra; and (iii) the fixed substrate
layer, the polymer matrix. The OMDAQ2007 out-
put gives the best RBS spectra fit based on the user
initial guess of the layer structure, elemental com-
position and thickness of each layer. Improvements
can be obtained by adjusting elemental composition
in each layer, beam energy and RBS detector reso-
lution. The fit results obtained for a detail of a cell
adherent to HDPE, corresponding to the cell wall
and a sedimentary deposit on PET is displayed in
Figure 8.

Figure 8: RBS spectrum of a point analysis in a cell
wall.

The first layer reproduced the thin C film at the
surface (C 100 %; thickness = 0.08 µm) and the
second layer was consistent with biological material
composition and thickness (C 19.4 % + O 66.9 % +
Ca 13.4 % + Zn 0.2 %; thickness = 22.8 µm). The
substrate layer was the simulated HDPE matrix as
referred above. Likely, the sediment region RBS
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spectrum fit can be seen in Figure 9.

Figure 9: RBS spectrum of a point analysis in a
sedimentary deposit area.

The first layer reproduced the thin C film at the
surface (C 100 %; thickness = 0.05 µm), the sec-
ond layer was consistent with sedimentary material
composition (C 53 % + O 37 % + Ca 9.2 % +
Fe 0.8 %; thickness 23.3 µm), and the third layer
corresponded to the PET matrix (Figure 9). How-
ever, OMDAQ2007 did not reproduce the shape of
the resonance very well nor the shape of the barri-
ers of heavier elements in the spectra. The results
obtained point out that a more complex matrix
structure may be required, which has to be defined
manually when using OMDAQ2007. If this multi-
layer structure will have common elements in each
layer, it will imply that the OMDAQ2007 capability
of calculating elemental concentrations using PIXE
spectra can only be performed in a single layer, as
total multilayer quantitative analysis is only possi-
ble if layers do not share the same element(s).

NDF can estimate a multilayer composition and
thickness that best describe the sample with the
best possible accuracy departing from an initial
guess defined by the user (e.g., OMDAQ2007 best
fit). The deposit thickness, number of layers and
matrix composition was then estimated by adjust-
ing beam energy, detector resolution, RBS and
PIXE charge and combining relevant elements in
both RBS and PIXE spectra. Thus, elemental con-
centrations can only be calculated for the elements
that are detected both by PIXE and RBS. The NDF
generates a single solution consistent with the RBS
depth profile as fit parameter and PIXE elemental
yields. The NDF simulation of the RBS spectra
of the cell detail on HDPE provided an interesting
solution for the depth structure described by four
layers, which is meaningful in terms of cellular mor-
phology. The quality of the fit was evident and the
agreement between the experimental PIXE yields
and those calculated for the sample structure fitted
was also very good (Figure 10 A and B).

Figure 10: NDF analysis of point data of a cell wall.

Apart the first thin C coating layer (as obtained
in OMDAQ2007 approach), the second layer com-
position (C 16 % + O 68 % + Ca 16 %) repro-
duced the atomic percentages in calcium carbon-
ate (CaCO3) a major constituent of the cell wall
of many marine organisms, and the third layer,
showed a composition closer to an intracellular mi-
lieu, less Ca, more C and O (C 26 % + O 66% +
Ca 9%). The fourth layer was noteworthy as it re-
veals a mixed composition of the cell wall and the
polymer (C 0.2 % + O 2.2 % + Cl 0.4 % + Ca
34 % + substrate 63 %). This mixed composition
is compatible with the required cell adhesion to the
substrate (the 5th layer HDPE) and may reflect the
biodegradation of the polymer surface carried out
by enzymatic hydrolysis of specific polymer bonds.
The layer structure and the relative elemental com-
position of each layer can be represented by plotting
the fitted depth profile derived from the RBS data
with the linear depth scale as in Figure 10 C. The
results obtained with NDF for the sedimentary ma-
terial, evidenced the high complexity of the deposit
that could be already guessed from the unsatisfac-
tory OMDAQ2007 result. The simulation delivered
a depth structure of 8 layers with different thick-
nesses and composition, compatible with a mixture
of organic matter and earth crust materials. This
structure reproduced the spectra shape accurately.
The calculated PIXE yields for Si, Cl, K, Ca and
Fe showed also a remarkable agreement with the
experimental data (see Figure 11 A and B).

Figure 11: NDF analysis of point data of a mixed
deposit region.

The depth structure evidenced a larger organic
contribution at the deposit surface (higher C atomic
percentage in the first three layers) and more oxi-
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dized Fe, Ca and Si earth crust materials deeper in
the deposit. Interestingly, Cl was also present at
deeper layers, suggesting proximity of the substrate
that may favour its diffusion into the polymer ma-
trix (Figure 11 C). The Cl− ions, a major ion in
seawater, may have an important role of in plastic
degradation that is still not fully elucidated. How-
ever, due to the low yield of the elements of inter-
est relative to matrix it was not possible to model
the diffusion of Cl or any other element in the ma-
trix. To assess matrix changes the element yield
should overcome the uncertainty of the fit of the
upper layers and the matrix. Beam straggling in
upper layer of the deposit and attenuation of the
incoming energetic particles by the materials in the
deposit also limit the analysis capacity in the eval-
uation of polymer-deposit interaction and matrix
changes.

5. Conclusions

To our knowledge, the reported results were the first
measurements on the micro-distribution of chemical
elements present in the deposits of floating plastics.
Major findings were the diffusion of the ion Cl− in
the polymer matrix and the determination of the
depth structure of biotic and sedimentary deposits
on PET and HDPE polymers. The absorption of
elements such as Cl by the polymer and the de-
position of sedimentary materials may have conse-
quences in plastic degradation speed, transference
of metals and contaminants and in their toxicity
to aquatic life. Combining both transversal and
surface analysis can be a good exploratory strat-
egy to assess matrix penetration profiles and depth
structure of abiotic and biotic deposits on plastic
materials. Although assessing the polymer-deposit
interaction and matrix changes was not straight-
forward, the depth structure of the deposit can be
well defined as long as the RBS spectra can be well
modelled. In these cases sub-micrometre depth res-
olution can be achieved. The results of the present
study evidence that nuclear microscopy in combi-
nation with the OMDAQ2007 and NDF analyti-
cal tools offer unique possibilities to study plastic
degradation and plastic chemical transfer with min-
imal sample manipulation.

There are plenty of room to improve both OM-
DAQ2007 and NDF depth structure assessment. A
common issue will be the acquisition of spectral
data with greater statistical power. This would help
improving the estimation of diffusion of elements
into the polymer matrix. The examination of de-
posits in a temporal scale perspective would also
shed light on the adhesion process of materials to
plastics and on the diffusion of ions present in sea-
water, such as Cl−. The NDF capabilities account
for roughness, voids and different layer edge con-

figurations, which would be interesting to explore
in the search of solutions that would describe more
accurately the spectral data of deposits. However,
NDF is a time consuming approach and convergence
to an appropriate solution is not always obtained.
On the other hand the OMDAQ2007 analyses, are
carried out in a friendly user interface, are fast and
quantitative results are not only limited to the ele-
ments present in RBS and PIXE spectra. The eval-
uation of multilayer depth structures is also possi-
ble, although the final solution may be only quali-
tative.
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