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Photo-oxidation of PE-HD affecting polymer/fuel interaction
and bacterial attachment
Maren Erdmann1, Sherin Kleinbub1, Volker Wachtendorf 1, Jan David Schutter1, Ute Niebergall1, Martin Böhning 1 and
Andrea Koerdt 1✉

In the present study, a simple approach was used to investigate the effect of UV-exposure on two high density polyethylene
materials (PE-HD), commonly used for storage tanks, on fuel sorption behavior and colonization by microorganisms. The aim was to
investigate whether the sorption behavior of the fuels (diesel/biodiesel) and the colonization by microorganisms, frequently
occurring in the fuel, is affected and may lead to undesirable or safety-relevant material changes. We showed that the
UV-irradiation leads to significant changes of the sorption behavior due to chemi-crystallization and crosslinking. The fuel sorption
is affected by the UV-induced formation of polar carbonyl and hydroxyl groups predominantly occurring at the surface. With
respect to microbial colonization behavior for Bacillus subtilis and Pseudomonas aeruginosa, isolated from a contaminated diesel
sample, differences of the initial adhesion could be shown depending on the initial type of polyethylene as well as on the degree of
UV-induced degradation.
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INTRODUCTION
Environmentally friendly energy sources, alternatives to conven-
tional fuel, are becoming increasingly important. Consequently, an
increase in improvement, production, and use of biodiesel (BD)
has been observed in the last decades. However, less attention has
been paid to the polymeric storage tanks, manufactured from
semi-crystalline high-density polyethylene (PE-HD), which were
originally designed for conventional fuel. PE-HD has become one
of the most important polyolefins for storage tanks due to its low-
cost production, variability in physical/mechanical properties and
high chemical resistance, while the oxidative stability needs to be
improved by stabilizers. Nowadays, those tanks are used for the
storage of both, although BD and conventional diesel fuel show
differences e.g. in the chemical composition, polarity, viscosity,
energy density. It is conceivable that the tanks designed for diesel
are not necessarily suitable for the storage of BD and that the
storage of BD may lead to undesirable effects, which in extreme
cases represent a safety risk.
The combined action of ultraviolet (UV) radiation and oxygen

on PE-HD is widely understood and here termed as photo-
oxidative degradation1, which follows the auto-oxidation mechan-
ism2. Theoretically, polyolefins are transparent to UV radiation3,4.
Therefore, the existence of chromophores as radiation absorbing
species is imperative for the incipient chemical reaction, e.g.,
additives, hydroperoxides, saturated, and unsaturated carbonyl
groups4,5 previously formed by thermo-oxidation during proces-
sing. Common oxidation products resulting from the UV-induced
photo-oxidation include hydroperoxide (–OOH), hydroxyl (–OH),
carboxylic acid (–COOH) and ketone groups (C=O)4,6,7, which can
be monitored by several methods comprising spectroscopic
techniques, e.g., FT-IR7–9, UV–vis or luminescence emission10.
Apart from molecular changes, the photo-oxidation can alter

the macromolecular architecture of the hydrocarbon chain,
leading to chain scission and/or crosslinking predominately in
the amorphous regions4,11,12. The oxidation starts at the surface
and reaches deeper layers with ongoing exposure, where the

reaction rate competes with the diffusion of oxygen into the
material and diffusion limited oxidation (DLO) can occur.
Especially the degradation of tie-molecules and entanglements
interconnecting adjacent crystalline lamellae leads to a signifi-
cant diminishing of mechanical properties. After the end of an
induction period, the polymer can undergo an abrupt
ductile–brittle transition, which is characterized, e.g., by a
significant reduction in elongation at break9,11,13–15 or the loss
of impact strength15,16.
The PE-HD/fuel interactions on a previously UV-degraded

polymer have not been in the focus so far. In addition to
conventional petroleum diesel fuel, BD is increasingly used as
renewable fuel. Both fuels can be absorbed by the amorphous
regions of PE-HD17–20. The fuel mass uptake depends on the fuel
composition, especially on its polarity18,20, the crystallinity of the
polyethylene20,21 and the immersion temperature18. The fuel
sorption in PE-HD causes a plasticizing effect18 that changes the
tensile properties, e.g., yielding19–22 and leads to a fuel-induced
transparency on the plastically deformed regions23. With regards
to long-time polymer/fuel-interactions in storage applications, a
BD-induced acceleration of the oxidation of PE-HD (‘co-oxidation’)
has been confirmed previously20,24,25.
The microbiological contamination of fuel, called diesel-pest,

occurs due to the ability of certain types of microorganisms to
metabolizes fuel and using it as carbon/energy-source for their
growth26–31. The water absorption capacity, especially of BD,
provides the further basic requirement for microbiological
activity32,33. The best-known representatives of a diesel-pest are
facultatively anaerobic members of the genera Bacillus, Pseudo-
monas, Enterobacter, and Staphylococcus28,34. The degrading
biological activity can lead to fuel degradation, termed biofouling,
in the fuel lines and possibly in the fuel storage tanks
themselves34. Microbial contamination is not only a problem for
the fuel itself but may also affect the quality of the fuel
storage tanks.
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For Bacillus and Pseudomonas, it has been demonstrated that
polyethylene can be used as carbon source31,35. Especially,
through photo-oxidation and thermal treatment pre-aged poly-
propylene and low-density polyethylene showed a susceptibility
to microbial degradation35,36. A similar situation could apply to
pre-aged PE-HD. Usually, spatial proximity to the substrate,
typically in the form of a biofilm, is a prerequisite for such a
material damage. As biofilm formation begins with the initial
attachment of the cells to the substrate it is reasonable to
investigate this stage at first. The attachment process is divided
into two steps:
(1) The first step is the reversible attachment, where cells bind

to the substrate by weak forces such as van der Waals forces,
electrostatic forces, or hydrophobic interactions.
(2) The second step is the irreversible attachment, where a

repositioning of the cell and surface structures occurs. Further-
more, adhesin molecules are produced that may lead to
the formation of covalent bonds between cell and substrate.
The specific mechanisms are very complex and depend on the
bacterial strain and the environmental conditions37–39.
The following scenario is assumed in this study: Two different

grades of PE-HD, commonly used for fuel tanks, are chosen which
e.g. differ in their crystallinity and stabilizer content. Both PE-HD
are temporarily stored outside and exposed to environmental
influences. Due to the combined effect of the UV component of
solar radiation and oxygen from the ambient air, the PE-HD
undergoes auto-oxidation2.
An important condition for biological activity is the presence

of water, which is given in the described scenario: outside by
rainfall and inside the polymer tank by the accumulation of
condensed atmospheric moisture (in BD to a greater extent)32,33.
In- and outside of the tank microorganisms are naturally
abundant and when conditions facilitate their growth they can
be involved in the degradation of the polymer and the fuel26–31.
A prerequisite for this growth and the formation of a destructive
biofilm is the initial attachment of the microorganisms to the
substrate.
In a simplified approach, the following key issues are attempted

to be addressed: (1) does the fuel sorption of the two different PE-
HD types change when previously damaged by UV-irradiation; (2)
does the possibly different absorption of diesel or BD lead to
changes in the material resistance; (3) do microorganisms
extracted/isolated from a diesel-pest adhere differently to the
surface of the two polymer types; (4) does the UV-induced photo-
oxidation of the polymers lead to a change of the adhesion of
these microorganisms, which under real conditions finally leads to
a destructive biofilm.

RESULTS AND DISCUSSION
Fuel sorption kinetics on photo-oxidized PE-HD
Several studies showed that semi-crystalline PE-HD can absorb
fuel, e.g. petroleum diesel18–20,23 and BD17–20. Changes of the fuel
sorption kinetics of PE-HD due to photo-oxidation have not been
in the focus so far. With respect to our simulated fuel storage
scenario, we selected two unpigmented opaque PE-HD materials
applicable for container tanks16,20. The polymers were exposed to
UV radiation. The highest applied UV-irradiation energy, i.e., the
UV-radiative exposure H of 460 MJm−2 corresponds to ~2 years of
outdoor exposure in the south of Florida (solar radiation of 280 MJ
m−2/year (see Methods) not considering the higher temperature
in the artificial weathering device of 60 °C). Typical wall
thicknesses for such container tanks made from PE-HD are usually
in the range of 1.5–2.5 mm40, even for large intermediate bulk
containers. Pre-aged disks with UV radiation (thickness of 1 mm)
were chosen as a suitable geometry (plane sheet) for the fuel
sorption experiments. The sorption temperature of 60 °C corre-
sponds to the upper temperature limit recommended for testing
the fuel permeability into polymers (industry standard SAE
J266541).
General quantities to evaluate the polymer/fuel interaction are

the fuel equilibrium concentration c∞ and the diffusion coefficient
D. The fuel sorption curves of non-exposed PE-HD1 and PE-HD2
follow the Fick’s law, i.e., the fuel mass uptake is fast at the
beginning and slows down until an equilibrium concentration is
reached after ∼150 h (Fig. 1a).
The values estimated for the two polymers (based on fitting of

Eq. 3 for plane-sheet geometry to the experimental data points)
are summarized in Table 1. The applicability of Fickian sorption
according to Eq. 3 is proven by plotting the concentration vs. the
square root of time (Supplementary Fig. 1). The observed linear
behavior of the initial part of the curve indicates Fickian behavior
in contrast to a distinct S-shape expected for inhomogeneous
media or strongly concentration-dependent diffusivity. Using
desorption for assessing the diffusivity is not favorable, at least
for BD, due to the limiting evaporation of the desorbed fuel from
the surface18.
The sorption curves in Fig. 1a clearly reflect the effect of the

differences in fuel composition, expressed in an almost twofold
higher equilibrium concentration c∞,D of the non-polar diesel
compared to more polar BD c∞,BD

18–20 (rapeseed methyl ester).
The diesel diffusion coefficient DD into both non-exposed
polymers is also almost twice as fast as for BD DBD (Table 1).
The difference in crystallinity Xc between the two non-exposed

polymers (Table 2) is also evident in the mass uptake curves
(Fig. 1a). Higher fuel equilibrium concentrations and faster fuel
diffusion rates were determined for PE-HD1, which has a lower

Fig. 1 Fuel concentration in PE-HD1 and PE-HD2 immersed in biodiesel (BD) and diesel (D). Mass uptake for a a non-exposed sample and
b after an UV-radiation exposure of 460 MJm−2. The immersion temperature was T= 60 °C using a plane sheet geometry (h= 1mm). Error
bars represent standard deviation of sample replicates. For non-exposed (H= 0MJm−2) samples, n= 3 replicates for PE-HD1 and n= 2
replicates for PE-HD2, for H= 460MJm−2 exposed samples one replicate each for both PE’s. Lines always represent the fit of Eq. 3 to the data
points.
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degree of crystallinity, i.e., a larger amorphous volume fraction
that can absorb the fuel, compared to PE-HD2. Such crystallinity
dependence of the fuel equilibrium concentration is consistent
with other studies20,21. Hence, there is an inverse relationship
between crystallinity, fuel saturation concentration, and diffusivity.
The combination of UV radiation and oxygen on PE-HD can lead

to photo-oxidative degradation inducing molecular changes and
alter the macromolecular architecture of the hydrocarbon
chains4,11,12. The photo-oxidation starts at the surface and upon
widening into deeper layers of the material competes with the
transport of oxygen into the solid resulting in DLO.
The fuel sorption curves of both photo-oxidized polyethylenes

exposed to a UV-radiative exposure H= 460 MJm−2 are depicted
in Fig. 1b. The course of the BD uptake for photo-oxidized and
non-exposed PE-HD1 are almost identical; the maximum diesel
concentration c∞ is only slightly lower for the UV-exposed PE-HD1.
As shown in Erdmann et al., PE-HD1 predominately undergoes
chain-scission when exposed to UV-irradiation but to a minor
extent since the polymer presents a good resistance to photo-
oxidation (verified by a high OIT)16. The photo-oxidative degrada-
tion on PE-HD1, preferentially near the surface (DLO), does not
affect the BD concentration, while the diesel concentration
decreases with progressive UV-exposure (Fig. 2a/Table 1). Both
diffusion coefficients show a continuous decrease with UV-
exposure (Fig. 2b). The observed outlier at 330 MJ m−2 in BD
may be due to heterogeneity of degradation and/or to possible
measurement errors caused by the lower uptake in PE-HD1.
In contrast, the fuel mass uptake in Fig. 1b of the photo-

oxidized PE-HD2 is significantly slower compared to the non-
exposed polymer. Both fuel equilibrium concentrations c∞ are
almost reduced to 50% of the initial value and reached within a
distinctly longer immersion time (Fig. 1b/Table 1). The diffusion
rates are drastically decelerated to about one tenth. PE-HD2

possesses a distinctly shorter OIT that rapidly diminishes upon
UV-irradiation16, indicating a significantly lower stabilization
against oxidation. Following UV-induced chain-scission, PE-HD2
predominately undergoes significant chemi-crystallization16. The
formed short chain fragments have an enhanced mobility
enabling further crystallization4. Consequently, the content of
amorphous fraction is reduced. The drastically reduced fuel
concentration and the slower diffusivity already after the lowest
UV-exposure of 110 MJm−2 in the case of PE-HD2 (Figs 1 and 2) is
because fewer fuel diffuses into the amorphous regions. Both
characteristic sorption values remain constant on their respective
low plateau upon further UV-exposure. To summarize, the
changes of the sorption parameters in Figs 1 and 2 for both
photo-oxidized polymers can be directly related to changes in
their molecular, macromolecular, and morphological structure
resulting from the UV-induced degradation.

Characterization of the UV-induced degradation
It is generally agreed that the initiating step for oxidation is the
formation of a polymer alkyl radical (P*) by abstraction of a
hydrogen atom. In the presence of air, this alkyl radical (P*) further
reacts with oxygen (O2) to a polymer peroxy radical (POO*),
polymer hydroperoxide (POOH) and/or hydroxy radical (HO*)4.
These photo-oxidation products cause the initial non-polar
polyethylene to become increasingly polar. The UV radiation
reaches the surface of the UV-facing side of the specimen with the
highest irradiance and is absorbed increasingly by polyethylene,
chromophores, and stabilizers upon entering deeper layers and
only a fraction reaches the backside (see absorption spectrum
Supplementary Fig. 2).
Molecular changes of PE-HD induced by photo-oxidation can be

monitored by the build-up of carbonyl and hydroxyl groups as
revealed by the evolution of characteristic absorption bands in FT-
IR/ATR (Supplementary Fig. 3). The identified carbonyl absorption
bands include those characteristics for ester, aldehyde, carboxylic
acid, and ketone groups16. The integration of this spectral region
defined as carbonyl index CI is frequently used as a measure of the
extent of degradation, although the ATR technique only covers a
thin surface layer it may be considered representative for the
overall progression of the degradation. The presented hydroxyl
index HI may also include hydroperoxides, which appear in the
same wavenumber range.
The indices (HI, CI) for each polyethylene evolve similar during

UV-irradiation (Fig. 3a). PE-HD1 presents a gradually increasing
CI and HI and a long induction period. Contrary, both indices for
PE-HD2 show a rapid non-linear increase. For the longest exposure
(500 MJm−2), the CI value of PE-HD2 is by more than a factor of
three higher compared to PE-HD1. This is accompanied by a
slower and reduced fuel sorption indicated by changes of c∞ and
D due to the formation of polar oxygen containing groups
reducing the interaction with the non-polar diesel, chemi-
crystallization and partial crosslinking. Thus, the photo-oxidized
regions of polyethylene, expected preferably at the surface layer,
are assumed to have a lower fuel solubility than the non-oxidized
regions in the interior of the polyethylene sample. Nevertheless,
this induced layered inhomogeneity does not manifest itself in the
sorption kinetics. Although the equilibrium concentration and the
diffusivity are distinctly affected, the mass uptake follows still
Fickian behavior, i.e., the initial course of the uptake vs. square
root of time is linear (see Supplementary Fig. 1) and the data
points can be fitted well by Eq. 3 allowing the estimation of
diffusion coefficients.
The abrupt decrease of both sorption quantities, D and c∞, for

PE-HD2 goes along with the sudden increase of the bulk density
ρ* already for the lowest UV-radiative exposure H of 110 MJm−2

(Fig. 3b), while PE-HD1 presents a gradually density raise with H.
This density increase can also be caused by the incorporation of

Table 1. Determined equilibrium concentrations C∞ in g g−1 and
estimated diffusion coefficients D in cm2 s−1 for non-exposed (H=
0MJm−2) and for UV-radiative exposure H= 460MJm−2 for PE-HD1
and PE-HD2 in biodiesel (BD) and diesel (D) for plane sheet geometry
(h= 1mm).

PE-HD1 PE-HD2

Non-exposed 460MJm−2 Non-exposed 460MJm−2

BD c∞ 0.0443 0.0439 0.0424 0.0255

D 2.25 10−8 1.64 10−8 1.52 10−8 0.12 10−8

D c∞ 0.0792 0.0737 0.068 0.0365

D 3.30 10−8 2.29 10−8 2.25 10−8 0.26 10−8

Table 2. Compilation of properties for both investigated PE-HD.

PE-HD1 PE-HD2

Melt flow ratea (190 °C, 21.6 kg) /g (10min)−1 6 23

Melting peak temperatureb TDSCm /°C 134 139

Crystallinityb XDSC
c /% 72 79

OITb at 180 °C /min 436 74

Notched Charpy impact strengthc acN
at −30 °C instrumented determined

/kJm−2 16 19

Yield stressb σy /MPa 25 32

Yield strainb εy /% 11 9

aFrom technical data sheet.
bFrom ref. 20.
cFrom ref. 16.

M. Erdmann et al.

3

Published in partnership with CSCP and USTB npj Materials Degradation (2020)    18 



the heavier oxygen into the polymer matrix resulting from the
abstracted hydrogen by the photo-oxidation42,43 and by chemi-
crystallization since crystals are more densely packed than
amorphous regions43,44.
The density increase through chemi-crystallization is a direct

result of chain scission caused by UV-irradiation and occurs
predominantly at the surface. In contrast, the obtained values
represent the overall density of the samples, which nevertheless
reflect significantly changes in the fuel sorption with increasing
exposure H (cf. Figs 1b and 2).
The UV-induced degradation on the surfaces of both poly-

ethylenes is also accompanied by an increase of surface rough-
ness, leading partly to larger scattering of the FTIR-based CI and HI
(Fig. 3a). A common approach to determine the surface roughness
Rq (root mean square, RMS) is the evaluation of AFM-derived
topography profiles. The roughness was determined in an area of
50 × 50 µm2 (Supplementary Figs. 4 and 5). Both non-exposed
PE-HD surfaces already have an initial roughness Rq of about
50 nm, due to the manufacturing process. The surface roughness
increases by more than a factor of two with UV-exposure. This
effect is again more pronounced on PE-HD2 than on PE-HD1.

Initial attachment of bacterial strains on photo-oxidized PE-HD
surfaces
In the course of finding environmentally friendly ways to deal with
the large amounts of polymer waste, microorganisms have been
identified that can actively degrade polymers and use the long
hydrocarbon-chain as carbon source. Polymers that have been
pre-aged by UV radiation appear to be more susceptible to

microbiological degradation. Both polypropylene and low-density
polyethylene were better degraded after pre-ageing with UV
radiation by Pseudomonas and Bacillus species respectively than
untreated Polymers35,36. Interestingly, for both species type strains
are known that can use the hydrocarbon chains of fuel as sole
carbon source as well28.
In the present study, we have investigated whether Bacillus

subtilis and Pseudomonas aeruginosa, isolated from a diesel pest
and known to degrade fuel, prefer the attachment on photo-
oxidized compared to non-oxidized PE-HD surfaces. Initial
attachment is a process that takes place within seconds to a
few minutes, with the transition from reversible to irreversible
being dynamic and difficult to determine over time. Therefore, the
cells and the material were incubated for 10 min, unless indicated
otherwise.
The semi-crystalline character and the specimen thickness, here

h ≥ 4mm, showed PE-HD as an opaque/non-transparent material
under visible radiation20,23. Thus, optical light transmission
microscopy is not an appropriate method to count adherent
bacteria. In our first approach to evaluate the initial attachment on
the two photo-oxidized PE-HDs, the adherent bacteria (DNA/RNA)
were stained with a fluorescent agent, DAPI (4′,6-Diamidino-2-
Phenylindole) with an emission wavelength of λem= 461 nm, that
can be visualized and counted under a fluorescence microscope.
Exemplary images in Fig. 4a, b shows that B. subtills adheres on

both polymers (non-exposed and exposed with H= 500 MJm−2).
Noticeably, not only the rod-shaped B. subtilis fluoresces, but also
small bright heterogeneous areas appear on both photo-oxidized

a b

Fig. 2 Progression of sorption parameters for increasing UV-radiative exposure. In a the normalized equilibrium concentrations and in
b the normalized diffusion coefficients for UV-radiative exposures up to 460MJm−2 of PE-HD1 and PE-HD2 are shown. The immersion
temperature was T= 60 °C using a plane sheet geometry (h= 1mm). Sorption parameters are normalized to their initial values (indicated by
an asterisk) to highlight the differences.

Fig. 3 Progression of degradation for increasing UV-radiative exposure. The results of a carbonyl index CI and hydroxyl index HI, and
b density ρ for UV-radiative exposure up to 500MJm−2 for PE-HD1 and PE-HD2 are demonstrated. The carbonyl index and hydroxyl index
were determined on the UV lamp-facing side of the samples. The figure was drawn after data from ref. 16. Standard error of the mean value of
n= 6 replicates (CI, HI) and of n= 4 replicates (ρ).
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surfaces and this background fluorescence is more evident on
PE-HD2 than on PE-HD1.
Furthermore, P. aeruginosa colonizes both non-exposed sur-

faces more efficiently than B. subtilis, although the attachment
time for P. aeruginosa is reduced by half to t= 5min (Fig. 4c).
P. aeruginosa also adheres to the UV-exposed surface of PE-HD1
(H= 217 MJm−2), but the adhesion of the bacterium on PE-HD2
cannot be visualized and the fluorescence image appears bright
white (Fig. 4c, d).
Interestingly, for B. subtilis, individual cells could be identified in

PE-HD2 (H= 500 MJm−2). It is possible that the larger B. subtilis
cells have a better penetration capacity for DAPI or a higher DNA-
content (different numbers of chromosomal/extrachromosomal
DNA), leading to a better visualization via fluorescence
microscopy45.
The UV-irradiation of PE-HD2 leads to a stronger chemical

formation of unsaturated carbonyl groups, as demonstrated by
the faster carbonyl evolution CI (Fig. 3a). The luminescent species
in polyethylene are mainly recognized as α-, β-unsaturated
carbonyl groups of the enone type4,46,47. They cause an intrinsic
luminescence and overlap with the signal of DAPI-stained cells,
resulting in being less visible under a fluorescence microscope.

This is particularly noticeable on strongly photo-oxidized
surfaces; due to the higher concentration of unsaturated carbonyl
groups this is more apparent on PE-HD2. The progressive
intensity of luminescence on the UV-exposed polymers for
distinct H is compared in Fig. 5. Both non-exposed PE-HD
surfaces exhibit a weak, barely perceptible luminescence emis-
sion intensity. This result coincides with the visualization of the
fluorescent DAPI stained bacteria on both non-exposed polymer
surfaces (Fig. 4a, c).
Both photo-oxidized polymers luminesce; at higher UV-radiative

exposures the intrinsic luminescence increases. For the lower UV-
exposure of 217 MJm−2, PE-HD1 showed minimal luminescence
(Imax ≈ 1), while the other polyethylene covers a wide emission
range λ from 410–700 nm. The maximum intensity is Imax ≈ 11.5.
Further UV-exposure of H= 500 MJm−2 induced a broad increase
in luminescence emission for PE-HD1, but the maximum intensity
was three magnitudes lower compared to PE-HD2 (Imax ≈ 26).
The luminescence emission shows on both polymers an

intensity maximum centered in the wavelength region λem from
460–480 nm that increases as photo-oxidation progresses. This is
consistent with another study that attributed the emission of
unsaturated ketones formed as oxidation to the emission of

B. subtilis

PE-HD 1 PE-HD 2a

b

Non-exposed

500 MJ m-2

50 µm50 µm

c

d

B. subtilis

P. aeruginosa
Non-exposed

217 MJ m-2

P. aeruginosa

Fig. 4 Fluorescence microscopic view of the different colonization by microorganisms on UV-exposed polymer surfaces. Initial adhesion
of B. subtilis after attachment time of 10min on PE-HD1 (left) and PE-HD2 (right) for a non-exposed and b after an UV-radiative exposure
H= 500MJm−2 and P. aeruginosa after attachment time of 5min for c non-exposed and d after UV-radiative exposure H= 217MJm−2.
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unsaturated ketones9. However, this emission maximum is exactly
located in the emission region of the fluorescent dye DAPI (λem=
461 nm), causing that the bacteria can no longer be visualized
under the fluorescence microscope as surface deterioration of
PE-HD progresses.
Changing the staining-dye to wavelength emission regions of

green (λem 560–490 nm) and red (λem 700–630 nm) is also not
possible, since this is also located in the broad emission tail of the
photo-oxidized polymers.
Based on the presented results, an evaluation of the initial

attachment of bacteria to photo-oxidized polymer surfaces using
fluorescence microscopy is only possible to a limited extent. To
evaluate both bacteria, B. subtilis, and P. aeruginosa, regarding
their initial adhesion to both UV-damaged polymers, an alter-
native evaluation method was applied.

Determination of the initial attachment of bacteria by colony
forming units (CFU)
Another indirect option for determining adhered cells is the use of
CFU. A CFU is derived from a single viable bacterial cell. This cell
proliferates and forms a visible colony on an agar plate. This
makes it possible to determine the cell number of viable individual
cells that were attached to the polymer.
In microbiology, the optical density at a wavelength of 600 nm

(OD600) is used to estimate the number of cells in a bacterial
suspension. The OD600 and the corresponding cell number varies
depending on the species-typical cell size and shape. Therefore,
the cell number needs to be determined for each individual
species.
By using a Neubauer counting chamber it was determined that

a cell suspension with an OD600 of 0.1 corresponds to 1.61 × 108

cells/ml for P. aeruginosa and 9.05 × 106 cells/mL for B. subtilis. To
obtain comparable results for B. subtilis and P. aeruginosa, the
percentage of adhered cells to the different polymers were
calculated. In general, the percentage of adhered P. aeruginosa
cells was significant higher for all tested polymers independently
of UV-treatment, compared to B. subtilis (Fig. 4).
Harimawan et al.48 conducted similar experiments with

P. aeruginosa and B. subtilis, investigating their attachment affinity
to steel in TGY-medium (Tryptone-Glucose-Yeast-Broth). In their
experiments, they determined the cell surface charge (ζ-potential)
for both bacteria and found that those of B. subtilis (−18.1 ±
0.7 mV) was slightly more negative than those of P. aeruginosa
(−12.4 ± 0.8 mV)48. The steel itself had a ζ-potentials of −337 ±
4mV. TGY-medium is like TSB (Tryptic-Soy-Broth), a rich medium
containing glucose as the main carbon and energy source. Since
the medium composition of TGY and TSB is comparable, it is likely
that B. subtilis and P. aeruginosa had similar ζ-potentials in our
experiments. Comparable to our study, Harimawan et al.48

observed a better initial adhesion of P. aeruginosa than for
B. subtilis. They concluded that the better adhesion by
P. aeruginosa can be explained by the lower surface charge.
However, it is unlikely that the rather small difference of −5.7 mV
(ζ-potential) between P. aeruginosa and B. subtilis on a surface with
a charge of −337 ± 4mV will have such a large effect48. It is more
likely that P. aeruginosa generally has a better attachment ability
than B. subtilis e.g. due to differences of the cell surface
appendages (pili or flagella) or other adhesion molecules. This
would also explain the higher surface coverage for
P. aeruginosa observed under the fluorescence microscope, even
though the incubation time for B. subtilis was twice as long as for
P. aeruginosa (Fig. 4).
Another interesting observation was that B. subtilis had a

significantly demonstrable preference to attach to PE-HD1 rather
than to PE-HD2 (Fig. 6). For reasons of confidentiality, we had no
precise material specifications. However, we know that PE-HD1 is
better stabilized, e.g., by the high oxidation induction time (OIT,
Table 2) and therefore less susceptible to oxidative attacks than
PE-HD216,20. This can also be confirmed by the different course of
the carbonyl index CI of both polymers (Fig. 3a). In general,
polymer stabilizers, e.g. hindered amine light stabilizers, are added

a b

Fig. 5 Luminescence emission intensity. The luminescence emission intensity I for emission wavelength λ in the range 420–780 nm at the
excitation wavelength Λ= 405 nm for both non-exposed PE-HD1 and PE-HD2, compared to a UV-radiative exposure H of 217 MJ m−2 and
b 500MJm−2.

Fig. 6 Detection of the differences of the colonization of UV-
exposed polymer by colony forming units. Adhered cells in
percentage as determined by CFU for to PE-HD1 and PE-HD2
exposed to different UV-radiative exposures H. Black bars represent
B. subtilis, shaded bars represent P. aeruginosa cells, respectively,
adhered to either non-exposed PE-HD1 (gray background) or non-
exposed PE-HD2 (white background) or PE-HD1 and PE-HD2 that
were previously exposed to different UV-radiative exposures H of
217 MJm−2 and 500MJm−2, respectively. Standard error of the
mean of nine replicates. Significant differences in adherence of
bacterial cells are indicated with a star; p= 0.05.
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to prevent the formation of free radicals49. Due to the lower
concentration of stabilizers, PE-HD2 could have accumulated
some oxidation products formed by thermo-oxidation during the
manufacturing process at higher temperatures. It is therefore
conceivable that there were already a few hyperoxide and
hydroxyl groups on the surface, which were below the detection
limit of FT-IR/ATR. B. subtilis with a size of 1 µm × 2–3 µm could
have been influenced more than P. aeruginosa (0.5 µm ×
0.7–1.2 µm; data not shown) due to its higher surface area.
Alternatively, but less likely the stabilizers themselves might have
had an attractive effect on B. subtilis. Both reasons could explain
the lower number of adherent B. subtilis cells on non-exposed
PE-HD2.
The affinity of P. aeruginosa to PE-HD1 and PE-HD2 was similar,

however, the adherence of cells to both polymers tendentially
decreased with increasing UV-exposure (Fig. 6). A similar tendency
was also present for B. subtilis, albeit not as pronounced as for
P. aeruginosa. For example, 1.38 ± 0.4% of B. subtilis cells adhered
to non-exposed PE-HD1 while only 0.85 ± 0.50% of cells were
observed on UV-irradiated PE-HD1 with 500 MJ m−2. The trend for
PE-HD2 was similar: 0.68 ± 0.14% B. subtilis cells adhered to the
non-exposed polymer and the number decreased to 0.44 ± 0.13%
for the polymer that was UV-exposed with H= 500MJm−2.
UV-irradiation of the polymers leads to an increase of oxidation

products on the surface as indicated by the carbonyl index CI and
the hydroxyl index HI (including hydroperoxide among others)
(Fig. 3a). Studies that are dealing with the attachment of proteins
and cells to modified surfaces showed that both, proteins and
bacterial cells, reduce their attachment once the substrate had
exposed OH-groups on the surfaces50,51. This effect was observed
for both, Gram-positive and Gram-negative bacteria including
P. aeruginosa and B. subtilis and is also confirmed in our study.
In conclusion, in this study two different grades of high-density

polyethylene commonly used for polymeric fuel storage tanks
were investigated and thereby exposed to various environmental
factors that are likely to occur during service lifetime. Our scenario
mimics (1) a tank filling with diesel and BD as by immersion
experiments, (2) solar exposure of UV radiation in presence of
oxygen by photo-oxidative degradation, (3) the potential for
microbial contamination by first investigating only the initial
adhesion on the different non-exposed PE-HD and (4) on the
photo-oxidized PE-HDs.
The results of the immersion experiments revealed a faster and

higher fuel uptake for the polymer with a lower crystallinity, here
PE-HD1. As to the UV-irradiation on PE-HD, the deteriorated
amorphous regions, affected by chemi-crystallization and cross-
linking, and the photo-oxidized surface layer on the outer region
of the specimens (DLO) clearly reveal a hindrance of fuel mass
uptake.
That is indicated by significantly reduced fuel diffusivities and

observed changes of maximum obtained fuel saturation concen-
trations. The photo-oxidized surfaces not only lead to reduced fuel
sorption, they also exhibited an extended intrinsic luminescence
so that the staining with a fluorescent dye was not appropriate to
evaluate the bacterial adhesion on the polymer surface. But
analysis based on CFU showed that both, B. subtilis and
P. aeruginosa, may not favor attachment on photo-oxidized PE-
HD surfaces. This may be attributed to the increased number of
carbonyl groups and possibly also hyperoxide and hydroxyl
groups, which may lead to mutual repulsion of the cells and the
photo-oxidized PE-HD. As can be seen from the results of the
initial attachment and the subsequent fluorescence microscopy, P.
aeruginosa could attach better to both polymers than B. subtilis
although the incubation time for P. aeruginosa was only half as
long. From this, we conclude that P. aeruginosa per se has a better
attachment ability. Under the tested conditions, B. subtilis showed
a preference for binding to PE-HD1, which could be attributed by
the higher stabilizer content expected in this material. This could

be either because the stabilizer of PE-HD1 being more attractive
for B. subtilis, or to PE-HD2 showing already early signs of
oxidation damage after the thermal treatment during specimen
manufacturing.

METHODS
Materials and fuels
The two commercial PE-HD grades under investigation are applicable as
container material including for transport of dangerous goods. Both
polymers were supplied by LyondellBasell, Frankfurt/M., Germany, as
granules and designated in this study as PE-HD1 and PE-HD216,20. PE-HD1
possesses an OIT that is longer by a factor of six (OIT at 180 °C of 436min),
reflecting a distinctly higher stabilization by antioxidants compared to PE-
HD2. The higher crystallinity of PE-HD2, as determined by DSC, is
expressed in a slightly lower Charpy impact strength, as well as yield
strain and higher yield stress in tensile tests. The characteristic properties
of both polymers are compiled in Table 2.
Sheets with thicknesses h of 4 and 1mm were manufactured by

compression molding according to the standard procedure of ISO 29352

and as described in previous studies16,18,20. The compression molding was
performed at a temperature of 180 °C and a pressure of 10 MPa for 5 min.
The sheets were slowly cooled to room temperature (15 Kmin−1) and
subsequently annealed at 100 °C for 3 h. Specimens were machined from
these sheets with dimensions: thickness h of 4mm, width b of 10mm and
length l of 80mm for the UV-exposure. Square plate specimens for the
initial bacterial adhesion (thickness of 4 mm and length of 10mm) and
round disks of 62mm diameter and 1mm thickness for the sorption
experiments were punched from neat and pre-UV-exposed plates.
The BD fuel was a pure rapeseed methyl ester without additives and

stabilizers. The BD was purchased from ASG Analytik-Service Gesellschaft
(Neusäss, Germany). The ester content was >99% (m/m) determined by the
supplier according to DIN EN 14103:201153. The conventional petroleum
diesel fuel (D) complying with the specifications of EN 59054 was obtained
from a local gas station.

Ageing induced by UV-irradiation
UV-irradiation-induced ageing was investigated on sheets (thickness h=
1mm) and bulk specimens (h= 4mm). The weathering device, Global UV
Test 200, from Weiss-Umwelttechnik (Reiskirchen, Germany) was equipped
with UV-A 340 nm fluorescent lamps of type 1A according to ISO 4892-3,
which show a continuous spectrum with spectral contributions starting at
290 nm through a maximum near 340 nm a tailing in the lower VIS
region55. The selected fluorescent lamps are mounted in parallel and
vertically in the door of the device. The lamps correlate well with the
actinic portion of the spectral distribution of solar radiation and only
provide little visible or IR contribution so that the radiation heating of the
samples above the chamber temperature can be neglected. Inside the
weathering device a dry air atmosphere (of below 15% RH) and a constant
temperature of 60 °C was present. The combination of elevated
temperature and UV are synergistic leading to a more severe damage.
The UV-irradiance in the weathering device was about 33Wm−2, which

is about one third below the noon irradiance maximum in Central Europe.
The highest artificial UV-radiative exposure (the time integral of UV-
irradiance) of H= 500 MJm−2 was achieved in less than 6months in the
artificial weathering device. This highest artificial UV-exposure corresponds
to ~2 years of outdoor exposure in the south of Florida (annual solar
radiant exposure of 280 MJm−2 not considering the higher temperature in
the artificial weathering device compared to diurnally and seasonally
averaged Florida outdoor temperatures56).
All specimens were positioned upright on stainless steel racks. The UV-

exposition was conducted one-directional and the UV lamp-facing side of
the sample was exposed to much stronger radiation than the backside.
Further information regarding artificial weathering can be found in
reference16.
The UV-radiative exposure H in MJm−2 was calculated according to

Eq. 1.

H ¼ 33Wm�2 ´hours hð Þ ´ 3600 sð Þ
1; 000; 000

: (1)

The UV-radiative exposure H for the bulk specimens (h= 4mm) were as
follows: 38, 74, 110, 145, 217, 278, 357, and 500MJm−2, respectively. Initial
attachment of bacteria was conducted on non-exposed bulk specimens
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and exposed to UV-radiative exposure H of 217 and 500 MJm−2. The UV-
radiative exposure H for the sheets (h= 1mm) were as follows: 110, 217,
330, and 460MJ m−2.

Fuel sorption
Disks with diameter of 62mm were punched before and after UV-exposure
from sheets having a thickness of about h= 1mm. This geometry was
chosen in order to approximate the so-called plane-sheet boundary
conditions being the prerequisite for the applicability of Eq. 3 as a
simplified description of mass-uptake controlled by Fickian diffusion57.
With another hole of about 10mm in the center, the discs were stacked up
on a glass holder with small glass spacers between them. The holder was
then placed into a glass jar (100mm inner diameter, 200mm high) filled
with BD or diesel (D). The jars were kept at a constant immersion
temperature T of 60 °C using a water bath. The mass uptake of the
specimens was measured gravimetrically using a weight balance MC 410S
Sartorius (Göttingen, Germany). Specimens were weighed immediately
after removal from the glass jar and the residual fuel was careful wiped off
with a paper tissue. The fuel concentration c in polyethylene was
calculated from the initial specimen mass m0 and mass mt at the specific
immersion time t (Eq. 2):

c ¼ mt �m0

m0
: (2)

Diffusions coefficients D were estimated for the disks (h= 1mm) using
Eq. 3 under assumption of a plane sheet geometry18,57.

Mt

M1
¼ 1� 8

π2

X1

i¼0

1
2i þ 1ð Þ exp �D 2i þ 1ð Þ2π2t

h2

( )
: (3)

Here, the time-dependent mass uptake of a specimen with thickness l is
represented with Mt at a time t and M∞ being the equilibrium mass uptake.
Diffusions coefficients D were determined by fitting the first five terms of
the series of Eq. 3 (non-linear curve fitting) with the commercial software
Origin 9 (OriginLab, Northhampton MA, USA). It should be noted that Eq. 3
is only valid for homogeneous media and Fickian diffusion. Although
Fickian behavior was more or less confirmed (Supplementary Fig. 1) the
application to the UV-irradiated samples should be considered an
approximation. The fuel immersion experiments on disks for non-
exposed (0 MJm−2) polymer were conducted in triplicate for PE-HD1
and in duplicate for PE-HD2. Fuel immersion experiments on photo-
oxidized polyethylene, e.g. 110, 217, 330, and 460MJm−2, were performed
on one disk each. The normalized fuel equilibrium concentrations c�1 are
indicated with an asterisk * and were calculated taking into account the
initial fuel equilibrium concentration for the respective non-exposed
polymer saturated in BD and/or diesel.

Carbonyl and hydroxyl index
The evolution of carbonyl and hydroxyl groups on PE-HD after UV-
irradiation was followed by Fourier-transform infrared spectroscopy in
attenuated total reflection mode (FT-IR/ATR). IR spectra were recorded
using the OMNIC software (Version 9) and FT-IR spectrometer Nicolet 6700
(Thermo Scientific) equipped with a diamond ATR crystal and a DTGS KBr
detector. The wavenumber range was from 4000 to 400 cm−1, the
resolution was 4 cm−1 and the obtained spectra were averaged over
32 scans. Spectra were corrected using the standard ATR correction by a
tool provided from the OMNIC software.
The rate of polymer oxidation was monitored by the evolution of the

carbonyl and hydroxyl products. The carbonyl index CI was determined as
the ratio of the integrated carbonyl band region between 1816 and 1600
cm−1 and the integrated reference absorption band between 2977 and
2865 cm−1 16,58. The integrated wavenumber region for the hydroxyl index
HI was from 3585 to 3100 cm−1 (related to the same reference). FT-IR/ATR
spectra were collected on three different positions on the UV-exposed
surface on two bulk specimens each. From the calculated CI and HI an
arithmetic mean and a coefficient of variation was determined. The
internal reference band having its maximum located at 2912 cm−1 was
chosen as it is known to be not influenced by the formation of oxygen
containing groups in the polymer matrix58.

Density measurements
The Archimedes’ principle was used to determine the bulk densities of
PE-HD. The analytical balance MC 410S Sartorius (Göttingen, Germany)

was equipped with a density determination kit and liquid n-heptane
(ρn-heptane = 0.684 g cm−3). Samples were weighed in air (mair, ρair =
0.0012 g cm−3) and subsequently in n-heptane (mn-heptane). The densities
of PE-HD were calculated according to Eq. 4.

ρ ¼ mair

mair �mn�heptane
ρn�heptane � ρair
� �þ ρair: (4)

The densities were determined using disks with a diameter of 10mm
and a thickness h of about 1mm, which were punched out of the PE-HD
sheets. The determination of density values was performed for non-
exposed samples and after UV-radiative exposure H of 110, 217, 330, and
460MJ m−2, respectively. The number of investigated samples was n= 4,
respectively.

Luminescence emission studies
Photo-luminescence emission studies on the PE-HD surfaces were
performed using the confocal microscope Leica TCS SP8X (Mannheim,
Germany) and the software Leica Application Suite X. The excitation
wavelength of the diode laser was Λ= 405 nm. The detected emission
wavelength λ ranged from 420 to 760 nm in steps of 20 nm width,
respectively. Specimens of 4 mm thickness of both polyethylenes were
examined for non-exposed samples and after UV-radiative exposure H of
217 and 500 MJm−2, respectively.

Strains and media
P. aeruginosa and B. subtilis were cultivated in Tryptic Soy Broth (TSB)
Medium (Merck KGaA, Darmstadt) at 30 °C and 120 rpm. Growth of the
cells was monitored by measuring the optical density at a wavelength of
λ = 600 nm (OD600). Initial adhesion experiments were performed in 50%
TSB-Medium and an OD600 of 0.1.

Initial attachment
Prior to colonization, the polymers were cleaned with acetone in an
ultrasonic bath and sterilized with 70 vol-% ethanol for 30min. To prevent
buoyancy of the polymer during the adhesion-experiment, the polymers
were fixated to the bottom of a 24-well plate. For initial adhesion, 2 mL cell
suspension of either P. aeruginosa or B. subtilis with an OD600 of 0.1 was
added to the polymer and the cells were allowed to colonize for 5 or
10min, respectively. Non-adhered cells were removed by washing the
polymer twice in a phosphate-buffered salt solution (PBS).

Fluorescence microcopy
Analysis of initially adhered bacteria on photo-oxidized PE-HD surfaces
were performed on the fluorescence microscope AXIO Imager.M2m from
Zeiss (Jena, Germany) equipped with a camera Axiocam 503. The reflector
used was 49 DAPI, contrast method fluorescence and 63x magnification
and oil ImmersolTM 518F Zeiss.
For the fluorescence microscopic evaluations, the samples were

prepared as follows: Adhered bacteria were washed twice with a PBS
prepared according to standard recipe from ref. 59. Bacteria were killed
using a 5 vol% formaldehyde buffer solution at a temperature of 4 °C for at
least 2 h. Bacteria were stained for 30min using Fluoroshield™ with DAPI
(4′,6-Diamidino-2-Phenylindole, F6057 from Sigma-Aldrich), autoclaved
Milli-Q water and subsequent Roti®-Mount FlourCare DAPI to prevent
rapid bleaching. The stained bacteria on the polymer surface were covered
with a glass slide for analysis by fluorescence microscopy.

Colony forming units
For analysis of initial adhered bacteria on photo-oxidized PE-HD surfaces
via CFU, the polymer was placed in a 5 mL reaction tube containing 2 mL
PBS and 0.02% Tween® 80. The adhered cells were removed from the
polymer surface by sonication for 2.5 min without destroying them.
Immediately after sonication, the polymer was removed from the PBS
and dilutions of the cell-PBS suspension were plated on Tryptic Soy Agar.
After incubation, the colonies were counted, and the number of cells
adhered to the polymers was calculated. To obtain comparable results for
P. aeruginosa and B. subtilis, the cell number per milliliter for both
bacteria were determined in a suspension with an OD600 of 0.1 using a
Neubauer counting chamber and the percentage of adhered cells were
calculated.
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Atomic force microscopy
Samples of PE-HD1 and PE-HD2, non-exposed and after an UV-radiative
exposure H of 217 MJm−2 and 500MJm−2, respectively, were cleaned
with acetone and ethanol in an ultrasonic bath. An atomic force
microscope NanoWizard 4 (JPK Bruker, Germany) was used to measure
height profiles. Sections of (50 × 50) µm2 were scanned in air with contact
mode using the fast scanning mode. Cantilever ContGB-G (Budgetsensors,
Bulgaria) with a spring constant of 0.2 Nm−1 and a resonance frequency of
13 kHz were used. Calibration of the cantilever was performed with the
contact-free method according to ref. 60. The setpoint was 25 nN and the
line rate 2 Hz. Three different areas were measured on each sample and
the determination of the root mean square roughness Rq was performed
with the JPK Processing software based on the height profiles.

UV–vis spectroscopy
Absorption spectroscopy in the wavelength range between 220 and
850 nm were carried out using a Cary 300 double monochromator
spectrometer from Varian/Agilent company (Mulgrave, Australia) in
transmission geometry using double channel measurements. The detec-
tion limit is about six absorption units. As the PE-HD samples of a thickness
h of 4 mm exhibit considerable straylight an integrating sphere of 70mm
diameter with Spectralon coating of the type DRA-CA-30I from Labsphere
company (Noth Sutton, USA) was applied in the sample compartment with
the sample mounted on the transmission port, in front of a mask of 13mm
height and 0.5 mm width. The integrating sphere conducts all radiation
that has passed through the sample to the detector regardless of the
incident angle. However, reflection and straylight caused in front of the
sample and straylight within the sample still reduce the measured
radiation in the sphere. This situation though represents the conditions of
a good within a tank and this also is the reason why the measured entity is
labeled absorbance rather than absorption. Spectral bandwidth was 4 nm,
data interval was 1 nm. The switch-over point between the UV-range
deuterium lamp and the visible-range halogen lamp was at 350 nm. A
baseline correction for 100% transmission was used for the spectra. The
monochromator’s scan speed was signal/noise ratio controlled and
resulted in an acquisition time of about 60–120min per spectrum.
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