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Abstract: Oil spills at sea, such as the Deepwater Horizon incident in 2010, are devastating environ-
mental hazards, especially for biodiversity in the maritime ecosystem. In order to help the restoration
of coastlines, it is critical to clean the oil up quickly and efficiently with various measures, such as
the use of barriers, skimmers, sorbents, dispersing agents, in situ burning, and biological agents.
However, most of them still cause high remediation costs; are inefficient, non-reusable, and not
environmentally friendly; lack a convenient desorption method; or are simply not yet ready to use
in a real-case scenario, where high amounts of hydrocarbons must be removed. Therefore, in this
work, a reusable modified polyurethane foam for oil absorption on the sea surface is presented and
characterised. Due to a chemical formulation with a special co-polymer, its oleophilic properties
are strongly enhanced. Laboratory soaking tests with different oils and a mixture of Louisiana
sweet crude oil with artificial sea water (ASW) are conducted. To do so, a pneumatic press with
adjustable pressures was used to characterise the foam’s capability to recover oil between 10 and
18 times its own weight for a period of up to 50 consecutive repetitions with a maximum saturation
in less than one minute. Sequential trials with different oil mass fractions in ASW determined a
decreasing content of recovered ASW with increasing amounts of crude oil, while, in all cases, the
total oil recovery rate proved to be more than 90% within one’s standard deviation. Finally, practical
applications of sorption methods are presented to give an idea of difficulties encountered in real
remediation scenarios.

Keywords: oil spill response; modified polyurethane foam; oil spill recovery; reusable absorbent

1. Introduction

Despite the Energy Transition Council’s statement at the UN Climate Change Confer-
ence in the United Kingdom in 2021 (COP26) to be “moving away from coal and other fossil
fuels” [1], the demand for fossil energy sources such as natural gas and crude oil remains
consistently high. The more reservoirs become depleted, the more remote exploration
sites will be in delicate environments or deeper areas, which increases the risk of future
accidents. Muehlenbachs et al. even report an increased incident probability of 8.5% for
each 30 m of added depth in oil drilling for an average platform [2]. This became evident
when, in April 2010, the oil rig Deepwater Horizon (DWH) ignited and sank in the northern
Gulf of Mexico. It caused the largest offshore oil spill in the history of the petroleum
industry. This deep-sea oil well blowout took place over a period of three months, releasing
approximately 780 million liters of crude oil into the fragile marine ecosystem [3–6], and is
still harming wildlife in the area many years later [7]. Although the International Tanker
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Owners’ Pollution Federation (ITOPF) reports a continuation of a long-term decline with
oil spills, altogether 18 large-sized (>700 tonnes) and 45 medium-sized (7–700 tonnes)
spills happened between 2010 and 2019 [8]. Just recently, in October 2021, another oil spill,
which was caused by a leak in an offshore oil pipeline off the coast of Southern California,
released another 470,000 L of crude oil and spread over an area of 34 km2 [9,10]. Minor
coastal pollution incidents by hydrocarbons in port or near docking areas are not even
recorded. In all cases, and most importantly, it is critical to contain any spill as quickly
as possible to prevent further damages to the environment. Physico-chemical processes
(e.g., weathering effects, evaporation, diffusion-driven spreading, or emulsification) break
down the oil into smaller droplets and cause them to sink. A vertical distribution of oil
throughout the water column expands the critical affected area extensively and could cause
even more damage [11]. This is the reason why, among immediate response technologies
such as chemical treatment (e.g., dispersants), in situ burning and bioremediation, espe-
cially mechanical recovery, are used to restrict the spread of oil and reduce the possibility
of polluting shorelines [12]. Here, the most common type of containment equipment is
floating barriers and sorbent materials [13,14], in combination with skimmers, they are used
to get rid of the oil bulk. In the vicinity of the shore, which cannot be accessed by heavy
machinery or at a decreased oil film thickness, at which skimmers become less effective [6],
sorbents are the most important countermeasure for a clean-up.

Within the physical remediation method class suction, it is to differentiate between
three types of sorbent materials, such as natural/organic (waste from agricultural prod-
ucts), mineral/natural inorganic (activated carbon, zeolites), and synthetic (polyurethane,
polypropylene) [15]. Since they all differ in material structure, sorption time, sorption
capacity, desorption method, and recycling time, just to name a few, numerous studies
have been conducted and reviewed to investigate and compare their properties as potential
remediation measures [15–20].

In the aftermath of the DWH incident, little has changed in how oil spills at sea or in
coastal regions are cleaned. Although considerable progress in establishing oil sorption
methods has taken place in recent years, most of the reported materials lack the combination
of (i) a high reusability, (ii) a high oil recovery rate, (iii) an easy desorption method, and (iv)
reasonable costs. For implementation in a real-case scenario, these are the major criteria of
an efficient and effective way to clean oil spills.

Therefore, in this paper, a reusable polyurethane foam for oil absorption on the sea
surface is investigated. The enhanced oleophilic property is derived from its chemical
formulation with a special co-polymer. The focus of this characterisation is on the oil-
recovery rate with varied squeezing forces and on the reusability of the foam. In addition
to these investigations, the absorption capacity is also determined as a function of the
oil type and in interaction with artificial seawater. It is demonstrated that the advanced
foam material composition prevails, with a unique combination of all aforementioned
advantageous characteristics that, to the author’s knowledge, has not been previously
reported. Finally, deployment examples in real conditions are shown, where it proves to be
a flexible, highly reusable, and cost-effective alternative to materials already in use.

2. Materials and Method

In this section, the reusable modified polyurethane foam (RMPUF) used is charac-
terised. Furthermore, the test procedure and the hydrocarbons are presented, and, eventu-
ally, the setup for the mechanical desorption of the sponge is explained in detail. Hereby,
this study focuses on the term oil recovery instead of oil uptake [19] or oil adsorbency [21],
because the presented test rig represents a reliable method to verify the reusability of an
adsorbent, meaning the recovered amount of oil. Hence, it may constitute a supplement to
the standard test method F726-17 published by ASTM International (2017) [21].
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2.1. Properties of the Reusable Modified Polyurethane Sponge

The proprietary sponge material was kindly provided by the company Test1 Solutions
(Brescia, Italy). To conduct an unbiased study, neither details about the manufacturing
process nor its specific chemical composition are known to the authors. For the charac-
terisation of the sponge properties (according to ASTM F726-17: Type I Adsorbent [21]),
RMPUF cuboids with a length of 9.5 cm and a height of 2.5 cm are used. The weight of the
sponge blocks used is msponge = 7.22 ± 0.42 g (n = 27). From these values, a sponge density
of ρsponge = 32.00 ± 1.88 kg m−3 can be determined. Thus, the porosity ε of the sponge
structure can be calculated by means of the density of polyurethane (ρPU = 1200 kg m−3) as

ε = 1 −
ρsponge

ρPU
= 0.973 ± 0.002. (1)

The pore structure of the sponge was examined using a scanning electron microscope
(SEM, Zeiss Supra 55 VP). Figure 1a shows the macroporous structure of the sponge. It can
be observed that the pore size varies from approximately 100 µm to several mm. For the
purpose of imaging, this specimen was sputtered for 30 s using a gold sputtering coater
(Baltec SCD 050) to obtain a better conductivity and, thus, a clearer image. The surfaces
of the sample in the SEM images at higher magnifications Figure 1b,c, are not coated, as
sputtering affects the surface’s fine structure. Compared to a sponge treatment in the study
by Peng et al. [22], which revealed spherical particles on the surface, the RMPUF in this
work shows a rather smooth surface without any major visible structural surface change
(Figure 1c), despite a visible thin layer (Figure 1b), which proves the treatment with a
co-polymer.

(a) (b)

(c) (d)

Figure 1. Scanning electron microscope images of the RMPUF at different magnifications and
horizontal field widths (HFW) as (a) HFW = 2075 µm, (b) HFW = 276 µm, and (c) HFW = 13 µm.
Dimensional scaling is marked in the respective images. (d) Optical measurement of the wetting
angle θ ≥ (95 ± 3)◦ between ASW and the RMPUF.

The wetting ability of the sponge with the artificial seawater (see Figure 1d) and
white oil was also examined visually. When an ASW droplet is placed on the sponge
material, a contact angle of θ ≥ (95 ± 3)◦ (n = 3) can be determined. Hence, the sponge
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exhibits hydrophobic properties. The deposition of an oil droplet on the material resulted
in a contact angle of approximately 0◦, and, thus, proved the oleophilic properties of the
sponge.

2.2. Properties of the Liquids

Long-chain hydrocarbons, especially crude oils, can vary greatly in terms of their
material properties. Therefore, the recovery characteristics of the sponge were investigated
with sunflower oil, transparent white oil (PIONIER 7467 H & R Ölwerke Schindler GmbH,
Hamburg, Germany) coloured with a lipophilic dye (Sudan Red 7B, CAS 6368-72-5, Sigma-
Aldrich Co., St. Louis, MO, USA) for visualization purposes, and crude oil (Louisiana
Sweet Crude Oil, British Petroleum, Marlin platform, Dorado fields, Australia, see also
[23,24]). Since white oil can be used as a safe oil model, which is easy to handle and offers
characteristics related to crude oil, it serves as an internal reference.

The crude oil has a sulphur content of 0.26 ± 0.01 wt% and a water content of
0.44 ± 0.17 wt%. The pH value is 7.5 ± 0.1. The American Petroleum Institute degree
value of the crude oil is 34.6 °API, so the oil accumulates on the water’s surface. The key
factor for the wetting and absorption capacity of the sponge are the surface tension and the
viscosity. For the oil used in the experiments, the surface tension was determined using a
bubble pressure tensiometer (BP50, Krüss, Hamburg, Germany) and the viscosity using a
rotational viscometer (Malvern Kinexus Pro, Netzsch, Erlangen, Germany), utilizing a cone
and plate setup (CP1/60:PL60, cone: 60 mm diameter, 1◦ angle, plate: 60 mm diameter).

In Table 1, the measured viscosities and densities for the respective oils at 20 °C
are listed. A more detailed analysis has already been published by Pesch et al. [23,24].
According to the test method established by ASTM International [21], the oil type can be
still considered as light due to its low viscosity and is therefore comparable to diesel fuel or
mineral oil.

Table 1. Dynamic viscosity and surface tension of the sunflower oil, white oil, and crude oil at
20.0 ± 1.0 °C.

Oil Type Dynamic Viscosity η/Pa·s Surface Tension σ/N·m−1

Sunflower Oil 5.9 × 10−3 32.9 × 10−3

White Oil 4.8 × 10−3 21.1 × 10−3

Crude Oil 38.8 × 10−3 26.2 × 10−3

To imitate real conditions, a mixture of artificial seawater (ASW) and oil is used.
The composition of the ASW is based on Jones et al. [25], and the concentration of the
components used is summarised in Table 2.

Table 2. Composition of the ASW.

Component Concentration c/g·L−1

NaCl 27.0
MgSO4·7H2O 6.6
MgCl2·6H2O 5.6
CaCl2·2H2O 1.5
KNO3 1.0

2.3. Experimental Setup

In order to mechanically remove the oil from the RMPUF on the laboratory scale, a
pneumatic press with a collection basin is used. The schematic drawing of the press can be
found in Figure 2.
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Figure 2. Scheme of the experimental setup for mechanical removal of oil from the sponge. A 5/2-way
valve and a one-way restrictor are used to fill and empty the pressure chambers of the double-acting
piston cylinder with pressurised air from the air inlet.

The setup consists of two opposing steel plates with a size of 10 × 10 cm, of which
one is mounted statically (top right in the drawing) and the other one is moved by a
double-acting piston cylinder (dpiston = 40 mm, 50 mm lift, ISO 21287, Riegler, Bad Urach,
Germany). The piston is controlled by a pneumatic 5/2-way valve (monostable, 4A310-08,
Airtac, Taipei, Taiwan) and a one-way-restrictor. The operating pressure is adjusted by a
precision pressure regulator (0.5-8 bar, FUTURA, Riegler, Germany). Prior to squeezing,
the sponge is mounted at the static steel plate using two pins in the top corners. Those pins
fit through two holes in the opposing moving steel plate. The recovered oil or ASW/oil
mixture is collected underneath in a collection basin and weighed with a high-precision
balance (M-Power AZ214, Sartorius, Göttingen, Germany). The extending force Fex, which
is transmitted from the piston via the rod onto the sponge, is calculated as

Fex = psys ·
π

4
d2

piston, (2)

with the system pressure psys and the surface of the piston, which results from the diameter
of the piston, (dpiston = 40 mm). The pressure on the sponge, which is referred to as the
squeezing pressure psqu, is calculated as

psqu =
Fex

Asponge
(3)

with the sponge’s surface area Asponge of 9.5 × 9.5 cm.

2.4. Measurement Procedure

As a first step, the initial weight of the absorbent minit,sponge is determined before each
measurement. Afterwards, an oil pan is filled with 200 g of the oil to be tested (corresponds
to a filling height of approximately 10 mm). In the next step, the absorbent is immersed in
the test liquid for 30 ± 3 s and subsequently removed to an empty basin for another 30 ± 3 s
to let it drain. This procedure ensures that the oil drains from the sponge, which is then
taken up via the capillary forces (mupt,oil) but cannot be finally recovered from the sponge
(mrec,oil). As the review paper by Oliveira et al. [19] points out, the complete amount of oil
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that can usually be absorbed by the absorbent (mupt,oil) after a certain dripping time is stated
in publications. However, this and many more inconsistencies with other publications are a
major problem to compare sorbent performances. The herein-mentioned results display the
oil-recovery amount of the absorbent. This is an attempt to determine the recovery capacity
that can be achieved in actual practical use (mrec,oil).

After the saturation process, the sponge is attached vertically to the two pins at
the static steel plate and squeezed at a selected pressure for 30 ± 3 s. The mechanically
recovered oil is collected and weighed to gain mrec,oil. In order to enable the comparability of
the results, a recovery rate normalised to the initial sponge weight is determined according
to Equation (4) as

Normalised recovery rate =
mrec,oil

minit,sponge
. (4)

In the first series of tests, the dependency of the recovery rate on the selected squeezing
pressure was determined. For this purpose, the sponge was saturated with white oil as
described above and squeezed out at system pressures of 2, 3, 4, and 5 bar. According to
Equation (3), this corresponds to squeezing pressures of 27.8, 41.8, 55.7, and 69.7 kN m−2,
respectively, acting on the sponge. In the second series of tests, the procedure was repeated
for sunflower oil and crude oil; however, this was only completed for squeezing pressures
of 27.8 and 55.7 kN m−2 each. All parameters were investigated with three sponge speci-
mens, each consecutively used ten times. Additionally, the reusability of the sponge was
investigated via the use of white oil and 50 sorption and desorption cycles. A squeezing
pressure of 69.7 kN m−2 was chosen in order to achieve a maximum load on the sponge
structure within the desorption process.

In addition to the determination of the exclusive oil recovery rate and the sponge’s
reusability, the absorption of seawater also plays a significant role regarding the efficiency
of a sponge absorbent in an oil spill clean-up operation. For this purpose, the third series
of tests contains repetitive experiments using a mixture of ASW and crude oil to mimic a
real-case scenario. The experimental procedure is the same as described above. For this
case, a glass basin is filled with artificial seawater of mASW = 370 g and crude oil. The
amount of crude oil was deliberately chosen to be below the allegedly maximum absorption
capacity of the sponge at three values of 20, 80, and 130 g. Each experiment is repeated
ten times, prewetting the sponge in ASW at the beginning and refilling the basin to the
initial oil amount after each absorption and desorption cycle. Each time, the respective
ASW/oil mixture, which is mechanically recovered from the sponge, is subsequently filled
in a glass separating funnel. After a period of 30 ± 3 s, both the oil and ASW fractions
are weighed separately. For the purpose of comparing the sponge’s efficacy at these three
different initial crude oil quantities, the actual mass of the recovered oil mrec,oil is related to
the initial mass of oil in the basin minit,oil according to Equation (5) as

Normalised oil recovery =
mrec,oil

minit,oil
. (5)

Likewise, the recovery selectivity Soil,rec is determined according to Equation (6) as

Soil,rec (%) =
mrec,oil

mrec,oil + mrec,ASW
· 100. (6)

The herein-described measurement procedure and the experimental setup could be
a suitable supplement to the already existing standard test method F726-17 published
by ASTM International, in particular the section Reuse with respect to the Compression
Extraction (Plate) [21].

3. Experimental Results and Discussion
3.1. Oil Recovery with Increasing Squeezing Pressure

An important aspect of using foam as the preferred sorbent material is the effort
required to sequentially remove the oil again. In this study, the oil is removed by means
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of a pneumatic press at different squeezing pressures. In this subsection, only white oil
is utilised as a test liquid, due to its chemically harmless properties and the knowledge
gained about it in former studies [24]. Figure 3 shows the influence of different squeezing
pressures (psqu) on the absorption of the soaked sponge. On the left ordinate, the graph
shows the total white oil mass that could be recovered. The right ordinate shows the
corresponding oil-recovery ratio on a weight basis (g/g). During the tests, three foam
cuboids were used per pressure level and squeezed ten times in a row (n = 3 × 10). It
can be seen that 111 ± 4 g of oil was recovered at a squeezing pressure of 27.8 kN m−2.
This value increases to 129 ± 2 g at 41.8 kN m−2. At higher squeezing pressures, only a
minor increase to a total of 134 ± 1 g at 69.7 kN m−2 can be observed. Similar to the trend
of recovered oil mass, the trend of the corresponding normalised recovery rate shows a
maximum of 18.6 ± 1.4 g of white oil per g of foam at the maximum pressure of 69.7 kN
m−2. A change in structure and the associated reduction in absorption capacity cannot be
observed at higher pressures and consecutive squeezing processes.

Figure 3. Total amount of recovered white oil (white squares, left ordinate) and normalised recovery
rate (black circles, right ordinate) as a function of squeezing pressure.

3.2. Recovery Rate of Different Oil Types and Reusability of Foam

In addition to the investigation of the mass of recovered white oil at different squeez-
ing pressures onto the foam, two more oils are used to assess the previous results. The
strongly varying surface tension and viscosity have a significant influence on the absorption
behaviour. This can be seen in the left two datasets in Figure 4, in which the normalised
recovery rates of the foam for white oil, sunflower oil, and crude oil for squeezing pressures
of 27.8 kN m−2 and 55.7 kN m−2 are depicted. This bar plot demonstrates the lowest
recovery rate for sunflower oil of 9.8 ± 1.3 g/g for 27.8 kN m−2 and 12.5 ± 1.4 for 55.7 kN
m−2, respectively. This is significantly less than for white oil and crude oil, which mark
a recovery rate of 17.1 ± 1.0 and 13.1 ± 0.9 g/g at 27.8 kN m−2 and a squeezing pressure
and 18.4 ± 1.2 and 17.6 ± 0.9 g/g at 55.7 kN m−2 squeezing pressure, respectively. This
difference can be attributed to the combination of a comparatively higher surface tension of
32.9 × 10−3 N/m and a low viscosity of 5.9 × 10−3 Pa s for sunflower oil. In particular, the
high surface tension leads to a low wetting of the RMPUF and, thus, to a lower absorption
of the sunflower oil compared to the white oil and crude oil [26].

The right-hand dataset of Figure 4 exhibits the normalised recovery rate of the RM-
PUF for over 50 absorption and desorption cycles with white oil, repeated three times
(n = 3 × 50). It can be seen that the recovery rate over 50 cycles has the same value within
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the standard deviation as the recovery rates after 10 cycles (see Figure 4, left dataset).
Therefore, a negative influence on the foam structure and volume due to the selected
high squeezing pressure, and, thus, a change in the absorption capacity can be excluded.
On the contrary, foam materials such as polyimide or polypropylene (industry standard)
failed to recover their initial volume after the first compression cycles [27]. Hence, for the
RMPUF in this study, it can be assumed that a distinctively higher number of absorption
and desorption cycles is possible without major capacity losses, which has already been
demonstrated in a real-case scenario at an actual oil spill clean-up (see Section 4).

Figure 4. Left two datasets: Normalised recovery rate for all three used oil types as a function of
squeezing pressure psqu of 27.8 and 55.7 kN m−2 (n = 3 × 10 consecutive repetitions). Right dataset:
Normalised recovery rate only for white oil at a squeezing pressure of 69.7 kN m−2 (n = 3 × 50
consecutive repetitions).

3.3. Investigations with Crude Oil and Artificial Sea Water

Since Barry et al. [27] postulate that oil adsorption and selectivity is dependent on the
amount of oil available to the foam, this subsection takes different initial crude oil amounts
mixed with Artificial Sea Water (ASW) into consideration and, thus, mimicking a real-case
scenario. The tests with ASW are shown in Figure 5, which depicts, on the one hand, the oil
sorption selectivity (black circles, left ordinate) and, on the other hand, the normalised total
oil recovery (white squares, right ordinate) based on Equations (6) and (5), respectively.

With an increasing amount of initial crude oil in the glass basin, the trend of the
selectivity increases from 47.6 ± 7.4 % (minit,crude oil = 20 g) up to 86.5 ± 1.1% (minit,crude oil
= 130 g). It must be noted that 130 g of crude oil is chosen as a maximum amount due to
the results demonstrated in Figure 3 at a squeezing pressure of 69.7 kN m−2. Interestingly,
despite the material’s hydrophobic property, in repetitive trials, certain water uptake is
observed. However, all initially presented oil is recovered. This becomes apparent by
observing the second dataset in the graph on the right ordinate. The normalised total oil
recovery (mass of recovered oil/mass of initially presented crude oil) shows how much
of the initial oil inside the basin could be recovered. All three values are between 1.1 and
0.9 g/g with standard deviations between 0.24 and 0.07 g/g, respectively. The reason for
the value higher than 1.0 and the high standard deviation is due to the used separator
funnel. During the separation process and weighing, part of the oil remains on the walls
of the separator due to the high viscosity of the oil. This leads to a non-negligible error in
the weighing, especially when using small quantities of oil. To sum up, all three values
show a very good oil recovery, which clearly demonstrates the high efficacy of the foam.
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The results also show that the crude oil is able to displace absorbed water from the sponge
structure due to its oleophilic and hydrophobic (see Figure 1d) properties.

Figure 5. Oil recovery selectivity (white squares, left ordinate) according to Equation (6) and normalised
total oil recovery (black circles, right ordinate) according to Equation (5) with respective standard
deviations (n = 10) as a function of initially presented crude oil quantities in a basin of 370 g ASW.

As mentioned above, a direct comparison of the herein-demonstrated results with
other studies is difficult for several reasons, such as an unclear absorption method [22,28],
a water-column absorption testing method [27], or repeated sorption/compression/ re-
sorption tests not being standardised [29] regarding the reusability. However, consider-
ing that the latter publication took the ASTM F726-17 standard into account, the herein-
presented material may be further improved by a sequential infiltration synthesis-based
modification.

4. Field Experience with the RMPUF in Real Oil Spill Response Conditions

The removal of hydrocarbons from seawater in the field is fundamentally different
from laboratory conditions. For example, wind, swell, and ocean currents make it difficult
to remove oil from the water surface and cause hydrocarbons to spread widely over the
surface and wash up on coasts. Thus, in the DWH accident, it was not possible to contain
the oil spill locally. As a result, coasts in Cuba, Mexico, and five states in the United States
were polluted by the spilled oil [30]. The accumulation of debris and waste in oil spills
plays a significant role in the recovery process and can significantly reduce the effectiveness
of already established technologies such as skimmers, barriers, booms, and pumps. Under
these conditions, the use of sponge-structured absorbers is advantageous, as they can
absorb oil even under difficult conditions until the maximum capacity of the absorber is
reached. In the case of the RMPUF presented here, oil is only released when a stronger
force is applied. The sponge is able to bind the oil safely over a longer period of time.

4.1. Field Trial in Gran Tarjal (Fuerteventura, Spain)

During a three-day field trial in 2018, hydrocarbons were removed from the port of
Gran Tarjal on the coast of Fuerteventura. Tropical storm Emma caused five pontoons with
machinery and three tugboats to sink in the harbour basin, resulting in heavy contamination
of the harbour area by marine diesel, hydraulic oil, and fuel oil. During this field test, the
oil-absorption capacity of the RMPUF was compared with the oil-recovery potential of a
SK10R skimmer (Inteco Astur, Carreno, Spain). In this trial, 20 kg of RMPUF was applied by
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an inexperienced team of ten people, and the absorbed oil was removed mechanically using
two manual wringers. The advantages of the skimmer used were clearly demonstrated.
The sponge was able to remove 57 tonnes of hydrocarbons from the harbour basin over
the three-day period. The oil removed had a water content of about 5% v/v, which allows
direct reuse in a refining process and eliminates the need for further treatment steps. The
skimmer was able to remove a 500 kg water/oil mixture from the harbour basin within the
three-day period. Due to the high water content of the removed oil/water mixture of 50%
v/v, further processing steps were necessary for disposal.

4.2. Barriers

As already mentioned, in addition to rapid removal, the containment of oil spills is
also an essential aspect of protecting the maritime environment. Oil barriers are classically
used for this purpose. If the oil hits the barriers vertically in combination with waves
and wind, the oil can be washed over the barriers. Likewise, the oil can be washed under
the barriers by the currents (see Figure 6). In order to suppress this as far as possible, the
dimensions of the submerged barrier skirts can be increased up to a height of approximately
1 m. This makes the handling of the barriers more difficult due to the increased drag and
leads to a significant increase in costs when used on the open sea.

Figure 6. (A) Comparison between the standard design of a barrier and the new design of a barrier
with the sponge attached. (B) A combined disposition of barriers and RMPUF to concentrate the oil.
(C) New design of a barrier with the RMPUF attached with a simpler system to change the foam.

A combination of a sponge-structured absorber and a barrier could reduce these
disadvantages. The absorber reduces the turbulence caused by the waves and binds the oil
in the absorber, thus making it difficult to overflow or underflow the barrier (see Figure 6).
The higher efficiency also reduces the size of the skirts and improves the handling. Due to
the improved handling, faster response times for oil spill events can be realised.

One method to tackle an oil spill is shown in Figure 7. Here, the synergies of the
modified barrier and the RMPUF can be ideally used. For this purpose, the modified barrier
is deployed and towed by two vessels. The oil film is pulled into the center of the barrier,
in which there is a concave bulge collecting the unabsorbed oil. If necessary, more RMPUF
can be applied by the deployed tug boats to bind further oil. The sponges can then be
removed by hand by means of a net or by an already designed sophisticated marine surface
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robotic system. Its use as a static barrier as preventive protection is also conceivable, since,
as shown in the experiments, hydrocarbons are able to displace seawater and permanently
bind to the absorber. These properties could also be of interest in other future applications,
such as using the sponges to treat oily bilge water. This is one of the primary sources of oil
pollution in marine waters. Moreover, an improved skimmer design based on the sponge
could be realised that achieves a higher oil selectivity than existing skimmers. The design
of a corresponding prototype is shown in Figure 8. The prototype moves an endless belt of
sponge that is squeezed and exposed to the surface of water at each turn. The information
obtained within the laboratory tests, e.g., about the squeezing pressure, is used to identify
an optimal operating point for such a concept of skimmer.

Figure 7. Schematic design of an example of combination between standard barrier and RMPUF,
operating in open sea.

Figure 8. Preliminary design of one skimmer based on RMPUF characteristics.

5. Conclusions

Within the scope of this paper, a reusable and modified polyurethane sponge for the
absorption of oils was characterised. For this purpose, a pneumatic press was built to
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investigate the mechanical removal of the absorbed oil from the sponge in more detail. It
could be shown that the sponge achieves a normalised recovery rate of 18 g/g maximum.
The recovery rate was investigated as a function of three different oils, and it could be
shown that the absorption of the sponge strongly depends on the oil applied and, in
particular, its surface tension and viscosity.

Another research focus was on the reusability of the sponge. Thereby, the dependency
of the recovery rate on the squeezing pressure of the press was examined. It was also
shown that, after 50 cycles of sorption and desorption, there is no significant decrease in
the recovery rate and no material deformation.

In addition, laboratory tests were carried out with different crude oil mass fractions in
ASW. The oil quantities were selected in such a way that they were below the maximum
absorption capacity of the sponge. In all cases, more than 90% of the oil could be absorbed.
It could be shown that, with an increasing oil quantity, the water is displaced from the
sponge, thus increasing the selectivity of the oil in the desorption.

What the use of such an absorbent looks like under real conditions and which chal-
lenges arise in the practical use. It is important to clarify how a sponge-shaped absorbent
can be optimally adapted to real conditions. For example, what influence does swell have
on the absorption behaviour? How must an absorber be structurally designed in order to
be optimally used in the open sea or in calm harbour waters? What is the behaviour of an
absorber sponge under arctic conditions and the associated higher viscosity and surface
tension of crude oils? Another interesting application is the use of absorbers below the
surface of the sea, e.g., directly at crude oil spills.
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