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Abstract: This paper studies the correlation between oil recovery usability and mechanical behavior
under compression loads of an innovative oil recovery material. The examined composites are
silicone foams filled with carbon nanotubes (CNT). Here, the reutilization of oil recovery processes
of the newly developed composite foams is evaluated. In this regard, static and cyclic compressive
tests are carried out. Samples filled with pristine and functionalized CNT are tested to evaluate the
influence of the filler’s characteristics on the composite foam’s mechanical behavior. The results
show that the presence of CNT (CNT-0) increases the elastic modulus (0.030 MPa) and collapse stress
(0.010 MPa) of the siloxane matrix. On the contrary, as the CNT functionalization degree increases,
a worsening of the composite’s mechanical performance is observed. CNT-0 foam evidences, also,
the optimal mechanical stability to cyclic compressive loads, maintaining high stress values until
30 cycles. Furthermore, a correlation between the absorption capacity, elastic modulus, and cyclability
is reported, highlighting a simplified approach to tailor the high absorption durability performance of
filled CNT silicone foams. The promising results confirm the possible reuse of these new composite
foams as absorbent materials for oil spill recovery applications.

Keywords: carbon nanotubes; composite foam; compression test; mechanical stability

1. Introduction

The Mediterranean Sea is a semi-closed basin; its water represents around 0.7% of the world’s
marine waters and it is an invaluable source of biodiversity. It contains 12,000 marine species, about 10%
of the total animals that populate the planet’s seas. Moreover, it acts as a human resource for maritime
transport, the tourist industry, etc. As regards maritime traffic, approximately 200,000 large vessels
operate annually in the Mediterranean Sea, including ferries, cargo, and commercial vessels, of which
around 300 daily tankers carry petroleum products. Over 350 million tons per year pass through its
basin (over 25% of the world quantity). Every year, the Mediterranean Sea suffers oil spills of about
600,000 tons. Lastly, 27 accidents occurred in the last 30 years, for a total of about 272,000 tons of spilled
oil [1]. For these events, which are extremely harmful to the marine environment, all the involuntary
spills of hydrocarbons and so-called “operational activities” must be taken into account. This leads to
a seriously compromised ecosystem with environmental damage that is difficult to estimate even by
current scientific investigation systems [2,3]. The articulated system of global maritime transport in
recent decades led the international community to adopt more stringent rules to guarantee the better
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environmental safety of transports and the scientific research community to develop more efficient oil
spill recovery systems aiming at an almost full recovery of the released oil [4-6]. Older techniques such
as dispersion [7] or in situ burning [8] have been supplanted with more efficient methodologies that
can leave no residues and speed up the intervention. In this regard, the development of highly efficient
absorbent materials capable of recovering the spilled oil is widely investigated [9-12]. Absorbent
materials are considered to be of interest in hydrocarbon spill recovery for their high oleophilicity and
hydrophobicity [8]. The aim is to convert polluting liquid into a semi-solid material to be disposed
of more easily and safely [13]. The efficient use of absorbent materials is assessed by factors such
as absorption capacity and absorption rate. Among absorbent systems, foams are a new research
frontier with promising results. In fact, the macroporous structure acts as a container for spilled
oil in recovery phase, thus allowing significant absorption percentages due to the free volume that
can be filled by the contaminant [14-16]. Ko et al. [17] reported a polydimethylsiloxane (PDMS)
sponge coated with a superhydrophobic molybdenum disulfide (MoS,) layer, establishing its excellent
superhydrophobicity and high oil absorption (>97 wt.%). Wang et al. [18] presented a facile and
low-cost approach for fabricating magnetic, durable, and superhydrophobic carbon sponges. Carbon
sponges can controllably and selectively adsorb oils from oil-water mixtures up to almost 27 wt.%
in gasoline. Li et al. [19] modified Fe3O4 nanoparticles with silane compounds (tetraethoxysilane
and trimethoxy (heptadecafluorodecyl)silane) to obtain nanoparticles with magnetic capabilities.
These particles were used to obtain, by a drop-coating method, a superhydrophobic surface on several
substrates, such as PU sponge, cotton fabric, and filter paper. These sponges showed a high absorption
capability on natural or artificial oil (40.3, 39.3, and 46.3 g g™, in peanut oil, pump oil, and silicone oil,
respectively). Furthermore, a crucial factor for absorption material application in oil recovery is its
reusability. Indeed, the possibility of using absorbent materials for numerous cycles further increases
their sustainability. Additionally, they are beneficial in terms of cost-effectiveness for the process and
permit the user to minimize the problems of handling recovered oils and the related product disposal
at the end of their use.

Yuan et al. [20] synthesized sponges with high hydrophobicity, recyclability, and absorption
capacities (up to 32.26 g in oil and 52.51 g g~! in organic solvents). They were produced using low-cost
raw materials and by the unidirectional freeze-casting technique. After regeneration, the sponges can
be reused more than five times without losing their efficiency. Ding et al. [21] realized oil absorbents
containing B-Cyclodextrin moieties that showed an excellent oil absorbency (79.1 g g~} in CCly,
72.8 g g7! in CHCl3, 43.7 g g~ in xylene, and 45.7 g g~! in toluene). Absorbents can be used at least six
times. Korhonen et al. [22] prepared hydrophobic nanocellulose aerogels as recyclable oil absorbents
that are able to be reused after washing, recycled, or incinerated with the absorbed oil. Cellulose is a
renewable material and titanium dioxide is environmentally safe, thus endorsing their possible use
in environmental-based application fields. In the authors’ previous works, carbon nanotube-based
silicone foams were investigated. Their absorption capacity [23] and absorption kinetic [24] were
assessed. The produced composites showed a good reusability for up to 10 absorption and mechanical
compressive squeezing cycles. The good mechanical stability of the composite foam plays a relevant
role on the foam reusability, allowing an effective and reliable absorption capacity during its cyclic
reuse. Therefore, determining the correlation between the mechanical and adsorption properties could
give added value to the performance assessment.

In this regard, the aim of this work is to examine the mechanical compression behavior of
previously developed foams. The promising absorption performance and high cyclability of the
composite materials are correlated with their morphological properties and mechanical stability.
The result of a close correlation between these characteristics leads to a definition of guiding parameters
for designing highly efficient foam, directing the synthesis procedure, and ensuring material durability
in oil recovery applications. The main goal is defining an optimum design of the carbon nanotubes
(CNT)-silicone composite foam to have a suitable mechanical resistance to bear the stresses induced by
the absorption of oil pollutants. The synthesis of a highly cycling absorbent material allows one to
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simplify and reduce the management costs of the oil recovery procedure, allowing an easier life and
cost assessment of the process with respect to other products generally used in this context [25].

2. Materials and Methods

2.1. Filler Synthesis

Pure and functionalized carbon nanotubes (CNT) were synthesized as previously reported in
the literature [23]. The used procedure is schematized in Figure 1. Synthesis was carried out in a
chemical vapor deposition (CVD) apparatus in a 120 cc/min flow (1:1 i-C4H;o:Hj). After synthesis,
the obtained products were purified with a 1 M solution of NaOH at 80 °C and a subsequent treatment
in a 37 wt.% HCl solution at room temperature [26]. The produced Multi-Walled Carbon Nanotubes
(MWCNT) had an average external diameter of 14 nm and a surface area of 190 m2/g, as measured
by Brunauer — Emmett — Teller (BET) analysis. Then, the CNT were functionalized by nitric acid
vapors [27]. Functionalized CNT are considered because the large amount of carboxyl groups on their
surface could generate an acceptable chemical affinity between the matrix and the filler, ensuring a
good mechanical stability and even increasing the filler percentage [23].

The functionalization degree of the CNT was determined by means of thermogravimetric technique,
as reported elsewhere [23].

iC4H103H2 Catalyst

|

Exhaust QN

Condenser

NaOH HCI

CNT;2,/CNTy36 CNT

Figure 1. Filler synthesis procedure.
2.2. Foam Synthesis

Commercially available silicone foam reactants were acquired by Gelest Inc. (Morrisville, PA, USA)
without any commercial filler. Poly (dimethylsiloxane-co-methylhydrosiloxane), trimethylsilyl-terminated
PMHS (M.W. 5500-6500 CAS: 68037-59-2), and silanol-terminated polydimethylsiloxane PDMS
(M.W. 110,000 CAS: 70131-67-8) compounds were used as reactants for the foam synthesis. Tin(II)
2-ethylhexanoate (Sn(Il)) (d:1.12, M.W. 405.11, 50%, CAS. 301-10-0), purchased by Aldrich Chemical
(Saint Louis, MO, USA) was used as a catalyst. In particular, foam preparation was carried out
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according the procedure shown in Figure 2. The CNT (0.250 g) were spread in ethanol (2 mL) for
5 min in an ultrasonic bath and left overnight under constant magnetic stirring. Then, the mixture was
dispersed in PDMS (2 g) under high shear mixing for about 60 s. After that, the PMHS (1 g) was added
with a siloxane PDMS/PMHS weight ratio 2:1 vigorously stirring for 15 s. The solvents, water (0.5 g),
and ethanol (0.2 g), were used to reduce the composite slurry viscosity. Lastly, a tin catalyst (0.5 g) was
added while stirring for about 15 s. The final mixture was put in a cylindrical mold with diameter 2 cm
and put in an oven at 60 °C for 24 h. Foaming is caused by the chemical reaction between PDMS and
PMHS described elsewhere [24,28]. The filler content is 5.6 wt.% in all the produced foams.

(_I?

US bath

overnight

Ethanol 5 min

PDMS
Catalyst PMHS

Solvent
—e A N\®
e

PA— 4_“@.4_

CNT Foam

at60°Cx24h

Figure 2. Foam synthesis procedure.

Table 1 shows all the produced formulations with the codified products and filler functionalization
degree. The composite foam batches were codified based on a prefix “CNT-" and a number indicating
the degree of functionalization of the CNT filler. CNT-0 designates a composite foam filled with
pristine CNT. CNT-22 and CNT-36 indicate composite foams filled with CNT functionalized at 22 wt.%
and 36 wt.%, respectively. As a reference, an unfilled silicone foam (SF-0) was also considered.

The foam morphology was evaluated by a scanning electron microscope (FEI Quanta FEG 450)
operating at 5.00 kV. The foam bulk (apparent) density was calculated from the weight to volume ratio.
Five measurements were taken for each kind of foam.

Table 1. Composite solution compositions (carbon nanotubes (CNT): pristine; CNTyy;: degree of
functionalization 22 wt.%; CNT4: degree of functionalization 36 wt.%).

PDMS PMHS Ethanol Water Sn(II) CNT CNTgs6 CNTgse
Code (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Siloxane Siloxane  Solvent Solvent  Catalyst Filler Filler Filler
SF-0 47.6 23.8 4.8 11.9 11.9 0.0 0.0 0.0
CNT-0 45.0 22.5 4.5 11.2 11.2 5.6 0.0 0.0
CNT-22 45.0 22.5 45 11.2 11.2 0.0 5.6 0.0
CNT-36 45.0 22.5 4.5 11.2 11.2 0.0 0.0 5.6

2.3. Absorption Test

An absorption test was conducted to determine the absorption capacity of the composite foams.
Four common oils (kerosene, naphtha, crude, and pump oils) were selected for the absorption
experiments. As reported elsewhere [23,24,29], each composite foam (1 cm? of volume) was putina
250 mL beaker filled with the selected oil at room temperature and under mild stirring. After absorption,
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the foam was left to rest for 30 s to expel the easily released liquid and then weighted. The absorption
capacity was calculated as Equation (1).
m; —m,
Absorption capacity (wt.%) = tm—o, (1)
0

where m; (g) is the sample mass after t sorption time and my (g) is the sample initial mass. The saturation
absorption capacity is defined when the absorption capacity does not change with time. Each experiment
was carried out three times to confirm the test repeatability. The samples, after the absorption test,
were mechanically regenerated by five simple manual squeezings and reimmersed until complete
saturation in oil. The same procedure was carried out for ten sorption-squeezing cycles in order to
evaluate the reusability of the prepared foams [23].

2.4. Compression Tests

Cubic test specimens (10 x 10 X 10 mm?>), were obtained by cylindrical-shaped samples. A universal
testing machine (2.5 kN Zwick Line) equipped with a 2.5 kN load-cell (sensitivity of 0.001 N) was
used to carry out static and cyclic compressive tests at room temperature. The crosshead speed was
1.0 mm/min. A multipurpose WD 40 oil was used to lubricate the compression plates in order to reduce
the friction of the samples with the plates. A static compression test up to densification was performed
for each investigated composite foam. Moreover, 30 cyclic compression tests up to 50% strain were
carried out for all the batches.

3. Results and Discussion

3.1. Absorbent Properties and Reuse

Preliminarily, each composite foam was tested to determine its absorption ability. Figure 3 shows
the absorption capacity for each investigated foam at varying pollutants. A striking observation is that
all the samples present higher absorption values for light oils (kerosene and naphtha) and lower ones
for heavy oils (crude oil and pump oil). This behavior has been widely discussed in previous works [23]
and is due to the different dynamic viscosity of the investigated oils. Light oils, like kerosene and
naphtha, present a low dynamic viscosity, contrary to heavy oils. When the dynamic viscosity is higher,
the fluid reluctance to deformation is also high, and thus the heavy oil entry into the foam pores is
obstructed. In particular, the SF-0 and CNT-0 samples exhibit a similar behavior in heavy oil, reaching
an absorption capacity in pump oil and crude oil of about 119 wt.% and 140 wt.%, respectively. Instead,
in light oils an increase in the absorption capacity is recorded for the CNT-0 sample compared to SF-0.
In particular, a 25 wt.% increase is verified in kerosene oil and a 10 wt.% increase in naphtha. On the
contrary, a global reduction in terms of the absorption capacity values is noticed when functionalized
CNT are used as fillers. In particular, in kerosene and naphtha oils, the CNT-22 and CNT-36 batches
achieve 401 wt.% and 540 wt.% and 458 and 490 wt.%, respectively. Furthermore, the most important
purpose of research on innovative absorbent materials for oil recovery is, undoubtedly, the reuse of
such materials. This entails a substantial decrease in terms of material costs and their subsequent
disposal, since their long life cycle avoids the repeated use of ever-new material and slows down their
conveyance towards disposal procedures. To this purpose, absorbent material must have the ability to
be used several times without losing its absorbent properties, rather keeping them for long cycles of
use and without being damaged. Hence, the cyclability of the developed composite materials was
investigated here.
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Figure 3. Absorption capacity up to 10 cycles for each investigated foam.

Figure 3 shows the absorbent behavior of each foam during 10 use cycles in each tested oil,
unless the material is damaged by fracture (red arrows in Figure 3) and cannot be re-used in the
next cycle. Comparing CNT-0 with the SF-0 sample, although the sorbing capacity of the material is
quite similar, a totally different behavior is observed as the absorption cycles increase. Indeed, the use
of CNT as a filler enhances the silicone foam structural stability, and the sample is not damaged
until the tenth cycle. On the contrary, the SF-0 foam resists for a few cycles in heavy oils and only
for one cycle in kerosene and naphtha. In addition, the CNT-0 foam in light oils loses 55 wt.% of
its absorbent performance during cycling, thus indicating a cycle threshold over which the oil spill
recovery capabilities of the CNT-based foam are negligible. On the contrary, in pump oil and crude oil it
maintains an almost stable saturated absorption capacity. This is due to the high volume of increase in
light oils that is not found in the heavy oils case. In fact, this foam expansion, due to the large amount of
absorbed pollutant and the repeated subsequent compression during oil release, generates cracks and
deformations in the foam matrix which are the cause of the consistent efficiency loss. Functionalized
CNT fillers improve the reuse behavior compared to SF-0, but they worsen the mechanical properties
of CNT-0 foam. In fact, failure in kerosene and naphtha oils occurs after the third and the second
cycles for CNT-22 and CNT-36, respectively, concluding that the higher the degree of functionalization,
the worse the structural stability. Moreover, it is worth noting that for all investigated foams the
reusability is lacking in light oils recovery, in which the sorption capacity is considerable compared
with other pollutant oil. Consequently, higher mechanical stresses take place in sorption/squeezing
cycles, due to the relevant foam volume increase during the high oil absorption [23].
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3.2. Morphological Analysis

Since, as is already known and described elsewhere [30], a material’s performance is closely related
to its morphological properties, to better understand the composite foam’s behavior in oil recovery
applications, a morphological analysis was conducted. Cross sections along the foaming direction of
the realized foams were graphically processed by digital image analysis to view the macroporosity
distribution and to calculate the mean pore diameter (Figure 4).

CNT-0 CNT-22 CNT-36

Figure 4. Cross section images along the foaming direction of the composite foams and the digital
image processing of their macroporosity.

Unfilled silicone foam (SF-0) shows a quite isotropic and regular structure of mostly spheroidal
cells with interconnected pores (Figure 4). Moreover, some heterogeneities of bubble size can be
evidenced. At the foam base, some elongated bubbles are clearly identified. Comparing CNT-0 foam
with the unfilled one, the pore size appears smaller and the pore distribution more regular. The cell
walls are thick enough to guarantee an effective mechanical stability. As reported in [31], the filler
addition in the silicone matrix increases the composite slurry viscosity and the nucleating effect during
foam preparation, with a subsequent decrease in pore size. On the contrary, the higher reactivity
of functionalized CNT increases their interaction with the silicone matrix, promoting physical and
chemical bubbling during the foaming process and thus causing the formation of larger pores [23]
(Figure 4).

Furthermore, this latter phenomenon is more sensitive when using functionalized CNT fillers.
CNT filler has a large amount of reactive groups on its surface that are able to chemically react with the
siloxane matrix [23], increasing the interfacial filler/matrix stiffness and decreasing the foam flexibility.
The larger bubble growth when using functionalized CNT induces a larger amount of defects such
as voids and microcracks which are easily visible with an SEM microscope, especially in the CNT-36
sample (red arrows in Figure 5d). Meanwhile, the CNT-0 foam structure (Figure 5b) is characterized by
uniform cellular walls without evident cracks, indicating a more stable foaming process compared to
the functionalized one.
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Figure 5. SEM micrographs of composite foams: (a) SF-0, (b) CNT-0, (c) CNT-22, (d) CNT-36.

From the SEM analysis (Figure 5), the mean pore size was confirmed as the pore’s mean equivalent
diameter by Image] software on 10 SEM images for each sample and corrected according to the
Schwartz-Saltykov method (see Table 2). SF-0 presents a pore size value of 1.75 mm, higher than the
CNT-0 sample’s one (1.05 mm). Moreover, the results confirmed a pore size increase for functionalized
CNT-filled foams (1.82 and 2.00 mm, respectively, for CNT-22 and CNT-36). As a consequence,
the higher the mean pore size, the lower the foam apparent density (Table 2). In fact, the density of
CNT-0 was calculated as 0.315 g/cm?, higher than the unfilled foam (0.280 g/cm?®) and CNT-22 and
CNT-36—respectively, 0.253 and 0.251 g/cm?.

Table 2. CNT-silicone composite foams structural properties and compressive parameters: elastic
modulus, collapse stress, densification strain, apparent density, and pore size.

Code Elastic Modulus Collapse Stress Densification =~ Apparent Density Pore Size
[MPa] [MPa] (40% Strain) Strain [%] [g/cm3] (mm)
SF-0 0.017 + 0.003 0.005 +3 x 1074 69.18 +2.34 0.280 + 0.015 1.75 + 0.005
CNT-0 0.030 + 0.005 0.010 +2x 107* 68.08 + 1.52 0.315 + 0.023 1.05 + 0.002
CNT-22 0.022 +0.010 0.005 + 4 x 1073 69.15 + 3.32 0.253 + 0.078 1.82 £ 0.010

CNT-36 0.006 + 0.012 0.002 + 8 x 1073 70.21 + 3.65 0.251 + 0.089 2.00 + 0.008
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3.3. Static Compression Test

In Figure 6, the evolution of the stress (principal axis) and tangent modulus (secondary axis) is
plotted as a function of strain for a reference silicone foam (elastic modulus in the secondary axis).
The tangent modulus is a useful parameter to study materials that follow a non-linear elastic behavior.
Indeed, its value and trend is helpful for estimating the variation in deformation for a specific stress
range [32]. Silicone foams have a non-linear compression behavior. As reported in Figure 6, the initial
trend can be associated with the initial stabilization phase. This curve section is typically fairly noisy
and it is not indicative of the foam mechanical behavior and can be avoided. After that, three different
steps (codified as regimes) can be identified:

L At a low stress level, an elastic Hookean regime, recognized by a rather linear correlation
between stress and strain, can be detected. The curve slope of this area identifies Young's
modulus (E) of the foam. The structure of the foam is slightly deformed, but it can still be
considered structurally stable. Stresses transferred between the bubble walls are not so high as
to bring structural cellular alterations. In the elastic regime, the linear behavior depends on
the wall bending or stretching for the open or closed bubbles, respectively [33]. In this region,
observing the modulus trend a peak at about a strain of 15% is observed. Afterward, a gradual
decrease takes place that indicates the triggering of a progressive mechanical instability state
anticipating the evolution of the elastic regime towards the subsequent collapse regime.

II. At an intermediate strain, the stress value reaches a local stabilization. In this stage, a large
stress collapse takes place due to the wall collapse of the foam pores. This leads to progressively
decreasing the modulus. This dependence is closely linked to the relationship between stress
and strain in the collapse regime. The more constant the tendency to stress, the lower the
modulus value. The plateau is associated with cell collapse. There are a number of local
collapses that run through the structure in the presence of a critical stress, leading to a high
deformation throughout the material with no relevant change in the stress magnitude [34].
This area is influenced by the elastic or elastoplastic behavior of the foam. In particular,
for an elastic foam the plateau is due to elastic deformation, while in elastoplastic foams it
is due to the creation of plastic areas [33]. Therefore, based on the mechanical compression
behavior of the macroporous material [35], the plateau region can be sloping, flat, or slightly
increasing [36].

III. When the cell collapse is almost complete, the cell walls begin to interact together so that a rapid
increase in stress occurs as the compression tension increases. At the same time, a sharp increase
in the modulus is observed. This last part of the curve is called the “densification” regime.
Foamed materials with a large compressibility, as reported in Figure 6, are characterized by
very high densification strain.

Asreported in Figure 7, the presence of the filler significantly influences the mechanical behavior of
the composite foams. The composite CNT-0 foam reaches a high stress value during the collapse regime,
showing a large amount of absorbed specific energy. Energy is dissipated through the deformation,
instability, and fracture of cells. During the plateau phase, which is extended up to large deformations,
the foam endures significant compression strains and consequently absorbs a large specific energy [37].
During this process, the cells edges collapse by elastic deformation, whereas the cell faces bend and the
walls collapse by folding [38].
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Figure 6. Stress—strain primary axis and modulus—strain secondary axis curves of a composite foam.

CNT-filled foam (CNT-0) presents an initial slope (better highlighted in the magnification plot
reported in Figure 7b) related to the foam elasticity regime that is higher than SF-0. However, using
functionalized CNT this effect disappears, especially in the case of the CNT-36 sample, whose slope
decreases until it becomes lower than the SF-0 one, while the CNT-22 approximates it. In particular,
for CNT-0 a modulus of about Ecnt.9 = 0.030 MPa is observed and lower values are detected for the
remaining foam batches: Egp.g = 0.017 MPa, Ecnr.22 = 0.022 MPa, and EcnT.36 = 0.006 MPa (Table 2).
All the samples show a densification zone at high strain values, confirming a good compressibility and
settling their potential applicability for oil spill reuse.

Further information can be acquired evaluating also the collapse stress. It increases using
unfunctionalized CNT as a foam filler (0.01 MPa). Furthermore, functionalized CNT penalizes the
foam structure, reaching the same value as the SF-0 foam for the CNT-22 sample (0.005 MPA) and
especially significantly worsening the behavior of the CNT-36 foam (0.002 MPa). A stiffness increase is
observable in the CNT-0 batch. This is generally associated with a decrease in the final deformation.
Furthermore, locally, at lower strain values, an evolution from the elastic regime to the collapse one
occurs. Moreover, the collapse stress increases. This behavior is due either to the homogenous and
regular foam structure and to the presence of the filler, which acts as a rigid element in a flexible
matrix. Therefore, the stress required to cause the collapse by cell wall buckling is larger for the filled
foam. However, this is not observable in foams filled with functionalized CNT, hence their mechanical
behavior is completely different.
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Figure 7. Stress—strain curves of composite foams (a), magnification of up to 20% strain (b).

In fact, the buckling stress is significantly influenced by the foam morphological and physical
properties. The foam density is, as expected, strictly correlated with the foam morphology. When the
apparent density is low (CNT-22 and CNT-36), foam’s porosity increases, thinning the foam walls;
thus, a low buckling stress is observed. If the foaming ratio is lower (CNT-0), the average distance
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among the bubbles increases. Therefore, the bubble walls become thicker and the stress value in the
plateau region is high [33]. For the CNT-0 composite foam, the collapse regime takes place at a high
stress level. In fact, this foam exhibits the highest density (0.315 g/cm?) and the pore size is small
(about 1.05 mm). Thus, a short and a high stress level plateau stage characterizes the material response,
because of the densification phase triggering (due to the cell wall contact during the compressive load)
at low deformation values.

On the contrary, as quantified in Table 2, functionalized CNT-filled foams exhibit a lower density
(0.253 g/cm? and 0.251 g/cm?, respectively, for CNT-22 and CNT-36) and a consequent larger pore size
(1.82 and 2.00 mm, respectively, for CNT-22 and CNT-36). Hence, the densification phase will start
at higher deformation values and the plateau extends between a larger deformation range (almost
20-65% for CNT-36) and a lower stress value (0.0008-0.0062 MPa). Furthermore, the densification
region is strictly dependent on the foam density. This is confirmed by the densification strain trend.
Densification is obtained when the compressive stress closes the foam bubbles and the contact of
cell walls occurs. Therefore, a high foaming ratio induces a higher densification strain [33]. Table 2
summarizes the main average compressive parameters acquired from the compression tests for all the
composite foams. CNT-0 shows the lowest densification strain (68%); on the contrary, less dense foams
exhibit higher values—in particular, CNT-36, whose density is 0.251 g/cm® and who reports a 70.21%
densification strain.

By the addition of the CNT filler, an increase in the elastic modulus and collapse stress is detected.
CNT-0 evidences an elastic modulus of 0.030 MPa, 1.7 times higher than the SF-0 one, and a collapse
stress of 0.010 MPa, one order of magnitude higher than the SF-0 sample. While the CNT-22 values
appear similar to the ones of mere silicone foam, on the contrary a decrease is detected for the CNT-36
sample, whose elastic modulus is one order of magnitude lower (0.006 MPa) than the unfilled foam’s
one, and the collapse stress is about 0.002 MPa. The converse consideration can be made for the
densification strain. The higher the elastic modulus (0.030 MPa), the lower the densification strain
(68%). This trend is related to foam cell wall structure, considering that their collapse stress and elastic
modulus increases as the cell wall thickness increases [39].

A further feature that can be assessed by CNT-filled silicone foams is the stress absorption capability.
As previously described, oil recovery materials must have the ability to be reused. This advantage
extends the material’s useful life, lowers the disposal costs, and increases its efficiency. The more the
material can be reused, the higher is its added value [20].

Actual sorbent materials used for oil recovery applications usually have a single use before being
disposed of [11], reducing their service life. An absorbent material reusable for several cycles of
“polluting oil recovery—compression of the absorbent material-emptying and regeneration of it” is
suitable. In this regard, both suitable elastic and damping properties are required for an absorbent
material to safeguard the risk of mechanical cracking triggering [33] during the compression phase,
carried out to empty the material from the absorbed oil and consequently to regenerate it for a further
subsequent oil recovery phase.

For engineering tailoring the absorbent foamed materials to this purpose, compressive energy
absorption (identifiable as the area subtended by the stress strain curves reported in Figure 7) can be
recognized as an indirectly valuable parameter. The compressive absorption energy capacity (EC)
is the absorbed energy per volume unit when the composite structure is deformed by compression.
It can be defined as the area under the compressive stress—strain curve [40]. EC can be calculated by

Equation (2).
&
EC= f ode, 2)
0

where EC is energy absorption capability and o and ¢ are stress and strain, respectively.

The evolution of energy absorption capacity (EC) determined based on Equation (2) for all foam
batches is presented in Figure 8. It can be observed that the EC parameter gradually increases as the
compressive strain increases. Nonetheless, visible changes in absorption energy trend are detected in
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the investigated samples, in particular in the CNT-0 and CNT-36 samples, which mostly deviate from
the unfilled sample reference, and from the CNT-22 sample, which exhibits a very similar behavior.
The cumulative energy absorption capacity of the CNT-0 and CNT-36 batches are, respectively, about
5150 and 1000 J/m? at a strain of 60%. The difference between the two foams is relevant, indicating that
the functionalization degree plays a significant role in the energy absorption capacity. This behavior
could be ascribed to the decrease in both cell wall thickness and composite foam density using 36 wt.%
functionalized CNT. Thus, if the CNT used as fillers in silicone foam are functionalized, a densification
zone is reached at high strains and a higher stress is required in order to dissipate the same energy of
other batches [35].
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Figure 8. Compressive energy plot of composite foams.
3.4. Cyclic Compression Test

The mechanical stability of the composite material during compressive loading/unloading cycles
has been assessed by a cyclic compression test carried out on all batches for up to 30 cycles. In Figure 9,
the compressive stress—strain curve of a complete cycle for each studied foam is represented. Using CNT
filler in a silicone matrix, an increase in the maximum stress is observed, correlated with a higher
absorption energy, described by the hysteresis area under the stress-strain curve. CNT-22 shows
the same maximum stress as the SF-0 sample, even if the hysteresis still retains the influence of the
CNT presence and appears wider. Increasing the degree of functionalization, the maximum stress
significantly decreases and the hysteresis almost flattens down.
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Figure 9. Stress—strain curves for composite foams during one cycle at an emax of 50%.

This behavior is likely influenced by the not regular and inhomogeneously large cell size,
which affects the foam stability [41].

Figure 10 shows the maximum stress at an increasing number of cycles. For all the investigated
foams, the maximum stress decreases as the number of cycles increases, maintaining a strain value
fixed at 50%. Two zones can be identified in the obtained curves:

- an unstable zone, where the stress curve exhibits a negative slope and its value decreases as the
number of cycles increases from the maximum static stress Ostat (at a zero number of cycles) up to
o (calculated at a number of cycles at which it remains approximately constant);

- astabilized zone where the stress remains constant at the value of oy almost regardless of the
number of cycles.

The transition between the first and second part of the curve occurs at a low number of cycles
and is related to the foam rubber-like mechanical behavior. In fact, in the first part of the curve a
plastic deformation component is generated due to the foam fatigue caused by the repeated stresses,
which reduces the maximum stress tolerated by the foam. This stress decrease, called the Mullins
effect or stress softening, is a particular phenomenon typical of filled elastomeric materials whose
mechanical response depends on the maximum loading previously encountered [42].

The Mullins effect is also influenced by the interactions between the silicone matrix and filler.

For the silicone foam SF-0, the maximum stress gradually decreases, reaching a plateau at almost
6920 Pa at the 20th cycle. Using CNT as fillers, the composite shows a slower decay of the mechanical
properties. The plateau becomes less evident after 30 cycles, when a 13,750 Pa maximum stress
is achieved. A particular behavior is observed for the CNT-22 sample, in which a decrease in the
maximum stress at low cycles and a further continuous decrease after the 20th cycle are found. This is
probably due to the sample’s poor morphological homogeneity.
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Figure 10. Maximum stress of (a) SF-0, (b) CNT-0, (c) CNT-22, and (d) CNT-36 at an increasing number
of cycles (50% €max)-

The larger pores collapse at low cycles, decreasing the foam elasticity (Figure 11a—c); on the contrary,

the small pores with thicker walls promote energy dissipation and retain the foam’s compressive
strength for a longer time (Figure 11b). The value at the 30th cycle is around 6840 Pa. The performance
of the CNT-36 sample, on the contrary, is completely different. The maximum stress undergoes a sudden
drop already in the second cycle, reaching a plateau of 2650 Pa in the third cycle. CNT-36 foam, as
shown above, is characterized by large pores and presents microcracks in the siloxane matrix (Figure 5)
which irreparably, already at the second cycle, weaken the structure, thus permanently compromising
its mechanical compressive strength (Figure 11d). As evidenced by the results, the CNT-0 sample, even
after 30 cycles, shows the best mechanical performances. Even if, after cycling, microcracks are present
also in CNT-0 (Figure 11b), in this case they are not as accentuated as in the SF-0, CNT-22, and CNT-36
samples, where they appear more pronounced and larger (Figure 11a,c,d). Using functionalized CNT,

the mechanical properties of the composite material worsen, reaching values close to the unfilled
siloxane for the CNT-22 sample and even lower for CNT-36.
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cracks

Figure 11. SEM micrographs after kerosene absorption of (a) SF-0, (b) CNT-0, (c) CNT-22,
and (d) CNT-36.

A correlation between the morphology, absorption properties, and durability of the composite

is crucial to understand the key parameters able to optimize the new material’s performance in the
desired application.

In Figure 12, a correlation between the absorption capacity, elastic modulus, and foam cyclability

is represented. Three zones are recognizable: stable, instable, and high-efficiency zone.

Stable zone: This zone is characterized by a low absorption and high cyclability. In fact, the low
percentage of absorption, as previously described, implies a lower volumetric expansion of the
foam, which retains its mechanical properties for long time. This behavior is typical of pump oil
and crude oil absorption. A good cyclability is maintained also at a high elastic modulus.

Unstable zone: On the contrary, a foam that absorbs a high percentage of polluting oil, such as
naphtha and kerosene, is subjected to a considerable increase in volume which greatly stresses
the structure, penalizing its mechanical performance. This is described in the unstable area,
which reports a minimum at almost 0.017 MPa and 119 wt.% of absorption. The presence of the
minimum can be associated with two mechanisms that compete to influence the foam stability or
mechanical instability. A foam with a low elastic modulus, as highlighted above, is characterized
by easier deformability, thus allowing better mechanical stability following a significant increase
in volume. However, a low modulus is also associated with a low breaking stress. Only foams
with greater stiffness are also characterized by high resistance to allow an effective mechanical
stability even at high absorption. In fact, the instability region comprises high absorption values
in a range of elastic modulus up to about 0.0275 MPa. The minimum point identifies a foam
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characterized by a sufficiently elastic morphology but not sufficiently resistant to withstand the
effort imposed by the increase in volume.

e High efficiency zone: This zone is, instead, characterized by a high elastic modulus and high
absorption values. In such a context, when increasing the elastic modulus the composite stiffness
increases, but at the same time also the maximum compression stress value rises, ensuring a
longer material cyclability.

cyclability
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Figure 12. Correlation between the absorption capacity (%), elastic modulus (MPa), and cyclability.

As highlighted in Figure 7, all the batches exhibited a quite relevant compressibility, indicating
a suitable foam flexibility also for a high elastic modulus. However, their absorption capacity and
cyclability property are different (Figure 12). Depending on the absorption properties, foams with a very
low stiffness (CNT-36 batch) can exhibit an unstable mechanical cyclability. The macroporus structure
leads to a soft mechanical behavior, characterized by very large flexibility and high densification
strain. This allows it to have an acceptable cyclability in pump oil and crude oil, where a low pollutant
absorption occurs. When the absorption performances are high, as in light oil (kerosene and naphtha)
the durability decreases significantly because the material is not mechanically suitable to suffer the
generated stress during the foam expansion. An increase in stiffness at intermediate elastic modulus
values (SF-0 and CNT-22 batches, with an Egp g = 0.017 MPa and Ecnr.pp = 0.022 MPa, respectively) is
detrimental to the material durability under absorption cycles. In particular, the SF-0 batch shows
the lowest cyclability both in heavy and light oils. These foams suffer a mechanical instability during
cycles in either light or heavy oils. The foams” morphological characteristics, indeed, do not allow a
good resistance to repeated “absorption-squeezing” cycles. On the contrary, composite foam with a
high elastic modulus (CNT-0 batch) has a relevant oil absorption capacity and can be squeezed many
times. Furthermore, an effective cyclability takes place. The combined action of these properties allows
one to obtain a more sustainable material for oil recovery applications.

According to this stability map (Figure 12), CNT-silicone composite foam must be designed with
an elastic modulus higher than 0.03 MPa in order to guarantee the adequate mechanical resistance to
bear the stresses induced by the absorption of oil pollutants. The elastic and mechanically soft nature of
the silicone matrix prevents the formation of a hard and brittle material which would prejudice cycling
properties. These results are fundamental for a proper design of foams that can combine morphology
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with long-term performance and a high absorption capacity. At this aim, this work is intended to be a
simplified approach for tailoring a long-lasting absorption performance of CNT-filled silicone foams.

In light of these promising results, we are confident that a well-defined design of the absorbing
material at macro- and microstructural level will provide the opportunity to overcome the actual issues
for long-lasting economic approaches in oil recovery application processes [8,43]. Indeed, a continuous
effort devoted to improving the knowledge in the applied research and potential industrialization of
the absorbent composite materials will be applied for water remediation in the following years [11].
In addition, the notable advantage of the easy scalability of the proposed manufacturing process
furthermore encourages the use of this class of composite macroporous structures for achieving higher
efficiencies in oil/water separation and collection processes [23,44]. Nevertheless, further research
efforts are required to effectively and efficiently address global water pollution from oil spills and
organic pollutants. In this regard, the targeted design of materials is a particularly useful approach for
future developments and innovations in the sector [25].

4. Conclusions

The mechanical behavior under different compression loads of an innovative oil recovery foam was
investigated. The composite material was realized by the introduction of CNT fillers in a silicone matrix.
Pristine and functionalized CNT were used as fillers and an unfilled silicone foam (SF-0) was studied
as a reference material. The obtained products were characterized morphologically and mechanically.
The absorption properties in kerosene, naphtha, pump oil, and crude oil, as previously investigated in
already published works, were correlated with mechanical performances and physical characteristics,
such as density and pore size. The mechanical investigation was performed by static and cyclic
compression tests. The use of CNT as a filler (CNT-0 sample) significantly increases the mechanical
properties of the silicone matrix, improving the material compression strength. In fact, an increase in
the materials’ Young’s modulus (0.030 MPa) and collapse stress (0.010 MPa) was observed. Meanwhile,
the use of functionalized CNT worsens the mechanical characteristics. This behavior was confirmed
in cyclic tests. In fact, the CNT-0 sample continues to maintain its excellent mechanical properties
even at the 30th cycle. This entails the material reuse that translates into a considerable economic
and environmental advantage. On the contrary, samples filled with functionalized CNT undergo to a
decrease in compression stress below the unfilled silicone foam, specifically employing CNT fillers at
the highest degree of functionalization (2650 Pa and 6920 Pa for CNT-36 and SF-0, respectively). This is
probably due to the morphological characteristics of these foams, characterized by a lower density due
to the presence of large and inhomogeneous pores and microfractures. Furthermore, a close correlation
between the mechanical behavior, absorption capacity, and cyclability was verified. The higher the
degree of absorption, the lower the foam'’s cyclability, as the considerable increase in volume subjects
the foam to mechanical stress, which leads to its decay. Meanwhile, at low absorption the cyclability
increases. A high efficiency level is achieved at high absorptions and a high Young’s modulus because
of the simultaneous increase in the foam’s stiffness and maximum compression stress, thus allowing
the repeated use of the composite material for numerous cycles.
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