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a b s t r a c t

Hybrid biobased polyurethane flexible foam composites containing a residue from surf

industry (polyurethane powder) as filler and graphite or graphene residue were synthe-

sized. It was observed that the addition of the powder at low contents did not modify the

final properties considerably, since the cell structure was not compromised. Moreover, the

powder increased the capacity of the foams to retain the carbonaceous fillers. The

compressive properties of the hybrid foams were not altered with the addition of the

graphite and graphene. Finally, hybrid composites showed selective absorption capacity

since the presence of the carbonaceous fillers provided the foams oil absorption capacity

without modifying the hydrophobic nature of the matrix foams.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The hardening of the legislation on the use and production of

plastics has boosted the interest on reducing polymers wastes

and on the development of new polymers derived from recy-

cled polymers. Due to the versatility of polyurethanes (PUs),

these polymers are placed in fifth among the most produced
(T. Calvo-Correas), lorena
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polymers in Europe and seventh worldwide [1]. In fact, the

global production of PUmaterials in 2017was 16.9million tons

and it is forecast to increase to 21.3million tons in 2022 [2], due

to the big interest in these materials. PUs are mostly

consumed as foams, the 31% of the production are flexible

foams, the 25% rigid foams and the 11% are molded foams [3].

Therefore, the production of wastes of these polymeric ma-

terials is huge. One of the producers of rigid foams is the surf
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industry. Surf boards are usually made of polyurethane or

expanded polystyrene. Nowadays, the global consumption

per year of surfboards is over 400,000 and during the shaping

process of each board around 0.5 kg of powder waste is pro-

duced. In this context, and taking into account that most of

the wastes are landfilled, the interest to find a recycling route

for them is huge. For example, the initiative created between

Surf Industry Manufacturers Association (Sima) and Spill-

inex™ looks for the reuse of polyurethane dust as absorbent

material for oil splits [4].

According to wastes treatment processes, recycling tech-

niques can be classified as primary, secondary, tertiary and

quaternary. Primary and secondary recycling or mechanical

recycling is based on the reuse of the waste into another

product without losing its properties. To that end, techniques

such as regrinding [5], rebonding [6], adhesive pressing [7],

compression molding [8] or injection molding can be

employed [9]. Whereas, in tertiary recycling (chemical recy-

cling) wastes are depolymerized in order to obtain different

monomers for their further re-polymerization to regenerate a

new polymer. For instance, polyurethanes could be glyco-

lyzated to obtain glycolyzated polyols which could be used as

precursors for new polyurethanes [10,11]. Finally, recycling

methods based on thermo chemical processing and energy

recovery are considered quaternary recycling [9]. Among all

the recyclingmethods, mechanical recycling is considered the

most economical and ecofriendly one, since chemical re-

actions or high temperatures are not required [12].

For the synthesis of polyurethane foams (PUF) two re-

actions take place, blowing and gelling reaction. In blowing

reaction an isocyanate is reacted with a blowing agent, being

water the most common. This reaction results in the forma-

tion of urea functional groups and carbon dioxide, which al-

lows the growth of the foam and the formation of a porous

material. Whereas, gelling reaction arises from the reaction of

a polyol and an isocyanate resulting on the formation of

urethane groups [13]. Nowadays, most of the raw materials

used for the synthesis of PUF are derived from fossil sources,

which entails environmental, social and economic concerns

and therefore makes the scientific community search new

alternatives to replace this kind of precursors. One of themost

effective way is the use of polyols derived from vegetable oils

such as castor [14], soybean [15] and linseed oil [16].

Carbonaceous nanostructures like graphene and its de-

rivatives have attracted considerable attention in the recent

years. The expected superior properties such as high tensile

strength or high electrical and thermal conductivity [17],

among others, have put graphene in the spotlight for many

application fields such as high speed electronics, data storage,

solar cells or electrochemical sensing [18]. Parallel to the

different applications of graphene, many extraction methods

have been developed. Graphene production techniques can be

separated in two main groups: bottom-up and top-down

methods. Liquid exfoliation is one of the most widespread

top-downmethods to obtain graphene in small flakes, starting

from graphite. In fact, graphene in the form of flakes is the

most preferred for the preparation of nanocomposites.

One of the main drawbacks of the liquid exfoliation

method is the low yield [19]. In fact, in a previous work

graphite flakes were subjected to a liquid exfoliation process
with N-methyl-2-pyrrolidone for 100 h [20]. Subsequent step-

ped centrifugation of the exfoliated suspension resulted in

size-selected graphene fractions. In the highest-quality frac-

tion (separated at 4000 rpm), few-layer graphene flakes were

obtained. However, on the lowest-quality fraction (separated

at 500 rpm) considerable amount of carbonaceous material,

that could not be considered few-layer graphene, was ob-

tained. This rejected fraction, hereby referred as graphene

residue (GR), was considered in the present work as a filler for

oil-water separation 3D sponges, providing a suitable material

for this application and increasing the yield of the liquid

exfoliation method. In fact, in other works both graphene and

graphite have been effectively used as fillers in 3D sponges for

oil-water separation [21] due to their hydrophobic and oleo-

philic nature. Apart from graphene, carbon based materials

such as multi-walled carbon nanotubes [22e24], activated

carbon [25] or carbonaceous nanoparticles [26] have been

satisfactorily incorporated in foam formulation in order to

increase oleophilicity. However, no works concerning the

incorporation of recycled carbonaceous nanoparticles were

reported. In addition, the most common method for the

addition of carbonaceous nanoentities is the in-situ incorpo-

ration. Compared to in-situ incorporation method, the

impregnation of foams with the nanoentities shows several

advantages. On the one hand, it offers the possibility of

impregnating waste foams, contributing to the reuse of resi-

dues. On the other hand, in-situ incorporation of nanoparticles

could modify viscosity and hence the reaction kinetics of

foams and formulations should be readjusted for each nano-

particle content [14]. Moreover, high nanoparticle contents,

could lead to foam collapse.

Therefore, the main objective of this research is to develop

hybrid biobased polyurethane foams composites containing

different amounts of recycled polyurethane powder and

graphite or GR. Carbonaceous nanoentitites were incorpo-

rated by impregnation method due to its advantages. The

used recycled fillers were characterized using different mi-

croscopy and spectroscopy techniques. Moreover, the dy-

namic mechanical, thermogravimetric and mechanical

properties of the developed foam composites were analyzed.

Finally, oil absorption capacity of the foams was also

evaluated.
2. Experimental section

2.1. Materials

B-side of the formulation is constituted by a castor oil derived

polyol (Lupranol 2005/1/balance from BASF, with a hydroxyl

number of 50.31 mgKOH g�1, determined according to ASTM

D4274-05 standard, and a biobased carbon content of 35%,

determined according to the procedure of ASTM-D6866-12

(0.98) Method B (AMS) standard), distilled water as blowing

agent, two catalysts (Tegoamin® B75 (amine catalyst) and

Kosmos®29 (tin catalyst)) and a surfactant (Tegostab® B-4900),

all of them from Evonik. Whereas the A-side was formed by

toluene diisocyanate (TDI), which was kindly supplied by

Covestro. As fillers polyurethane rigid foam powder (PUP),

residue resultant from surf industry, kindly supplied by Olatu
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Fig. 1 e a) Scheme of the impregnation procedure of foams

with G and GR and b) digital images of the prepared hybrid

foam composites with G and GR.
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S.A., graphite (G) from Aldrich and graphene residue (GR),

resultant from the exfoliation of graphite in N-methyl pyrro-

lidone for the obtaining of graphene, were used. Sodium

dodecyl sulphate (SDS) (96%) from Fluka was used as surfac-

tant to allow the dispersion of graphite and GR in water.

2.2. Synthesis of flexible foam composites with recycled
PU powder

Foams were prepared following a two-step reaction proced-

ure. To that end, the B-side (polyol, water, catalysts and sur-

factant) was vigorously mixed during 2 min at 2000 rpm.

Subsequently, the A-side (TDI) was added and it wasmixed for

7 s at the same speed rate. After that, the resultant mixture

was poured into an open mold to freely rise the foam. Foams

were cured at room temperature (RT) during 24 h. After that,

foams were post cured in an oven at 150 �C for 24 h to com-

plete the reaction of isocyanate groups. In the case of the

composites with PUP, it was added to the polyol and stirred at

1000 rpm until a homogeneous mixture was obtained. The

flask containing the mixture during the stirring was kept into

iced-water to avoid the increase of the temperature. After

that, foams were prepared following the previously described

procedure. Foams containing from 0 to 20% of PUP were pre-

pared, according to the formulation described in the Sup-

porting Information (Table S1). Samples were designed as

PUFx, being x de percentage of PUP.

2.3. Preparation of hybrid foam composites with
graphite and graphene residue

First of all, graphite or GR were mixed with a surfactant

(SDS) and distilled water (1 mg filler/0.5 mg SDS/1 mL

water). In the case of graphite dispersion, it was ultra-

sonicated with an amplitude of 30% for 1.5 h, while GR was

dispersed in a sonication bath with iced water for 30 min.

After that, each foam was impregnated with 12 mL of

dispersion by forcing the dispersion to pass through the

pores of the foams 9 consecutive times (Fig. 1a). After

impregnation foams were placed in a vacuum oven at 45 �C
at 55 mbar for 4 days. The resultant foams are shown in

Fig. 1b. Foams have been coded as PUFx-y, where x is the

amount of PUP and y is ascribed to the impregnated

carbonaceous filler i.e. G or GR.

2.4. Characterization techniques

Fourier transform infrared spectroscopy (FTIR) was used in

order to determine the characteristic bands and the purity of

the recyclable PUP. To that end, the accessory MKII Golden

Gate Attenuated Total Reflection was equipped to a Nicolet

Nexus FTIR spectrometer, with lens of ZnSe and a diamond

crystal at an angle of 45�. The spectrum was obtained after 32

scans at a resolution of 4 cm�1 at a wavenumber from 4000 to

650 cm�1.

A JSM-6400 scanning microscope was used to study the

morphology of the prepared foams with PUP. The operating

distance was 7 mm and the voltage 20 kV. A coating of gold of

20 nm (Quorum Q150TES) was applied to foams to make them

conductors.
The ratio betweenweight and volume of the prepared foam

compositeswas used to calculate their density. Density values

of at least three specimens were used to average the values.

A CellFlo foam porosity meter (IDM instruments) was used

for the determination of the open cell content of the prepared

foams with PUP and hybrid composite foams. To that end, an

air flow parallel to grow direction was passed through the

cellular structure of the foam at RT.

The dynamic mechanical properties of the prepared foams

with PUPwere studied by dynamicmechanical analysis (DMA)

in compression mode using an Eplexor 100 N analyzer (Gabo).

Measurements were carried out from �100 to 250 �C at scan-

ning rate of 2 �C min�1, at a frequency of 1 Hz and a static

strain of 0.3%. Samples were cut in square shapewith a side of

17 mm and height of 12 mm.

Thermogravimetric analysis (TGA) was used to determine

the amount of GR and graphite impregnated in foams, using a

Mettler Toledo TGA/SDTA851 analyzer. A heating scan from

25 to 800 �C at a heating rate of 10 �C min�1 was performed

under nitrogen atmosphere and the residue was measured.

The carbonaceous filler amount was determined according to

Eq. (1):

Filler amount ð%Þ¼Rhybrid � Rreference (1)

https://doi.org/10.1016/j.jmrt.2021.04.022
https://doi.org/10.1016/j.jmrt.2021.04.022


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 2 : 2 1 2 8e2 1 3 7 2131

https://doi.org/10.1016/j.jmrt.2021.04.022
https://doi.org/10.1016/j.jmrt.2021.04.022


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 2 : 2 1 2 8e2 1 3 72132
where Rhybrid is the residue of the hybrid foam composite and

Rreference is the residue of the foam composite with PUP.

Raman spectra of GR and graphite were obtained with a

Renishaw InVia microscope (50�) with a laser of 514 nm

wavelength (Modu Laser) at a potency of 10%. Data were

collected in the range of 150e3500 cm�1. Exposure time and

accumulations were set at 20 s and 5 s, respectively.

Atomic force microscopy (AFM) analysis was carried out to

observe the size of GR. Height images were obtained in a

Dimension Icon scanning probe microscope equipped with

Nanoscope V controller (Bruker). Tappingmodewas employed

in air using an integrated tip/cantilever (125 mm length with

ca. 300 kHz resonant frequency). For sample preparation, GR

fraction was dispersed in cyclohexane (CH) (0.0025 mg mL�1)

using an ultrasonic tip for 1 h. To avoid solvent evaporation, a

pulsed sonication program was applied, with ON/OFF periods

of 4 and 2 s, respectively. A droplet of GR suspension was put

on a prewashed silicon wafer substrate and dried at RT for

48 h.

Compressive properties of the prepared composite foams

were carried out at RT in a Universal testing machine (Instron

5967) equipped with 10 kN load cell at a crosshead speed of

50 mm min�1. Square shape samples (side 50 mm x height

30 mm) were compressed at 80% of the height of the foam.

According to ASTM D 1621-16 standard [27], compressive

strength (sc) was taken as the stress in the yield point,

compression modulus (Ec) is the slope in the elastic region of

the stressestrain curve and densification strain (εd), calcu-

lated as the strain in the intersection point between the stress

plateau and the densification slope. Results were averaged

from four measurements.

In order to determine the absorption capacity at RT (Q) of

the prepared foams composites, cylindrical shape samples

were cut with a diameter of 10 mm and height of 20 mm.

Samples were immersed in pump oil for 1 and 90 min. Foams

were weighted before and after each immersion. Absorption

capacity was calculated according to Eq. (2):

Q ¼ww

w0
(2)

where ww is the weight of the sample after immersion and w0

is the initial weight.
3. Results and discussion

First of all, since the rise and the final properties of foams

composites are closely dependent to the amount and size of

the added filler, the employed PUP was characterized in the

macro and micro scale. At first sight, it is observed that PUP is

heterogeneous and contained small splinters from the

stringer, which is made of wood. Therefore, biggest splinters

were removed and the resultant fraction was grinded in a mill

equipment with a sieve of 500 mm to homogenize the PUP. In
Fig. 2 e Characterization of synthesized foams composites with

PUF composites before post-curing process, b) SEM micrograph

foams growth (center) and magnification of the section in the p

cell content of the prepared foams.
this way, the amount of PUP in PUF formulation can be

increased. The size distribution of the grinded homogenous

powder is 225 ± 45 mm (Fig. S1a and b). Furthermore, it was

determined that 75% of the residue can be recycled for foam

formulation. Besides, the grinder PUP was characterized by

FTIR, observing the characteristic spectrum of a polyurethane

(Fig. S1c), denoting that the amount of splinters that could be

grinder during homogenization process is minimum and PUP

is principally constituted by polyurethane.

Due to density of the foams being of utmost importance,

since it determines the compressive properties of foams [28],

the density of the prepared composites was determined.

Density of foams is strongly dependent on the mass and the

viscosity of the expandable polymer and, hence, on the

amount of blowing agent, which in this work was kept con-

stant. Furthermore, it can also be modified with the addition

of fillers, since they could interfere in the nucleation step of

the foam. Filler addition could hinder the rise of the foams,

leading to a higher solid phase instead of gaseous, increasing

foams’ density [29,30]. The addition of PUP lead to the

obtaining of denser foams, since the obtained values are 37.4,

47.2, 49.7 and 51.2 kg/m3 for PUF0, PUF10, PUF15 and PUF20,

respectively. Furthermore, the effect of the addition of PUP on

the rise of the foams is notorious (Fig. 2a). The volume of

foams decreases as PUP content increases, which could be

attributed to the observed higher viscosity of the mixture

formed by the polyol and PUP [31].

The final properties of foams are also strongly influenced

by their cellular structure. Therefore, their morphology was

studied by SEM. In Fig. 2b SEM micrographs of the foam

composites are shown. All the synthesized composites show

polyhedral open and closed cells. As mentioned before the

viscosity of the mixture formed by the polyol and PUP in-

creases with PUP content. This increase could interfere in the

cellular structure of the foam, favoring the formation of a

more heterogeneous structure [32]. In the case of PUF10, cell

structure is similar to PUF0, denoting that the addition of PUP

up to this content does not interfere in it to a great extent.

However, when higher amount of PUP is incorporated, cells

are more damaged, especially in PUF20. This fact could be

attributed to both the aforementioned higher viscosity of the

mixture and the higher amount of PUP embedded in the

struts. The embedded PUP, indicated with arrows in the

magnification of Fig. 2b right, can act as cells’ breaking points

[14]. Moreover, foam composites show good adhesion be-

tween PUP and struts, since there are hardly any signs indi-

cating that the filler has come out the struts, such as holes.

Furthermore, the open cell content of the prepared foams

with PUP was determined (Fig. 2c). As can be seen, as PUP

content increases foams show a lower open cell content. Cell

opening depends on different factors, such as viscosity, iso-

cyanate index, the nature of the surfactant, the amount of the

catalyst and the presence of fillers [33]. Therefore, the lower

content of open cells could be attributed to the mentioned
different content of PUP: a) Digital images of the prepared

s taken parallel to foams growth (left), perpendicular to

erpendicular plane (arrows indicate PUP) (right) and c) open

https://doi.org/10.1016/j.jmrt.2021.04.022
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Fig. 3 e Evolution of storage modulus (solid line) and tan d

(dash line) with temperature of foams with different

contents of PUP.
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higher viscosity of the mixture because of the higher amount

of PUP [34] that hindered wall breakage [33].

The dynamicmechanical properties of the PUF composites

were analyzed by DMA (Fig. 3). All PUF show an a transition

temperature (Ta) at low temperatures, almost independent to

PUP content (�48.1,�44.8,�45.5 and �43.6 �C for PUF0, PUF10,

PUF15 and PUF20, respectively), denoting that prepared foams

are flexible, in accordance to the open cell content determined

by the porosity meter. The addition of PUP decreases the

storagemodulus, which could be related with themorphology

of the foams. As previously observed, as PUP content in-

creases cells were more damaged, especially in PUF20, since

PUP particles go through them deteriorating their structure

[35]. This deterioration resulted in materials with lower stiff-

ness. Furthermore, the prepared foam composites show a

high thermal stability since foams do not collapse before

220 �C.
In sight of the observed results, since the addition of PUP at

high contents damages the cellular structure and, hence,

worsens the final properties of foam composites, it was

decided not to use PUF20 foam to obtain hybrid foam com-

posites. During impregnation process, G and GR are adhered

to cells struts, thus, broken cells would not be optimum for the

impregnation process. That is why, only PUF10 and PUF15

were impregnated with G and GR, as well as PUF0, as refer-

ence, in order to determine if the presence of the recyclable

PUP could contribute to the impregnation of the carbonaceous

fillers.

First of all, GR and G were characterized by Raman spec-

troscopy to analyze their structure. As can be observed in

Fig. 4a, both GR and graphite show typical carbon materials

spectra with peaks corresponding to G (1580 cm�1), D

(1350 cm�1) and 2D (2700 cm�1) bands. G band is related to the

in-plane vibration mode caused by the stretching of sp2 car-

bon pairs, while 2D band is associated with the second order

of zone boundary phonons [36]. In few-layer graphene, the

shoulder observed in the 2D band disappears, becoming a

unique sharp peak [37,38]. In this case, the shoulder is

observed in both GR and graphite suggesting that GR is

composed by multiple graphene layers. D band can be taken

as an indicative of flake edges, since it is related to defects in

the carbon structure [38,39]. The increase in D band intensity

in GR may denote an increase of flake edges in GR as a

consequence of the exfoliation process. Moreover, the ID/IG
ratio can be directly related to the in-plane flake size [39e41].

0.06 and 0.14 values are calculated for G and GR, respectively,

suggesting a decrease in flake size in GR due to exfoliation.

Furthermore, flake size and thickness of GR was analyzed

by AFM. Height images and their corresponding cross

sectional profiles, calculated along the indicated lines, are

shown in Fig. 4b. On the images, flakes of around 2 mm are

observed as well as some agglomerates corresponding to

poorly exfoliated bulk graphite. Cross sectional profiles reveal

thickness values around 8 nm. According to literature,

monolayer or few-layer graphene thickness values are in the

range of 0.35e1.5 nm when determined by AFM [42,43]. In

consequence, GR flakes might correspond to multilayer gra-

phene or nanographite.

Results concerning the filler content of hybrid composite

foams after impregnation are shown in Table 1. Similar values
were determined by both weight difference and by TGA

techniques (see supporting information S2). The impregnation

efficiency of the foamswas also calculated taking into account

the initial filler content in the dispersion and the final amount

in the impregnated foams. It was observed that it is around

60% for foams with G and 40% for the ones with GR. It can be

observed that for each foam, G amount is higher than GR

amount. That could be related to the bigger size of non-

exfoliated G flakes that are more easily retained in the foam

structure. When comparing the effect of PUP, it is spotted that

the highest filler content is obtained for PUF10 series, while it

is quite similar for both PUF0 and PUF15 series. That might be

a consequence of the effect of PUP in the foam structure. As

observed previously in Fig. 2c, in PUF10 sample the amount of

closed cells increases as a consequence of the increase of

reacting mixture viscosity. As a result, the retained G and GR

amount increases in PUF10 series. However, in PUP15 series,

the damage in cell walls could compensate the increase of

closed cell content, obtaining similar filler contents to PUF0

series. Furthermore, it was observed that neither the addition

of G and GR nor the employed addition method modified in a

great extent the content of open cells, since similar amounts

were measured.

Compressive mechanical properties of hybrid composite

foams are gathered in Table 2. It can be observed that the

incorporation of PUP does not modify the mechanical prop-

erties, except in PUF15 series. As aforementioned, the addition

of PUP in contents higher than 10 wt% damage the cellular

structure of the foams. Therefore, this series do not show the

same tendency of PUF0 and PUF10 series. Regarding me-

chanical properties of PUF0 and PUF10 series, as can be seen

yield strength values are not influenced by the incorporation

of G and GR. A slight increase of Young’s Modulus is observed,

suggesting that the presence of both particles increases the

stiffness of the foams. These slight increases could be related

to the filler content in each foam, since the amount of G is

higher in both PUF0-G and PUF10-G foams. In the case of GR, it

should be taken into account that the modulus value deter-

mined for PUF0-GR show a considerable deviation, if

https://doi.org/10.1016/j.jmrt.2021.04.022
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Fig. 4 e Characterization of the carbonaceous fillers: a) Raman spectra of GR and graphite and b) AFM height images (left) and

cross sectional profiles (right) of GR obtained in two different regions of the sample.
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compared with the deviations calculated for the rest of the

series. Considering this fact, it could be said that higher

amounts of GR resulted in higher modulus values.

As a general tendency, densification strain values decrease

with the incorporation of G and GR. Taking into account that

the densification strain represents the beginning of cell wall

interactions, the obtained results can be explained by the

thickening of cell walls due to the presence of G and GR flakes

and the decrease of open cell content. In any case, the

observed variations of the properties are not remarkable,

hence, it can be said that the hybrid composite foams keep the

polymer foam behavior.
The absorption behavior of prepared hybrid composite

foams is shown in Fig. 5. All samples show hydrophobic

behavior since water drop remains unvaried on the samples

surface. Apart from the chemical composition of the poly-

urethane foam, the rough surface of the foam may be a key

factor ruling the hydrophobic behavior [44]. With relation to

this, the air trapped in polyurethane foam cells could favor

heterogeneous wetting on the hydrophobic surface [45]. In

bare PUP samples, oil drop can also be observed on the sur-

face. Although the contact angle is lower than in the case of

the water drop, PUP foams do not show oleophilic behavior.

On the contrary, when an oil drop is poured on hybrid

https://doi.org/10.1016/j.jmrt.2021.04.022
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Table 1 e Filler content (wt%) of hybrid foam composite samples determined by weight difference and by TGA and oil
absorption capacity (Q) of the composite foams determined at 1′ and 90′ of immersion.

Sample Filler content
(wt%) by weight

difference

Filler content
(wt%) by TGA

Q Q (mg�1 G or GR)

10 900 10 900

PUF0-G 4.70 ± 0.60 3.42 14.0 ± 2.4 19.5 ± 0.1 2.0 ± 0.5 2.7 ± 0.3

PUF0-GR 2.80 ± 0.34 2.98 14.4 ± 2.2 19.6 ± 0.6 3.5 ± 0.5 4.8 ± 0.7

PUF10-G 5.66 ± 0.43 5.73 21.4 ± 1.6 23.4 ± 0.9 2.9 ± 0.1 3.2 ± 0.2

PUF10-GR 3.45 ± 0.14 3.02 19.0 ± 2.6 22.7 ± 1.2 4.0 ± 0.6 4.9 ± 0.3

PUF15-G 3.75 ± 0.80 4.10 10.9 ± 1.7 13.6 ± 1.7 1.6 ± 0.3 2.2 ± 0.5

PUF15-GR 2.74 ± 0.23 2.46 11.0 ± 2.8 13.0 ± 1.1 1.8 ± 0.4 2.2 ± 0.1

Table 2e Filler content, Yield strength, Young’smodulus and densification strain of reference and hybrid (containing G and
GR) composite foam series. Normalized values.

Filler content (wt%)
by weight difference

sc yield/r (kPa m3/kg) Ec/r (kPa m3/kg) Densification strain/r
(%m3/kg)

PUF0 e 0.08 ± 0.02 1.74 ± 0.31 1.74 ± 0.08

PUF0-G 4.70 ± 0.60 0.11 ± 0.02 1.94 ± 0.13 1.72 ± 0.13

PUF0-GR 2.80 ± 0.34 0.11 ± 0.02 2.17 ± 0.82 1.62 ± 0.02

PUF10 e 0.09 ± 0.02 1.72 ± 0.38 1.83 ± 0.14

PUF10-G 5.66 ± 0.43 0.10 ± 0.01 2.26 ± 0.13 1.87 ± 0.06

PUF10-GR 3.45 ± 0.14 0.10 ± 0.01 1.76 ± 0.36 1.78 ± 0.05

PUF15 e 0.05 ± 0.03 0.69 ± 0.12 1.34 ± 0.18

PUF15-G 3.75 ± 0.80 0.04 ± 0.03 0.64 ± 0.08 1.37 ± 0.19

PUF15-GR 2.74 ± 0.23 0.06 ± 0.02 0.75 ± 0.22 1.16 ± 0.14

Fig. 5 e Digital images of hybrid composite foam series with drops of water (left) and of oil (right).
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composite foams surface, it is immediately absorbed (see

available videos in supplementary information) and no oil

drop can be observed on the image. Thus, it is confirmed that

G and GR presence confers selective oil absorption capacity to

the foams.

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.jmrt.2021.04.022

In light of the oleophilic behavior observed for the hybrid

foams, their absorption capacity was quantified. To that end,

foamswere immersed into pump oil during different times. In

Table 2 the obtained results are gathered. As can be observed,

the oil absorption capacity is dependent on the immersion

time, since absorption capacity increases with time. PUF10

foams show the highest oil absorption capacity, in accordance

to the presence of a higher amount of carbonaceous filler.

Moreover, as mentioned before, the addition of carbonaceous

fillers did not influence the amount of open cells. This fact

denotes that the observed oleophilicity could be ascribed to

the presence of the fillers and not to a modification of the

cellular structure. On the other hand, the oil absorption ca-

pacity per mg of filler reveals that hybrid foams containing GR

show a higher capacity, which could be attributed to the

higher surface area of the GR. However, since the content of

graphite is higher in the foams, their overall absorption is

higher.
4. Conclusions

Hybrid polyurethane flexible foam composites containing

different amounts of recycled polyurethane powder and

impregnated with carbonaceous fillers, i.e. graphite and gra-

phene residue (GR), were successfully prepared. The

employed grinding technique of polyurethane powder was a

solid way to process the waste, since in that way the 75% of

the powder was suitable for foams formulation. Furthermore,

it was observed that the addition of polyurethane powder at

low contents (10 wt%) did not interfere in cell structure to a

great extent and, hence, the properties of the foams were not

greatly compromised. The employed GR, obtained as a by-

product from graphene exfoliation process, showed an inter-

mediate morphology between few-layer graphene and

graphite. Raman and atomic force microscopy results

confirmed its carbonaceous nature and multi-layer structure.

The presence of the recycled powder at low content increased

the ability of the composite foam to retain a higher amount of

carbonaceous filler after the immersion. Concerning the me-

chanical properties, hybrid foams preparedwith both graphite

and GR kept the flexible behavior of the reference foam and no

important rigidization effect was observed. Hybrid composite

foams maintained the hydrophobic behavior of the polymeric

foam. Furthermore, the presence of graphite and GR conferred

oleophilic nature and selective oil absorption capacity. In this

way, the spongy characteristics of the hybrid composite

foams and their improved oleophilic behavior make them

suitable candidates for selective oil water separation

materials.
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