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Abstract
The use of cork granules for cleaning up crude oil or oil derivative spills and further oil recovery appears as a promising option
due to their unique properties, which allow a high oil sorption capacity, low water pickup and excellent reuse. The present work
reports the effect of oil viscosity on cork sorption capacity by using five types of oils (lubricating oil, 5.7 goil gcork

−1; heavy oil, 4.2
goil gcork

−1; light oil, 3.0 goil gcork
−1; biodiesel, 2.6 goil gcork

−1; and diesel, 2.0 goil gcork
−1). The cork sorption capacity for light

petroleum was also evaluated as a function of temperature and sorbent particle size. Additionally, improvements on oil recovery
from cork sorbents by a mechanical compression process have been achieved as a result of a design of experiments (DOE) using
the response surface methodology. Such statistical technique provided remarkable results in terms of cork sorbent reusability, as
the oil sorption capacity was preserved after 30 cycles of sorption-squeezing steps. The sorbed oils could be removed from the
sorbent surface, collected simply by squeezing the cork granules and further reused. The best operational region yielded near 80%
oil recovery, using a cork mass of 8.85 g (particle size of 2.0–4.0 mm) loaded with 43.5 mL of lubricating oil, at 5.4 bar, utilising
two compressions with a duration of 2 min each.

Keywords Cork . Oil spill . Crude oil and oil derivatives . Oil sorption . Oil recovery

Introduction

Oil spills are a very dangerous event for the aquatic ecosystem
as life-forms’ existence is severely threatened. By definition,

oil spills include any spill of crude oil or oil distilled products
that can pollute the surface of the land, air and water environ-
ments. The term is usually associated with marine oil spills,
where oil is released into the ocean and coastal waters (Fingas
2013).

Several products/techniques, such as dispersants, sorbents,
solidifiers, booms and skimmers, have been developed to sep-
arate oil from water aiming at cleaning accidental oil spills
(Adebajo et al. 2003; Bandura et al. 2015; Broje and Keller
2006; Fingas 2013).

Sorbents are materials that recover oil through either ab-
sorption or adsorption. The term ‘sorption’ is used to refer to
both processes. Oil sorbents comprise a wide range of organic
or inorganic products, from natural sources (such as bark,
peat, sawdust, cork, paper-pulp, pumice and vermiculite)
(Behnood et al. 2013; Galblaub et al. 2016; Olga et al. 2014:
Saito et al. 2003) or synthetic (polypropylene, polyester, zeo-
lites) (Bandura et al. 2015, 2017; Oribayo et al. 2017; Ozan
Aydin and Bulbul Sonmez 2015). To be useful in cleaning oil
spills, sorbents need to be both oleophilic (oil-attracting) and
hydrophobic (water-repellent) (Wu et al. 2014). Although they
can be used as the sole clean-up method in small spills,
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sorbents are most often used to remove final traces of oil, or in
areas that cannot be reached by skimmers (Fingas 2013).

In recent years, cork, being 100% natural, renewable, reus-
able and biodegradable, has been proposed as a sustainable
sorbent for a wide range of hydrocarbons, oils, solvents and
organic compounds spills (Amorim Isolamentos 2005;
Olivella et al. 2011; Silva et al. 2005). The cork cells grasp
the oil, keeping it inside, by capillary forces. Cork granules,
by-products of the wine-stopper manufacturing process, pres-
ent particle sizes typically ranging from 0.5 to 8.0 mm and are
used in the production of agglomerates and composites. In
order to improve their hydrophobic behaviour, sorption capac-
ity and buoyancy, cork granules undergo a thermal treatment
by steam and are normally called regranulated cork particles
(Pintor et al. 2012).

One of the most important subjects in oil-spill removal by
means of sorption is the oil recovery from the sorbent particles
by simple mechanical compression systems, such as screw
presses, hydraulic presses, roll presses and mills (Ge et al.
2016; Radetic et al. 2003). This process also allows sorbent
regeneration for further reuses. Our research group published
some studies on use of cork granules for recovery of vegetable
oil (Pintor et al. 2015) and motor oil (Porto et al. 2017), but
their usage as sorbents for crude oils has not yet been
evaluated.

Therefore, the present work aims at evaluating the (i) re-
covery of five types of oils (heavy and light crude, diesel,
lubricating oil and biodiesel) from oil-loaded regranulated
cork (RGC) particles by a mechanical compression method;
(ii) optimisation of oil recovery process by design of experi-
ments (DOE) using the response surface methodology; (iii)
evaluation of cork sorbent reuse in consecutive loading/
compression cycles; and (iv) improvement of the overall oil
recovery/sorbent regeneration processes by establishing opti-
mal conditions.

Materials and methods

Sorbents and oils

Natural cork and regranulated cork (RGC) particles were
kindly supplied by Corticeira Amorim S.A., Portugal.
Production of RGC particles comprises a thermal treat-
ment of natural cork at 380 °C by steam injection. The
RGC and natural cork (0.8–1.2 mm) particles were
washed at 60 °C with distilled water and then dried at
60 °C for 24 h. The resulting RGC granules were sieved
and separated into two different groups: (i) group A: par-
ticle size (1.0–2.0 mm); (ii) group B: particle size (2.0–
4.0 mm). The dry natural cork and RGC particles were
homogenised and stored in hermetically sealed bags.
Structural and surface characterisations of these materials

can be found in a previous study (Pintor et al. 2012). Five
different types of oils were used for the impregnation of
the cork granules and their main specifications are report-
ed in Table 1.

Viscosity and density measurements of oil samples

Viscosities and densities of lubricating oil and crudes were
measured at atmospheric pressure in a Stabinger Anton Paar
SVM 3000 viscometer at 30 °C. Densities were obtained by
using a vibrating tube densimeter (Anton Paar DMA HPM)
calibrated with toluene and vacuum, as previously described
by Segovia et al. (2009). Biodiesel and commercial diesel
properties were taken from the literature as presented in
Table 2.

Scanning electron microscopy

The natural cork and RGC microstructure were characterised
by scanning electron microscopy (SEM) on an ultra-high res-
olution, Hitachi SU-70 electronic microscope. The materials
were dried at 105 °C overnight to remove moisture.

Fourier Transform Infrared spectrometry

The particles were previously crushed, oven dried at 105 °C
and analysed in the solid form using a diffuse reflectance
accessory (Pike Technologies Inc., model TM EasiDiff).
Scanning was performed at room temperature in absorption
mode over the wavelength range 4000 to 400 cm−1, with a
scan speed of 0.20 cm s−1 and 50 accumulations at resolution
of 8 cm−1.

Thermogravimetric analyses

Thermogravimetric analyses (TGA-DrTGA) were executed
for both corkmaterials using samples of ≈ 10mg. This amount
of mass was found sufficient to provide a good contact be-
tween the crucible and the sample. Air at a flow rate of 25 mL
min−1 was used for the analyses. Initially, the sample was kept
at 25 °C and further heated to 700 °C, at a heating rate of 10 °C
min−1. The mass change with respect to temperature was in-
ternally measured by a Shimadzu TG-50 Analyzer.

Table 1 Oil, supplier, grade and API gravity

Oil Supplier Grade API gravity (γ API)

Marlim petroleum Petrobras, Brazil Heavy 19.20

Light petroleum Galp, Portugal Medium 30.05

Lubricating oil Galp, Portugal Heavy 26.09

Diesel S-10 Petrobras, Brazil Light 36.38

Biodiesel B100 Olfar S/A, Brazil Medium 29.14
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Experimental procedure for oil sorption and recovery
studies

Kinetic sorption studies

Kinetic sorption tests were performed in 50 mL glass
conical tubes containing 45 mL of oil and 1 g of cork
granules (groups A and B), placed on a rotary shaker
(Stuart model SB3) at 20 rpm within a thermostatic
compartment. Temperatures of 10 and 25 °C have been
selected so that viscosity effects could be assessed.
Samples were collected at scheduled time intervals (5,
10, 15, 30, 45, 60, 90, 120, 180, 240, 360 and 480
min). After each sampling time, particles were removed
from the oil and placed in a metal sieve for 5 min to
remove the excess of oil around the particles.

Experiments were performed to determine the amount of
oil (goil) per unit mass of sorbent (gcork) at time (t), defined as
qSat (goil gcork

−1), which was determined by the weight differ-
ence of the cork granules before and after impregnation:

qSat ¼
moc−mc

mc
ð1Þ

where moc is the mass of oil-impregnated cork (g) and cork
mass (mc) is the initial mass of the dry cork (g).

The effects of temperature, shaking time and particle
diameter on the cork sorption capacity (qSat) were
assessed using light petroleum. The RGC sorption capac-
ity was also evaluated for the different types of oils pre-
sented in Table 2.

Oil recovery by mechanical compression

The compression tests were performed using a CAMOZZI
368-905 extruder, consisting of a conical plunger, a control
panel for compression/decompression and a perforated metal
cylinder (14 cm height and 5 cm of internal diameter) in which
the sample was placed. The existence of holes on the cylindri-
cal surface and bottom of the barrel tends to facilitate the oil
outlet as the particles are subjected to compression. The se-
lected perforated surface holes, with a diameter of 1 mm, are
smaller than the average diameter of the cork particles and
ensure no clogging by the cork particles. The schematic rep-
resentation can be found in Porto et al. (2017). The oil-
impregnated RGC particles were prepared by placing 5.0–
15.0 g of cork in 50–150 mL oil bath (solid/liquid ratio of
0.1 gcork mLoil

−1), during a contact time of 120 min.
The oil-impregnated cork granules were placed into the

extruder and compressed to the target pressure for a given
time, and the respective mass was measured before and after
the compression cycle. The oil recovery percentage in each
cycle (R(%)i) was calculated by the expression:

R %ð Þi ¼
moc−mocd

mo
ð2Þ

where moc is the mass of g before the compression cycle (m-
ocd) is the mass of g after the current compression cycle andmo

is the initial mass of oil in the cork before the compression
cycle i (g).

mo ¼ moc−mc ð3Þ

Table 2 Physical properties,
viscosity and density of the
studied oils at 30 or 40 °C

Oil Viscosity (mm2 s−1) Density (kg m−3) Temperature (°C)

Lubricating oila 409 897 30

Marlim petroleuma 353 933 30

Light petroleuma 12 869 30

Biodiesel B100 (Geacai et al. 2015) 4.7 884 40

Commercial diesel (Geacai et al. 2015) 3.5 841 40

a Experimental values

Table 3 Variables and levels used for full factorial design

Symbol Variables Coded levels

− 1 0 + 1

A Pressure (P (bar)) 2.0 3.5 5.0

B Cork mass (mc (g)) 10.0 12.5 15.0

C Number of compressions (Nc) 1.0 2.0 3.0

D Compression time (tc (min)) 1.0 2.0 3.0

Table 4 Factors and levels studied in the factorial design and axial
points

Symbol Factor Level

− 2 − 1 0 + 1 + 2

A Pressure (P (bar)) 3.5 4.5 5.5 6.5 7.5

B Cork mass (mc (g)) 5.0 7.5 10.0 12.5 15.0

C Number of compressions (Nc) 1.0 2.0 3.0 4.0 5.0

D Compression time (tc (min)) 1.0 2.0 3.0 4.0 5.0
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where mc is the mass of cork (g).
The amount of desorbed oil per gramme of cork after each

compression cycle i, qcompi (goil gcork
−1), was determined by

the following expression:

qcompi
¼ moc−mocd

mc
ð4Þ

Preliminary tests Initial tests were carried out to evaluate the
effect of operating variables on the oil recovery efficiency,
through a suitable statistical design. Independent variables
comprising the compression time (tc = 1, 2, 3 and 4 min)
and number of compressions (Nc = 1 to 4) were preliminarily
tested. Based on a literature review (Pintor et al. 2016; Porto
et al. 2017; Santoso et al. 2014; Sinha et al. 2015), amc of 15.0
g, a pressure (P) of 5.0 bar and a waiting time (tw) of 1 min,
between each compression, have been selected for these
studies.

Experimental design From the preliminary experiments, the
variables Nc, tc, mc and P, stand as the conditions that most
influence the oil recovery. Thus, the combined effects of these
variables on oil recovery (R(%)), from oil-loaded cork parti-
cles, were studied using a full factorial design with two repli-
cates per condition. Table 3 shows the structure of the full
factorial design used in this study, considering all combina-
tions of two levels for each factor (minimum (− 1), maximum
(+ 1)) and the central point (0), which represents the midpoint
of each factor range.

The number of experiments n for k factors is given as n = 2k

and two replicas at the central point. Experimental runs were
randomised in order to minimise the effects of unexpected
variability in the observed responses. For this, 18 runs were
performed in duplicate. The oil recovery percentage was then
measured in 18 runs per replica with different combinations of
the four factors.

Central composite design Based on the factorial design of the
‘Experimental design’, a central composite design (CCD) was
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Fig. 2 a FTIR spectra and b FTIR derivative spectra of cork samples: natural cork (dashed line) and RGC (solid line)

Fig. 1 SEM micrographs of cork cells: a Natural cork cells; b regranulated (RGC) cork cells
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performed with the purpose of defining optimised levels of the
variables by the response surface methodology (RSM) tech-
nique. Parameters are presented in Table 4.

The CCD takes into account axial points, generating a set
of 27 runs. Descriptions of the factorial design procedure can
be found elsewhere (Lazić 2004; Montgomery 2017).

Reuse of RGC particles: compression cycles

To verify the stability of the RGC particles as oil concentra-
tors/recuperators, particle reuse was evaluated in consecutive
saturation/recovery cycles. At each cycle, the RGC particles
were placed in an oil bath (solid/liquid ratio of 0.1 gcork Loil

−1)
and compressions were performed under optimised conditions
(mc = 8.85 g; P = 5.4 bar;Nc = 2; tc = 2 min). The reuse studies
of RGC have been done using light petroleum, Marlim petro-
leum and lubricating oil.

Results and discussion

Cork characterisation

SEMmicrographs presented in Fig. 1 show that cork structure
is formed by hollow polyhedral prismatic cells.

When observed from the radial direction, they present a
honeycomb shape (Fig. 1a). On the other hand, when viewed
through transverse directions, they are rectangular, resembling
a wall of bricks (Duarte and Bordado 2015; Lequin et al.
2010; Pintor et al. 2012; Silva et al. 2005). It is possible to
observe from Fig. 1b that the honeycomb structure is main-
tained even after the thermal treatment to obtain the RGC
particles.

The composition of cork includes suberin and lignin as
main constituents, being other organic constituents,

polysaccharides (cellulose and hemicellulose) and extracts
(waxes and tannins) (Bento et al. 2001; Pereira 1988; Silva
et al. 2005). The natural cork cells are corrugated. The ripples
have variations within the growth rings. After thermal treat-
ment, a dark cork material is obtained, the cell walls tend to
become flat (Fig. 1b) and cork cells volume increases, which
is explained by the change in the walls parallel to the radial
direction (Rosa and Fortes 1988; Silva et al. 2005).

The IR spectra of both natural and regranulated cork sam-
ples exhibit characteristic vibrational modes of cellulose and
hydrocarbons (resulting from wax) (Fig. 2).

The broadest peak at 3417 cm−1 corresponds to the non-
free –OH stretching vibration. The strong peaks at 2924 and
2854 cm−1 correspond to the asymmetric and symmetrical
aliphatic –CH stretching vibration, indicating the presence of
plant wax which generally consists of long-chain alkanes,
fatty acids, aldehydes, ketones, esters and alcohols. These
compounds also end up forming the cellulose structure and
hemicellulose (Neto et al. 1995; Ragle et al. 2016; Valix et al.
2017).

Due to the proximity of the wave numbers in a certain
vibration mode, a band overlap occurs in Fourier transform
infrared (FTIR) spectrum. Aiming to show the exact position
of the overlapping bands and reduce the quadratic effects of
the basal caused by spreader parts, a derivative for each spec-
trumwas calculated. This mathematical tool maximises points
where there is a slope/concavity of the function (Do et al.
2017; Manohar et al. 2017), and it was used in order to verify
the differences between the two corks particles. The steam
treatment of cork particles affected mainly the bands in the
wavelength range of 1800 to 800 cm−1, according to Fig. 2b.
The strong C=O stretch band at 1747 and 1164 cm−1, charac-
teristic of ester groups, originated mainly from suberin, has its
peak intensity decreasing after thermal treatment. The same
occurred for peak at 1719 cm−1, due to a lower quantity of
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Fig. 3 TGA (solid line) and DrTGA (dashed line) curves for cork samples: a natural cork and b RGC
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acidic groups. The aromatic region (1600–1500 cm−1) has
contributions from lignin and suberin and minor components
such as tannins and other extractives (easily degraded by tem-
perature). It is the region with the highest concentration of
groups, where most of the organic compounds present in cork
are concentrated and where peaks decreased (Abdullah et al.
2010; Oliveira et al. 2014; Şen et al. 2012). Other bands that
underwent changes (decreased in intensity or disappeared)
were 1366 and 1267 cm−1, respectively representing CH
(extractives) and CO ‘stretching’ (suberin, lignin, cellulose
and hemicellulose) (Pintor et al. 2012; Şen et al. 2012).

TGA results, for the cork samples, revealed that the pyrol-
ysis process can be divided into three stages (Fig. 3). The
percentage of mass loss in each stage is the main difference

for TGA curves between natural cork and RGC particles. The
mass loss for the first stage is related to cork moisture, until
200 °C (Fig. 3), while the second stage at 200–550 °C refers to
loss of organic matter or combustion of pyrolytic volatiles
(hemicellulose, cellulose and lignin) and the last stage is at-
tributed to the combustion of the fixed carbon (Moon et al.
2013; Valix et al. 2017). As expected, RGC particles present
lower humidity when compared with the natural cork,
resulting in weight loss of 6.3 and 1.9% for natural cork and
RGC particles, respectively. Beyond that, in the second stage,
the decomposition of hemicelluloses, cellulose and partial lig-
nin, results in the elimination of polar groups (–CO and –NH),
giving rise to a material with hydrophobic and oleophilic
properties (Oliveira et al. 2014), as the RGC particles. Due
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Fig. 4 Sorption capacities of light petroleum by RGC as a function of
contact time. a Effect of stirring (T = 25 °C; particle size = 2.0–4.0 mm):
20 rpm (filled squares); 0 rpm (filled circles); b effect of temperature: 10
°C (filled circles); 25 °C (filled squares) (stirring = 20 rpm; particle size =

2.0–4.0 mm); c effect of particle diameter: 2.0–4.0 mm (filled squares);
1.0–2.0 mm (filled circles) (T = 25 °C; stirring = 20 rpm). Conditions: V =
45 mL; mc = 1 g
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to the great amount of hemicellulose and cellulose in natural
cork particles, the loss of mass is more pronounced than for
RGC (in the range of 200 to 390 °C, the mass loss was 48 and
28%, respectively). Thermal degradation slowed during the
carbonisation phase (> 390 °C), and mass losses reflected
the decomposition of the remaining lignin and combustion
of char residues. The residual mass ranged from 4.0 to 2.2%
for natural cork and RGC particles, respectively.

Oil sorption: kinetic studies

Figure 4a shows that oil sorption is fast, almost instantaneous.
However, a contact time of 120 min was chosen so that equi-
librium was reached. It is noteworthy that the oil fills the outer
surface of the cork granules in a few seconds, which leads to
the conclusion that an increase in shaking time has a negligible
influence on oil sorption capacity as shown in Fig. 4a.

Oil spills can occur in warm and cold waters. Figure 4b
shows a small influence of temperature on sorption capacity in
the range of 10–25 °C.

Lin et al. (2008) reported similar results within the same
temperature range using recycled waste tire powder for motor
oil removal. However, the same authors observed a substantial
decrease (15–45%) on oil uptake capacity with the tempera-
ture increase from 0 to 40 °C, depending on the sorbent par-
ticle size. Oil viscosity is substantially decreased with the
increment on temperature (Wang et al. 2012; Wang and
Geng 2015). An increase on oil viscosity can induce positive
and negative effects on oil sorption: (i) inhibition of oil pene-
tration into the particle pores, leading to lower sorption capac-
ities (sorbents with high porosity) and (ii) easier adhesion of
oil to the solid surface, increasing the sorption capacity

(sorbents with low porosity, as cork particles (< 1%)). Cork
granules present a macroporous external surface and cork cells
are closed with no available internal porosity. The oil is
retained in the external cork cells by capillary action.

According to Fig. 4c, the light petroleum uptake capacity
almost double when the average particle diameter decreases
from 2.0–4.0 mm to 1.0–2.0 mm, reaching values of near 7.0 g
oil g−1 of RGC particles. The obtained values are in agreement
with those found by Porto et al. (2017). RGC particles with
smaller diameter show a higher external surface area, resulting
in the uptake of higher amounts of oil.

Although the smaller particles show better sorption capac-
ity, the larger ones encompass the highest proportion (80–
90%) of cork industry production and thus, are more relevant.
Furthermore, as further discussed in the following section, oil
recovery by mechanical compression is enhanced for particles
with higher diameter, which are less susceptible to
fragmentation.

Figure 5 shows large differences of the RGC particles sorp-
tion capacities for different oils. Lubricating oil yielded the
highest sorption capacity (5.5 goil gcork

−1), followed by
Marlim petroleum (4.2 goil gcork

−1) > light petroleum (3.0 goil
g
cork

−1) biodiesel (B100) (2.6 goil gcork
−1) > diesel (2.0 goil g-

cork
−1). Lubricating oil has the highest viscosity and the

highest sorption capacity denoting that an increase in viscosity
and density enhances the adherence of the oils to the surface of
cork granules.

Wang andGeng (2015) studied the sorption capacity of
linseed, paraffin and crude oils on a super-hydrophobic
sponge. The authors reported higher sorption capacities
for the oils with larger density and viscosity. Gu et al.
(2014) investigated magnetic polymer nanocomposites as
absorbent materials for the removal of three types of oils.
The oil absorption capacity for lubricating oil was higher
than for salad oil and for diesel oil, which was in agree-
ment with the higher values of density, viscosity and sur-
face tension for lubricating oil followed by salad oil and
diesel oil.

Oil recovery by mechanical compression

Preliminary results

In the first set of experiments, the effect of compression time
(range 1 to 15 min) in lubricating oil recovery from RGC
particles with 2.0–4.0 mm was evaluated through a single
compression at 5.0 bar and oil-loaded cork mass of 15.0 g.
As can be seen in Fig. 6a, an increment on oil recovery effi-
ciency was obtained for higher compression times.

However, for compression times above 4 min, the efficien-
cy was almost similar. Therefore, the oil recovery percentage
was evaluated as a function of the number of compressions (1
< Nc < 4), using tc from 1 to 4 min (Fig. 6b). It was observed
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that shorter compression times with larger number of com-
pressions result in a gradual increase of the oil recovery
percentage.

Experimental design

Considering the previous preliminary results, the oil recovery
percentage was then measured in 18 replicated runs with
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Table 6 Factors, levels and axial points studied in the factorial design

Experiment number A B C D Recovery percentage

Experimental Predicted

01 − 1 − 1 − 1 − 1 81.6 80.9

02 1 − 1 − 1 − 1 80.0 79.9

03 − 1 1 − 1 − 1 77.9 77.8

04 1 1 − 1 − 1 79.5 79.9

05 − 1 − 1 1 − 1 79.0 79.3

06 1 − 1 1 − 1 78.1 78.0

07 − 1 1 1 − 1 79.7 79.5

08 1 1 1 − 1 81.6 81.3

09 − 1 − 1 − 1 1 83.8 83.8

10 1 − 1 − 1 1 81.7 80.9

11 − 1 1 − 1 1 79.9 79.0

12 1 1 − 1 1 79.9 79.3

13 − 1 − 1 1 1 83.0 81.7

14 1 − 1 1 1 78.7 78.5

15 − 1 1 1 1 80.5 80.3

16 1 1 1 1 80.5 80.3

17 − 2 0 0 0 78.4 79.4

18 2 0 0 0 78.1 78.4

19 0 − 2 0 0 77.1 77.9

20 0 2 0 0 76.0 76.5

21 0 0 − 2 0 80.1 80.9

22 0 0 2 0 79.8 80.3

23 0 0 0 − 2 82.8 82.6

24 0 0 0 2 82.8 84.3

25 0 0 0 0 82.3 81.4

26 0 0 0 0 81.6 81.4

27 0 0 0 0 80.4 81.4

Table 5 Independent variables and experimental values of the response
variable

Experiment number A B C D Oil rcovery percentage

Experimental Predicted

01 − 1 − 1 − 1 − 1 73.6 74.3 74.6 74.6

02 1 − 1 − 1 − 1 78.6 79.3 78.4 78.4

03 − 1 1 − 1 − 1 73.5 73.5 72.9 72.9

04 1 1 − 1 − 1 73.4 72.6 73.7 73.7

05 − 1 − 1 1 − 1 82.0 83.7 82.3 82.3

06 1 − 1 1 − 1 81.1 81.1 81.8 81.8

07 − 1 1 1 − 1 77.1 76.9 77.7 77.7

08 1 1 1 − 1 79.6 79.2 78.8 78.8

09 − 1 − 1 − 1 1 79.8 80.5 79.6 79.6

10 1 − 1 − 1 1 81.9 81.3 82.3 82.3

11 − 1 1 − 1 1 74.2 76.3 75.9 75.9

12 1 1 − 1 1 75.4 77.0 75.6 75.6

13 − 1 − 1 1 1 80.4 82.8 82.3 82.3

14 1 − 1 1 1 82.5 83.7 82.5 82.5

15 − 1 1 1 1 81.4 76.3 78.3 78.3

16 1 1 1 1 78.8 79.9 80.0 80.0

17 0 0 0 0 77.5 80.0 78.5 78.5

18 0 0 0 0 80.2 78.3 78.5 78.5
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different combinations of the four factors (Nc, tc,mc and P), as
presented in Table 5.

A multiple regression analysis was applied to experimental
results (Table 5) allowing to obtain a model capable of
predicting the oil recovery percentage as a function of these
four factors, as shown in Eq. (5):

R %ð Þ ¼ 78:55þ 0:60A−1:92Bþ 1:92C

þ 1:02D−0:70CDþ 0:57ABC ð5Þ

where R(%) = Oil recovery percentage; A = P (bar); B = mc

(g); C = Nc; D = tc (min).
A reasonable agreement is observed when the predicted

values are compared with the experimental values (Table 5).
The coefficient of determination (R2) was found to be 0.882,
indicating that the model represents 88.2% of the total vari-
ance of the system, providing a satisfactory adjustment of the
experimental data.

Based on these results, a CCD was performed with the
purpose of defining optimised levels of the variables by the
RSM technique. The CCD takes into account axial points,
generating a set of 27 runs.

Central composite design

Table 6 presents the factors levels studied, the matrix of 24

complete factorial design with axial points and the responses
obtained for each assay in terms of oil recovery percentage (R
(%)). The results obtained by RSM were studied in detail in
order to determine the optimum experimental conditions. The
model that describes the surface response function for the
combined effects of the factors on the oil recovery percentage
is shown below:

R %ð Þ ¼ 81:43−0:64A2−1:06B2 þ 0:44Dþ 0:50D2

þ 0:76ABþ 0:80ABC ð6Þ

where R(%) = Oil recovery percentage; A = P (bar); B = cork
mass, mc (g); C = Nc; D = tc (min).

The model predictions are in good agreement with the ex-
perimental values, as shown in the right column of Table 6.
The coefficient of determination (R2) was found to be 0.882,
denoting that the model replicates well the observed outcomes
for a 95% confidence limit, giving a good estimate of the
response in the studied range.

The significance of the model terms has been evaluated by
an analysis of variance (ANOVA). All terms, except the num-
ber of compressions, were found significant with p values <
0.05 (Table 7).

A statistical analysis in terms of the standardised residuals
was also conducted to verify the normality of the data.
Besides, the Pareto plot (Fig. S1, Electronic supplementary
material) visually represents the absolute values of the effects
of main factors and the effects of the interactions between
factors. When there is interaction between factors, it corre-
sponds to the change in the behaviour of one factor in the
different levels of the other factor, on the present study in
relation to the oil recovery.

Figure 7 shows the region corresponding to maximum oil
recovery, which is defined by a pressure range of 4.3 to 6.0 bar
(levels − 1.3 to 0.5) and cork mass from 7.5 to 11.2 g (levels −
1.0 to 0.5).

Therefore, the optimum conditions for maximum oil recov-
ery (~ 81%) correspond to a cork mass of 8.85 g (encoded
value − 0.47), pressure of 5.4 bar (encoded value − 0.13), 2
compressions (encoded value − 1.0) and 2 min compression
time (encoded value − 1.0), for a particle size of 2.0–4.0 mm
and temperature of 25 °C.

Reuse of RGC particles: Compression cycles

Figure 8a shows the amount of light petroleum recovered and
the sorption capacity of the RGC particles for each of the 10
cycles. It is possible to observe that the resulting R (%) did not
change along the cycles, but variations were found in relation
to the amount of oil retained. This effect can be ascribed to the
fragmentation of particles during compression, and conse-
quently, particles of smaller size have a higher sorption
capacity.

Figure 8b shows a decrease in R (%) and in the amount of
light petroleum retained along the cycles using smaller

Table 7 Analysis of variance
(ANOVA) to the CCD Sum quadratic Degrees of freedom Mean square Fa

Calculated Tabulated

Regression 84.955 14 60068 6.31 2.64
Waste 11.532 12 0.961

Lack of fit 9.685 10 0.969 1.05 14.41
Pure error 1.847 2 0.924

Total 96.487 26

Variance explained, 88.2%; confidence limit, 95%
a Fisher distribution

Environ Sci Pollut Res



particles of RGC (1.0–2.0 mm). This can be attributed to the
loss of particles during the compression cycles, since (i) some
particles with lesser diameter can be pushed out through the
holes by the pressure force and (ii) some particles that were
crushed in small fragments during the compression can even-
tually be pushed out through the holes. In both cases, it was
shown that approximately 80% of oil was recovered in each
cycle.

When oil was changed to Marlim petroleum (Fig. 8c),
using RGC particle size of 2.0–4.0 mm, it was observed the
same behaviour as that of light petroleum; with the increase in
the number of cycles, particles are crushed in smaller ones
resulting in an increase of external surface area. However, in
the case of lubricating oil (Fig. 8d), a more viscous oil, the
R(%) and the amount of oil retained in the RGC particles
remained constant during the 10 cycles. In this case, no parti-
cle fragmentation, during the compression cycles, was ob-
served. An increase on the oil viscosity slows down the flow
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Fig. 8 Reusability of RGC particles in consecutive saturation/
compression cycles. R (%) (filled triangles); qcomp (triangles); qSat
(squares); Conditions: mc = 8.85 g; P = 5.4 bar; Nc = 2 unit; tc = 2 min;

tw = 1 min. a Light petroleum; particle size = 2.0–4.0 mm; b light petro-
leum; particle size = 1.0–2.0 mm; c Marlim petroleum; particle size =
2.0–4.0 mm; d lubricating oil; particle size = 2.0–4.0 mm
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of oil between cork particles and, at the same time, oil acts as a
shock absorber (cushion) between particles (reduces the fric-
tion between cork particles), avoiding its fragmentation.
However, the honeycomb structure of the RGC is destroyed
on increasing the oil viscosity, as shown in Fig. 9.

As cork exhibited excellent oil sorption capacity and a
good possibility of reuse, experiments using lubricating oil
were extended up to 30 cycles. In Fig. 10, it is possible to
observe that the resulting R(%) varied smoothly along the
cycles, reaching approximately 80% of oil recovery at all cy-
cles. This indicates that 20% of the oil retained in the first
cycle, remained in all subsequent cycles. This residual oil
can be extracted by organic solvents (Pintor et al. 2015).

The amount of oil retained in the cork cells during the 30
cycles decreased smoothly along the cycles, and this can be
associated with the mass loss of cork granules due to crushing.
The same behaviour was observed by Vilar and collaborators
(Porto et al. 2017).

Wang et al. (2017) reported recovery efficiencies of ~ 75
and ~ 76% for sunflower and soybean oils, respectively, from
carbon aerogel derived from waste durian shell, after five
sorbing and regenerating recycles. Wu et al. (2014) obtained
a sorption capacity for motor oil of 70% after 15 successive
sorption–squeezing cycles using polyurethane sponges when
compared with the first cycle. The sorption capacity for crude
and gas oils, using banana peel, was investigated by Alaa El-
Din et al. (2017). The authors reported that ~ 90% of the initial
sorption capacity remained after 10 cycles. However, the sorp-
tion capacity for 7-day weathered crude oil decreased ~ 50%
after 10 cycles.

Thus, the results achieved in this study demonstrate that
RGC is an effective sorbent for oil, exhibiting a high oil sorp-
tion capacity even after 30 consecutive saturation/
compression cycles.

Conclusions

The regranulated cork particles were successfully applied as
an alternativematerial for spillage oils recovery. Oil is retained
in the cork cells and then can be expelled by simple mechan-
ical compression. The higher the viscosity of an oil, the higher
is the amount of oil retained in the cork cells. The percentage
of oil recovery is a function not only of the compression pres-
sure but also depends on other variables such as cork mass,
compression time and number of compressions. A maximum
oil recovery of 83.8% was obtained for the following operat-
ing conditions: solid/liquid ratio of 0.1 gcork mLoil

−1, P = 5.4
bar,mc = 8.85 g,Nc = 2, tc = 2min. The reuse tests showed that
the oil recovery percentage remained almost constant during
10/30 consecutive saturation/compression cycles. However,
the amount of oil retained in the cork cell decreased smoothly
over the cycles, mainly due to the loss of cork mass. This is
most evident when using fluids with lower viscosity. The
higher the viscosity of an oil, the less friction between RGC

Fig. 9 SEM micrographs of RGC cells after 10 cycles: a with light petroleum; b with Marlim petroleum
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Fig. 10 Reusability of RGC particles in consecutive saturation/
compression cycles with lubricant oil: R(%) (filled triangles); qcomp (filled
circles); qsat (filled squares). Conditions: Particle size = 2.0–4.0 mm;mc =
8.85 g; P = 5.4 bar; Nc = 2; tc = 2 min; tw = 1 min
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particles occurs during compression cycles, resulting in less
fragmentation of the particles.
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