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Abstract. In red winemaking, especially those aged in wood barrels, the contamination and growth of
Dekkera/Brettanomyces yeasts results in the formation of 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG).
These volatile phenols (VPs) are responsible for negative aromatic notes like horsy, barnyard, smoky and
medicine, decreasing significantly red quality and its commercial value. In this work, cork powder waste was
especially prepared and used to remove these negative volatile phenols (4-EP and 4-EG) from spiked red wine.
The optimisation of cork powder performance by removal of dichloromethane and ethanol cork extractives,
air removal and ethanol impregnation, allowed to obtain 41 to 62% of 4-ethylphenol and 50 to 53% of
4-ethylguaiacol removal from VPs spiked red wine applied at 250 g/hL. There was no significant impact
on phenolic acids and monomeric anthocyanins, although being observed a decrease in the headspace aroma
abundance (40%). This optimised cork powder allowed to decrease significantly the wine negative phenolic
character, bitterness and astringency, recovering the positive fruity and floral sensory attributes. Results show
that optimised cork powder can be a good solution for VPs removal, presenting a great potential to be a new
oenological fining agent, contributing to the wine industry sustainability.

1. Introduction
The contamination and growth of Dekkera/Brettanomyces
yeasts in red wine results in the formation of 4-ethylphenol
(4-EP) and 4-ethylguaiacol (4-EG) by decarboxylation
of p-coumaric and ferulic acids present in wine and
subsequent reduction of the correspondent vinylphenols
[1, 2]. These volatile phenols (VPs) are responsible for
negative aromatic notes like horsy, barnyard, smoky and
medicinal [1, 3]. This important sensory defect has been
reported in numerous wine styles around the world,
mainly, premium wines [4], considered negative by
professionals, consumers and wine industry [5, 6] and
thus VPs are a global problem in winemaking. For
these reasons several preventive and remedial treatments
have been tested. Preventive action includes for example
the maintenance of adequate levels of SO2 throughout
the winemaking process, reduction/elimination of oxygen
levels in wine, use of dimethyldicarbonate (DMDC) before
bottling and the addition of fungal chitosan are some of the
measures that have found some degree of success [7, 8].
Several remediation treatments have also been developed
to remove from wine the already formed VPs or to
reduce the headspace content by reducing their partition
coefficients to the gas phase without changing the total VPs
content of wines. Of these methods, those tested in wines
presenting good removal efficiency at practical application
doses are activated carbons [9, 10], potassium caseinate
[11], egg albumin [11] and esterified cellulose [12]. A
previous work in a model wine solution using cork pieces
a
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(20 mm long, 10 mm wide and 2 mm thick) have shown
that at 3333 g/hL application dose, cork was able to remove
39% of 4-EP and 32% of 4-EG [13]. Thus, the aim of this
work was to explore the possibility of using cork powder
by-product, in its natural form and after its optimisation
by simple physicochemical treatments, as a new cheap
and sustainable wine fining agent for removing VPs from
contaminated red wines, reducing its “Brett character”.
Also, its impact on the chemical wine composition and
sensory profiles were evaluated.

2. Material and methods
2.1. Cork samples and preparation
Cork powder with an average particle size of 372 µm
(interquartile range 1009–137 µm) was obtained from
a local cork stoppers producer and supplied by SAI
Enology (Paredes, Portugal). Natural cork powder (CKN)
was extracted with dichloromethane by soxhlet extraction overnight (24 h) followed by a second soxhlet
extraction overnight with (24 h) ethanol for extracting
the corresponding cork extractives (CKF). For obtaining
dichloromethane and ethanol extractive free cork powder
with a particle size below 75 µm (CKF75), CKF
was sieved through a screen sieve. For removing the
air enclosed in the cork powder and simultaneously
impregnate the material with ethanol (CKNI, CKFI
and CKFI75), a proportion 0.250 g cork were immersed in 5 mL of ethanol and the suspension was
vacuum degassed (0.00131 atm) by repeated cycles
(11 times) of vacuum and vacuum release. After
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2.4. Experimental design

impregnation the cork powders were allowed to stand
12 h in contact with ethanol (96% v/v). After this time the
ethanol was removed by centrifugation (10 min, 10.956 g,
20 ◦ C). The cork sediment obtained was used for the wine
fining experiments.

To study the performance of cork powders on removal
of VPs from spiked wines five different cork powder
samples were used at 250 g/hL (CKN, CKNI, CKF, CKFI,
CKFI75250) and for the CKFI75 an application dose of
500 g/hL was used (CKFI75500). The wine was previously
spiked at two levels of 4-EP (750 and 1500 µg/L –
medium and high, levels, respectively) and 4-EG (150
and 300 µg/L – medium and high levels, respectively)
according to the ranges usually found in the literature
[1, 15]. Corks were applied at 250 g/hL and one of them
at 500 g/hL (CKFI75500) for the wine added to 100-mL
plastic cups. After 6 days, the wine was centrifuged at
10.956 g, 10 min and 20 ◦ C for analysis. All experiments
were performed in duplicate.

2.2. Cork powder samples physicochemical
characterisation
2.2.1. Cork powder textural characterisation
Cork powders (CKN, CKF and CKFI75) were characterised in terms of their texture (surface area, porosity,
and pore-size distribution). The texture characteristics
were carried out by gas adsorption. The samples were
first oven dried at 150 ◦ C for 5 h. The adsorption
isotherms for N2 (purity >99.998%) at −196 ◦ C were
determined using a semiautomatic adsorption apparatus
Quantachrome Nova4200e.

2.5. Liquid-liquid extraction
The liquid-liquid extraction were performed using the
methodology described by Milheiro et al. [11], 2 mL
of internal standard (3,4-dimethylmephol 10 mg/L) was
added to 20 mL of centrifuged red wine placed in a falcon
tube. Then, 2 mL of organic solvent (pentane/diethyl ether
2:1) was added and this mixture was shaken horizontally
for 15 min at 400 rpm. Afterwards, the falcon tube was
centrifuged during 10 min at 4 ◦ C and 12000 rpm. Finally,
the organic layer was recovered and analysed by GC-MS.
All the determinations were repeated four times.

2.2.2. FTIR analysis
Natural cork powder (CKN) and dichloromethane and
ethanol extractive free cork powder (CKF) FTIR
spectra were recorded in the range of wavenumbers
4000–450 cm−1 , and 128 scans were taken at 2 cm−1
resolution using a Unicam Research Series FTIR
spectrometer. KBr pellets were used.

2.6. SPME analysis

2.2.3. X-ray diffraction analysis

The headspace aroma abundance was performed using
a validated method, previously tested in our laboratory [16]. Briefly the fibre used was coated with
Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 µm
(DVB/CAR/PDMS) and was conditioned before use by
insertion into the GC injector at 270 ◦ C for 60 min. To
a 20 mL headspace vial, 10 mL of wine treated with
the different cork powders, 2.5 g/L of NaCl and 50 µL
(500 mg/L) of 3-octanol us an internal standard were
added. The vial was sealed with a Teflon septum. The
selected fibre was inserted through the vial septum and
exposed during 60 min to perform the extraction by an
automatic CombiPal system. The fibre was inserted into
the injection port of the GC during 3 min at 270 ◦ C. All
analyses were performed in quadruplicate.

Powder X-ray diffraction (XRD) data were recorded
on solid samples using a PANalytical X’Pert Pro
X-ray diffractometer equipped with an X’Celerator detector and secondary monochromator. The measurements
were performed using Cu Kα radiation (40 kV; 30 mA) in
Bragg–Bentano geometry at a 7–60◦ 2θ angular range.
2.2.4. Determination of cork powder structure by
scanning electron microscopy (SEM)
Cork powder samples morphology was analysed using
the FEI Quanta 400 Scanning Electron Microscope (FEI
Company, USA) in environmental mode at 1.33 mbar
using a Large Field Detector (LFD). Cork powder samples
were applied on carbon glue and let dry at room
temperature. An accelerating voltage of 15 kV was used.

2.7. GC-MS analysis
Gas chromatographic analyses were performed using a
Trace GC Ultra as GC system with a Polaris Q mass
spectrometer and equipped with an AS 3000 autosampler.
Injections of 5 µL were in the splitless mode during 2 min.
Separation was carried out using a ZB-5 Inferno column
(30 m × 0.25 mm, 0.25 µm film thickness) with a flowrate of 1 mL/min of helium as a carrier gas. The oven
temperature program was: 40 ◦ C for 5 min then raised to
155 ◦ C at 5 ◦ C/min, then raised for 300 ◦ C at 20 ◦ C/min and
held at that temperature for 1 min, while the temperature
of the injector was 250 ◦ C. The mass spectrometer
was operated with selected-ion-monitoring (SIM) mode.
Monitored ions are: m/z 107 for 4-ethylphenol, m/z 122
for 3,4-dimethylphenol and m/z137 for 4-ethylguaiacol.
Identification ion is m/z 77. Quantification was performed
by the internal standard method.

2.2.5. Determination of the accessible area using
the iodine number
The determination of iodine number was performed
according to the European Council of Chemical Manufacturers Federations protocols [14].
2.3. Characteristics of the wine
Red wine from Douro Valley (vintage 2016) were used
in this work. The main characteristics of the wine used:
alcohol content (% v/v) 13.0, specific gravity (20 ◦ C)
(g/mL) 0.9920, titratable acidity (g tartaric acid/L) 5.8, pH
3.77, and volatile acidity (g acetic acid/L) 0.56. Analyses
were performed in duplicate.
2
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2.8. Quantification of non-flavonoids, flavonoids
and total phenols

10

The wine phenolic content was quantified using the
absorbance at 280 nm before and after precipitation of the
flavonoid phenols, through reaction with formaldehyde,
according to Kramling and Singleton [17]. The results
were expressed as gallic acid equivalents by means of
calibration curves with standard gallic acid. The total phenolic content was also determined by a spectrophotometric
method, using a UV-vis spectrophotometer according to
[18]. All analyses were performed in duplicate.
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Figure 1. Adsorption isotherms of cork powders (N2 , −196 ◦ C).
Natural cork powder (CKN – black), dichloromethane and
ethanol extractive free cork powder (CKF – red) and
dichloromethane and ethanol extractive free cork powder with a
particle size below 75 µm (CKF75 – green).

2.9. Sensory evaluation
Sensory analysis was performed by a panel composed
by six experts [19]. Fifteen attributes were selected:
visual (limpidity, hue, colour intensity and oxidised),
aroma (fruity, floral, vegetable, phenolic and oxidised
aroma) and taste and tactile/textural descriptors (taste –
bitterness, acidity, tactile/textural – astringency, body,
balance and persistence) using an adapted tasting sheet
based on that recommended by the OIV (http://www.
oiv.int/ public/ medias/ 3307/ reviewonsensoryanalysis-of-wine.pdf). All evaluations were conducted from 10:00 to 12:00 p.m. in an individual booth
[20] using the recommended glassware according to [21].

A

B

Figure 2. Structure of cork as observed by SEM in the two main
sections: A) tangential section, perpendicular to the tree’s radial
direction; B) transverse section, perpendicular to the tree’s axial
direction (adapted from [27]).

2.10. Statistical treatment
Statistically significant differences between means were
determined by analysis of variance (ANOVA, one-way)
followed by Tukey’s honestly significant difference (HSD,
5% level) post-hoc test for the physicochemical data and
a post-hoc Duncan test for sensory data. All analyses were
performed using Statistica 7 Software (StatSoft, Tulsa, OK
U.S.A.). Multiple Factor Analysis (MFA, XLSTAT-RIB)
was performed using XLSTAT (Addinsoft, Anglesey, UK).

to the class of nonporous or macroporous solids, according
to Brunauer classification [22]. The Table 1 adapted from
Filipe-Ribeiro et al. [23], presents the parameters obtained
through analysis of the N2 isotherms by the BET equation
and t-method.

3. Results and discussion

The cork powder samples presented very low SBET ,
although the CKF75 presented an almost 34-fold increase
in this parameter. Also, the volume of micropores was very
low, and again CKF75 presented a twofold increase in the
micropore volume. These low values of SBET and volume
of micropores of the cork samples are in accordance
with previous results [24]. The FTIR bands, based on
previous work [25]. These results show that the major
components of the cork powder, namely suberin, lignin and
polysaccharides, were not changed due to the extraction of
CKN with dichloromethane and ethanol, and that sieving
allowed to obtain cork particles with similar composition
to the initial CKF [23]. The X-ray diffraction pattern of
cork powder samples displayed a broad amorphous halo
(broad halo centred ca. 2θ ≈ 21.2◦ ), typical of amorphous
materials. In the original cork powder, some small but clear
peaks are observed in the spectra that disappeared with the
removal of dichloromethane and ethanol extractives [23].
By SEM analyses, the cork material is compact, devoid
of intercellular spaces, and with a regular honeycomb
organisation (Fig. 2). This material is composed by dead
parenchymateous cells with voids, prismatic, air-filled
interiors, hexagonal on average, and are arranged base-tobase in an alignment oriented in the tree’s radial direction
[26].

3.1. Physicochemical characterisation of cork
material
Natural cork powder (CKN) was initially treated to remove
the dichloromethane and ethanol cork extractives (9.9%
of dichloromethane and ethanol extractives, CKF). The
CKF was further sieved in other to obtain cork powder
with a particle size below 75 µm (29% of the CKF,
CKF75). The N2 adsorption isotherms were determined
to evaluate the specific surface area and porosity features
of these three cork powder samples. Isotherms of all cork
powders are of Type III (Fig. 1), belong to the class of
nonporous or macroporous solids, according to Brunauer
classification [22]. The Table 1 presents the parameters
obtained through analysis of the N2 isotherms by the BET
equation and t- method. Natural cork powder (CKN) was
initially treated to remove the dichloromethane and ethanol
cork extractives (9.9% of dichloromethane and ethanol
extractives, CKF). The CKF was further sieved in other
to obtain cork powder with a particle size below 75 µm
(29% of the CKF, CKF75). The N2 adsorption isotherms
were determined to evaluate the specific surface area and
porosity features of these three cork powder samples.
Isotherms of all cork powders are of Type III [23], belong
3
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Table 1. Surface area (SBET ), micropore volume (Vmicro ) and pore diameter (Dp) as determined from N2 Isotherms at −196 ◦ C for cork
powder samples (Adapted from [23]).
Samples
CKN
CKF
CKF75

SBET
(m2 /g)
0.257 ± 0.1a
0.259 ± 0.1a
8.805 ± 2.0b

Smeso
(m2 /g)
–
–
–

Vp
(cm3 /g)
–
–
–

Vmicro
(cm3 /g)
0.006 ± 0.001a
0.005 ± 0.002a
0.011 ± 0.05b

Dp
(nm)
3.55 ± 0.08a
3.57 ± 0.08a
3.56 ± 0.08a

CKN (Natural cork powder), CKF (Cork powder free of extractives) and CKF75 (Cork powder free of
extractives below 75 µm).

Table 2. Amount of 4-EP and 4-EG (µ g/L) removed from wines at two spiked levelsa of impregnated, dichloromethane and ethanol
extractive free cork powders (CKFI) and cork powder below 75 µm size particles (CKFI75) at 250 g/hL application dose.
Wine spiked levels
Factor
CKFI
CKFI75
p value

Medium
4-EP
306.0 ± 2.3
309.8 ± 16.5
0.6643

4-EG
60.5 ± 1.6
75.3 ± 2.6
0.0001

High
4-EP
4-EG
1036.5 ± 18.1 149.1 ± 3.3
931.5 ± 25.5
158.1 ± 6.3
0.0005
0.0446

a
Values are presented as mean ± standard deviation; medium spiked level (750 µg/L for 4-EP and
150 µg/L for 4-EG); high spiked level (1500 µg/L for 4-EP and 300 µg/L for 4-EG).

Table 3. Amount of 4-EP and 4-EG (µg/L) removed from wines at two spiked levelsa with impregnated dichloromethane and ethanol
extractive free cork powder with particles size below 75 µm (CKFI75) at 250 g/hL and 500 g/hL application dose.
Wine spiked level
Dose
250 g/hL
500 g/hL
p value

Medium
4-EP
4-EG
309.8 ± 16.5
75.3 ± 2.6
378.8 ± 12.0 102.9 ± 2.0
0.0005
0.0001

High
4-EP
4-EG
931.5 ± 25.5
158.1 ± 6.3
1122.0 ± 22.5 201.9 ± 5.7
0.0001
0.0001

a
Values are presented as mean ± standard deviation; medium spiked level (750 µg/L for 4-EP and
150 µg/L for 4-EG); high spiked level (1500 µg/L for 4-EP and 300 µg/L for 4-EG).

3.2. Evaluation and optimisation of cork
performance to remove volatile phenols from
red wine

the original cork material. For both impregnated cork
materials (CKNI, CKFI), the removal efficiency increased
with the wine spiked levels from 36% to 59% and 41% to
69% for 4-EP for CKNI and CKFI, respectively. The same
trend was observed for 4-EG (29% to 45% and 40% to 50%
for CKNI and CKFI, respectively. The Table 2 shows the
amount of 4-EP and 4-EG removed by CKFI and CKFI75.

CKN was able to reduce significantly the amount of
VPs from spiked wine for both contamination levels.
The removal efficiency of VPs increased with the
contamination levels, nevertheless the percentage of VPs
removal decreased with increased contamination level
(4-EP 11% to 7.2% and 4-EG from 6.1% to 3.5%). The
removal of extractives from the cork powder material
with dichloromethane and ethanol (CKF) increased the
removal efficiency of the cork material for both VPs
and contamination levels (2.1 and 6.8 times higher
removal, for the medium and high contamination level).
Contrary to CKN, for CKF the percentage of VPs removal
increased with the wine contamination levels (4-EP 22%
to 49% and 4-EG 13% to 24%). As natural cork material
contains significant amounts of air entrapped in its hollow
parenchymateous death cellular structure, and water has a
very small diffusion coefficient in cork [28] the air from
cork samples (CKN and CKF) was removed and the cork
was impregnated with ethanol by vacuum impregnation
by repeated degassing cycles (11 times) of cork powder
immersed in ethanol (CKNI, CKFI). The impregnation of
cork with ethanol increased significantly the VPs removal
efficiency for both CKN and CKF, although the increase
was higher for CKNI than for CKFI when compared with

3.2.1. Effect of cork powder particle size and
application dose on the removal of volatile phenols
from red wine
In order to evaluate the effect of the particle size of
the cork powder in the removal efficiency of ethanol
impregnated cork free extractives (CKFI), CKF was sieved
in order to obtain a particle size lower than 75 µm. The
decrease in particle size increased only slightly, although
significantly, the removal efficiency of VPs, except for
4-EP for the higher contamination level (Table 3). The
increase in the application dose of CKFI from 250 g/hL to
500 g/hL only increased in average 21% and 33% removal
for 4-EP and 4-EG, respectively (Table 3). These results
suggest that although the amount of adsorbent added was
increased twofold the removal efficiency of VPs only
increased marginally, suggesting that probably some VPs
are present in wine adsorbed more strongly with other wine
components precluding their adsorption on the CKFI75.
4
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Figure 4. Impact of different cork powder treatments on chromatic characteristics (CKNI, CKFI, CKFI75250, CKFI75500).

Figure 6. Sensory impact of cork powder treatment relative to
untreated wine (scale 1–5) (T0 – burgundy colour), spiked red
wine at medium contamination (TF – grey colour) and treated
wine (CKFI75250 at 250 g/hL – green colour).

3.3. Effect of natural, extractive free and solvent
impregnated cork powder and application doses
on abundance of headspace aroma compounds

cork powder does not change significantly, the red wine
phenolic composition [27].

The application of CKN to red wine didn’t decrease
significantly the total abundance of headspace aroma
compounds in relation to spiked red wine (TF).
As observed previously the air removal and ethanol
impregnation of both cork samples increased significantly
the decrease observed for the total headspace aroma
abundance (CKNI 32% and CKFI 37%). Again, the
decrease in the particle size of the CKF differ significantly
on the removal of headspace aroma compounds relative
to CKFI75250 [27]. The duplication in application dose
of CKFI75 resulted in a significant decrease of the total
abundance of headspace aroma by more 29% (Fig. 3).

3.5. Impact of wine chemical composition on
sensory profile of red wine treated with
extractive free and ethanol impregnated cork
powder and application doses
There was observed a significant sensory quality
improvement with cork powder treatment, principally with
CKFI75250 relative to the spiked wine (TF) (Fig. 6). There
was observed a significant difference ( p < 0.05) in the
fruity, floral and phenolic attributes between the 3 wines
(T0, TF and CKFI75250). The wine that present better
sensory performance was the untreated wine, next, was the
wine treated with optimised cork powder (CKFI75250),
that present more fruity and floral character relative to the
spiked wine (TF), presenting at the same time less phenolic
character. These results show the positive sensory effect of
the treatment with the otimised cork powder.

3.4. Effect of natural, extractive free and ethanol
impregnated cork powder and application doses
on wine chromatic characteristics and phenolic
compounds
The impact on red wine chromatic characteristics was
lower in almost of the cork powder treatments, where
CKF75250 shows identical results in almost parameters
comparative to the untreated wine (Fig. 4).
In total anthocyanins, there was observed only a
significant difference in CKNI, relative to the untreated
wine, with the other treatments presenting very low
impact in this parameter (Fig. 5). Identical results were
observed in malvidin-3-glucoside. On contrary, in total
phenols were observed a significant difference ( p < 0.05)
between CKNI and CKFI, CKFI75250 and CKFI75500),
with CKFI, CKFI75250 and CKFI75500, showing the
lower total phenols content relative to the untreated
wine, however the absolute total phenols content is
slight different in all samples, that means that otimised

4. Conclusions
Cork powder, an abundant by-product of the cork stopper
industry, can be a cheap, natural, sustainable and highly
efficient fining agent for removing VPs and to improve
the sensory quality of VPs spiked wines. The cork powder
efficiency was improved by removing the dichloromethane
and ethanol extractives from cork and more importantly
by removing air from cork parenchymateous cellular
structure and replacing it by ethanol. Cork powders didn’t
impact strongly on wine phenolic acids and monomeric
anthocyanins profile, nevertheless they had an impact
on the aroma compounds, decreasing their headspace
aroma abundance. However, there was observed a recover
5
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of the sensory quality in the treated wine, principally
with CKFI75250, presenting more fruit and floral aroma,
and the less phenolic character. These results show that
otimised cork powder can be a good solution for the
efficient removal of negative VPs, without impacting
negatively on the red wine quality.
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