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Abstract
Background and Aims: Grapegrowers and winemakers, around the world, are searching for strategies to mitigate the
compositional and sensory consequences of grapevine exposure to smoke from wildfires. This study evaluated the use of
activated carbon fabrics as protective coverings to mitigate the uptake of smoke-derived volatile phenols by grapes, and
accordingly, the intensity of smoky, ashy characters in wine.
Methods and Results: Smoke was applied toMataro grapes, with andwithout individual bunches being enclosed in bags made
from three activated carbon fabrics (felt, light cloth and heavy cloth).Winemade from smoke-exposed grapes had an elevated con-
centration of volatile phenols, but the composition ofwinesmade fromgrapes protected by activated carbon fabric was comparable
to that of theControl wine; the difference in concentration of guaiacol, o- andm-cresol and/or syringolwas only 1 μg/L.Winemade
from smoke-exposed grapes had diminished fruit and prominent smoke characters, whereas the sensory profile of the wines
corresponding to activated carbon fabric treatments could not be differentiated from that of the Control wine. Analysis by GC/MS
of the activated carbon fabrics following repeated smoke exposure confirmed their adsorption of smoke volatiles.
Conclusions: The activated carbon fabrics successfully protected Mataro grapes and wine from being tainted by smoke exposure.
Significance of the Study: This study demonstrates a promising new technology for overcoming smoke taint, an issue of
major concern for grape and wine producers worldwide.
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Introduction
Climate change has become a major challenge for grape and
wine producers around the world (van Leeuwen and
Darriet 2016). Increased temperature during the growing sea-
son affects fruit composition and ripening (Kliewer and
Torres 1972, Coombe 1987), while water stress (because of
decreased rainfall and/or warmer temperature) impairs vine
growth and photosynthesis, reduces yield and affects fruit
composition and quality (Hsiao 1973, Mendez-Costabel
et al. 2014, Gambetta 2016). The frequency of extreme
weather events is also increasing (Intergovernmental Panel on
Climate Change 2014), including the occurrence of bushfires
in or near prominent wine regions (Larsen 2009, Mirabelli-
Montan et al. 2021). In the last few years, wine regions in
Australia, New Zealand, the USA, Canada, Chile and
South Africa have experienced major fires (Walpole 2020,
Mirabelli-Montan et al. 2021, Romano 2021), with devastating
consequences. Where fires burn through vineyards, the radi-
ant heat can scorch the leaves, fruit, trunks and buds of grape-
vines (Whiting 2012, Collins et al. 2014), and depending on
the intensity of the fire, heat-damaged vines may require
remedial pruning to aid recovery (Collins et al. 2014), or

removal and replanting (Whiting 2012). Vineyards are more
likely, however, to be affected by smoke, which can taint
grapes and therefore wine (Krstic et al. 2015, Ristic et al. 2016,
Mirabelli-Montan et al. 2021), depending on the density of
smoke (Szeto et al. 2020) and the timing and duration of
smoke exposure (Kennison et al. 2009, 2011). Wine is deemed
to be smoke tainted when it displays unpalatable smoky,
burnt, medicinal, burnt rubber aromas and flavours, and a
drying, ashy aftertaste (Kennison et al. 2008, Parker
et al. 2012, Ristic et al. 2016, Szeto et al. 2020). In 2020, an
estimated 4% of the Australian winegrape crop was discarded
because of smoke taint (Walpole 2020), while the California
harvest was reportedly down nearly 14% (Romano 2021).
The resulting revenue losses are estimated to be in the hun-
dreds of millions of dollars (Walpole 2020, Romano 2021).

Smoke taint occurs because volatile organic compounds
present in smoke are absorbed by grapes when smoke from
bushfires or prescribed burns drifts into vineyards (Krstic
et al. 2015, Mirabelli-Montan et al. 2021), including volatile
phenols derived from thermal degradation of lignin in plants
(Wittkowski et al. 1992), which are thought to be responsi-
ble for the characteristic aromas of smoke (Kennison et al.
2008, Parker et al. 2012, Ristic et al. 2016, Szeto et al.
2020). Following exposure of grapevines to smoke, volatile
phenols accumulate in grapes (and leaves) in glycoconjugate*The authors declare no competing interests.
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precursor forms (Hayasaka et al. 2010, Ristic et al. 2016,
Noestheden et al. 2018a, van der Hulst et al. 2019, Szeto
et al. 2020); their glycosylation by endogenous enzymes
mitigates toxicity and the potential for cellular damage
(Song et al. 2018). The presence of these volatile phenols
and their glycoconjugates is measured, respectively, by
GC/MS and liquid chromatography/MS methods (Pollnitz
et al. 2004, Dungey et al. 2011, Hayasaka et al. 2013,
Noestheden et al. 2018b), and used as compositional
markers of smoke taint in grapes and wine.

Various strategies for mitigating the chemical and sensory
effects of grapevine exposure to smoke have been evaluated,
both preventative measures applied in the vineyard (Ristic
et al. 2013, Favell et al. 2019, 2021, van der Hulst et al. 2019,
Mirabelli-Montan et al. 2021) and remedial measures applied
in the winery (Fudge et al. 2011, 2012, Ristic et al. 2011,
Culbert et al. 2021, Mirabelli-Montan et al. 2021, Modesti
et al. 2021a,b). Among them, the removal of smoke-derived
volatile compounds (and their glycosides) using adsorbent
materials such as activated carbon (AC), either from juice
(Culbert et al. 2021) or wine (Fudge et al. 2011, 2012),
remains the most effective amelioration strategies. Neverthe-
less, preventing the initial uptake of smoke volatiles by grapes
would be preferable to strategies that ameliorate smoke-
tainted grapes or wine, because of the potential loss of
desirable wine constituents. Several recent studies involving
the application of protective sprays to grapevine fruit and
foliage (Favell et al. 2019, 2021, van der Hulst et al. 2019)
and postharvest ozonation of smoke-affected grapes (Modesti
et al. 2021a,b) report promising results, that is a significantly
reduced concentration of smoke taint marker compounds in
grapes or wine and/or less intense smoke-related sensory attri-
butes in wine. The efficacy of these methods, however, is still
under investigation, because divergent results were obtained
when field trials were repeated in different growing seasons
and/or with different cultivars. The need for vineyard-based
strategies that mitigate the risk of smoke taint in grapes there-
fore remains an imperative.

Activated carbon is a popular adsorbent used by various
industries for environmental remediation, including solvent
recovery, wastewater treatment and air and water purifica-
tion (Chen 2017). It is produced in different forms (pow-
ders, granules, pellets) from waste organic materials, such as
wood, coal and coconut shells via thermochemical processes
(carbonisation and activation) (Foo and Hameed 2009,
Chen 2017). Activated carbon can also be mixed and
extruded with fibre polymers to produce AC fabrics, includ-
ing felt and cloth, which are used for air filtration and in
personal protective clothing (Chen 2017). The high surface
area, pore volume and adsorption capacity of AC are well
established (Chen 2017), along with the adsorption affinity
of different contaminants for AC, including phenolic com-
pounds (Dabrowski et al. 2005). The current study sought
to exploit these physicochemical properties and validate the
potential for AC fabrics to be used as protective coverings to
mitigate the risk of smoke taint in grapes and wine, that is
their efficacy for preventing the uptake of smoke-derived
volatile phenols by grapes, and accordingly, the perception
of smoky, ashy characters in wine.

Materials and methods

Mitigation trials
Mataro grapes (50 kg) were hand-harvested at commercial
maturity (TSS 26�Brix) from a vineyard at The University of

Adelaide’s Waite Campus (in Urrbrae, SA, Australia,
34�58002.500S, 138�38001.000E). Grape bunches were ran-
domly allocated to five replicate fruit parcels (�50 bunches,
10 kg each). One parcel was set aside as a Control (i.e. fruit
was not exposed to smoke), while four parcels were
exposed to smoke (for 15 min) using a purpose-built smoke
chamber (Figure S1), with smoke generated by burning bar-
ley straw (100 g) in a commercial fire box smoker. Immedi-
ately prior to smoke exposure, bunches from three of the
fruit parcels were enclosed in bags made from three differ-
ent AC fabrics (Nature Technologies, Hangzhou, China); a
1 mm felt and two 0.4 mm cloths of light and heavy weave,
with a nominal surface area of 1000, 900 and 1200 m2/g,
respectively. The �20 � 25 cm bags were made (in-house)
by folding rectangular pieces of AC fabric in half and
stitching the two adjacent sides together. Bags were then
positioned over individual bunches and the fabric at the top
of the bag gathered tightly around the rachis stem and held
in place with a bulldog clip that was then used to suspend
the bunch on a rack inside the smoke chamber. Following
smoke exposure, grapes (30 berries from three replicate
bunches per treatment, chosen randomly) were sampled for
GC/MS analysis. The remaining bunches from each fruit
parcel were then randomly allocated to three winemaking
replicates and fermented according to small-scale
winemaking protocols (Holt et al. 2006).

An additional parcel of Mataro grapes (80 bunches) was
hand-harvested for use in a separate trial, during which the
different AC fabric bags (in duplicate) were repeatedly
exposed to smoke (10 � 15 min smoke applications, as
above). A fresh bunch of grapes was placed in each bag
before each smoke application; two uncovered bunches
were also exposed to smoke during each application. Strips
of each AC fabric (�2 � 12 cm) were also subjected to
repeated smoke exposure. Following each smoke applica-
tion, grapes (30 berries per bunch per treatment, chosen
randomly) were again sampled for GC/MS analysis.

Chemical analysis of grapes, wine and AC fabrics
Volatile phenols were quantified in grapes and wine using
an Agilent 6890N GC coupled to a 5973N mass selective
detector (Agilent Technologies, Palo Alto, CA, USA), and
with established stable isotope dilution analysis methods
(Pollnitz et al. 2004, Hayasaka et al. 2013). Basic wine
chemistry parameters (pH, TA, volatile acidity, alcohol)
were measured by Fourier transform infrared (FTIR) spec-
troscopy using a Foss Wine Scan (Mulgrave, Vic., Australia).
Wine colour and total phenolic compounds were measured
using the modified Somers method (Mercurio et al. 2007).

Control and smoke-exposed strips of each AC fabric
were analysed using different physicochemical techniques.
Morphology and elemental composition were examined by
scanning electron microscopy (SEM) coupled with energy
dispersive X-ray (EDX) analysis (FEI Quanta 450 FEG, USA;
Ultim Max, Oxford Instruments, Abingdon, England).
Chemical structures were determined by FTIR (Nicolet
6700, Thermo Fisher Scientific, Melbourne, Vic., Australia),
with measurements of crystalline forms collected in the
range of 2θ = 10–80� (scanning at 10�/min). Raman spectra
(LabRAM HR Evolution, Horiba Jvon Yvon Technology,
Kyoto, Japan) were acquired between 1200 and 1500 cm�1,
using a 532 nm laser, to analyse vibrational characteristics.

Headspace solid-phase microextraction (SPME) GC/MS
analysis was performed on an Agilent 6890N GC coupled to
a 5973N mass selective detector (Agilent Technologies, Forest
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Hill, Vic., Australia). The SPME fibre [2 cm Supelco
DVB/CAR/PDMS (Merck, Bayswater, Vic., Australia)] was
exposed into a vial containing the pre-cut fabric (�1 cm2) for
30 min at 50�C, with agitation (500 rpm), using a Gerstel
MPS2 autosampler (Lasersan Australasia, Tanunda, SA, Aus-
tralia). The fibre was then desorbed in the GC inlet at 240�C
for 15 min in pulsed splitless mode with a pulsed pressure of
310 kPa for 0.5 min. The GC oven had a 60 m J&W DB-Wax
UI column (0.25 mm ID, 0.25 μm DF, Agilent Technologies)
and was started at 40�C for 5 min, then increased to 240�C at
4�C/min and maintained at this temperature for 10 min, with
a column flow of 1.5 mL/min; ultra-high purity helium was
used as the carrier gas (BOC, Mile End, SA, Australia). The
auxiliary temperature was held at 240�C throughout the run
and the MS scan range was m/z 35–350 for the duration of
the run. A series of alkanes (C7–C40) were injected at the
end of the run to determine linear retention indices of each
of the compounds detected.

Sensory analysis of wine
The wine replicates from each treatment were assessed by
three sensory experts from The University of Adelaide to
ensure there were no faults or obvious differences among
replicates. Replicates were then blended and their sensory
profiles determined using the Rate-All-That-Apply method
(Danner et al. 2018) and a panel comprising staff and stu-
dents from The University of Adelaide and The Australian
Wine Research Institute and regular wine consumers
(n = 51, 16 male and 35 female, aged between 23 and
67 years). Panellists rated the intensity of 19 aroma, flavour,
taste and mouthfeel attributes adapted from previous smoke
taint studies (Ristic et al. 2016, Szeto et al. 2020) using a 7-
point scale (where 0 = ‘not perceived’, 1 = ‘extremely low’
and 7 = ‘extremely high’). Sensory evaluation was under-
taken under controlled conditions in a purpose-built sensory
laboratory, with wine samples (30 mL) presented
monadically in covered, three-digit-coded 215 mL stemmed
glasses, using a randomised order across panellists. Panellists
rested for at least 1 min between samples, with water and
plain crackers provided as palate cleansers. Data were
acquired with RedJade software (Redwood Shores, CA,
USA). Sensory panellists gave informed consent before par-
ticipating in the study, which was approved by the Human

Research Ethics Committee of The University of Adelaide
(ethics approval no. H-2019-095).

Statistical analysis
Chemical and sensory data were analysed by ANOVA using
GenStat (19th edition, VSN International, Hemel Hempsted,
England) and XLSTAT (version 2018.1.1, Addinsoft, New
York, NY, USA), respectively. Mean comparisons were per-
formed by Fisher’s least significant difference multiple com-
parison test at P = 0.05.

Results and discussion

Smoke and AC fabric treatments influence wine composition
and sensory profiles
The composition and sensory profile of wines made from
Control and smoke-exposed Mataro grapes were compared
to evaluate to what extent enclosing grape bunches in AC
fabric bags mitigated the effects of smoke exposure, with
volatile phenols measured as chemical markers of smoke
taint (Table 1). Guaiacol, o-cresol and syringol were detected
in the Control wine at 2, 1 and 6 μg/L, respectively, in
agreement with previous studies that have reported volatile
phenols (and their glycosides) as natural constituents of
grapes from some cultivars (Hayasaka et al. 2013, Ristic
et al. 2013, 2016, Noestheden et al. 2018b, Szeto
et al. 2020). In contrast, the wine made from smoke-
affected grapes had an increased concentration of each of
the volatile phenols measured, but guaiacol, o- and m-cresol
and syringol in particular, which were detected at a concen-
tration of 16, 11, 9 and 21 μg/L, respectively. The concentra-
tion of volatile phenols in wines corresponding to the AC
fabric treatments was similar to that of the Control wine,
and only an increase of 1 μg/L in guaiacol, o- and m-cresol
and/or syringol was observed (Table 1). These results indi-
cate the AC fabrics successfully protected the grape bunches
from exposure to smoke.

Whereas the sensory profile of the Control wine was
largely characterised by fruit aromas and flavours, exposing
Mataro grapes to smoke resulted in wine with diminished
fruit intensity and prominent smoke, cold ash, medicinal
and burnt rubber aromas, smoky flavour and an ashy after-
taste (Figure 1). The wines corresponding to the AC fabric
treatments, however, exhibited a sensory profile that was
comparable to that of the Control wine (Figure 1, Table S1),

Table 1. Composition of wines made from Control and smoke-affected Mataro grapes, with and without bunches being enclosed in activated carbon fabric
bags during smoke exposure.

Control Smoke AC fabric (felt) AC fabric (light) AC fabric (heavy) P-value

Guaiacol (μg/L) 2 b 16 a 3 b 3 b 2 b 0.001
4-Methylguaiacol (μg/L) n.d. 4 n.d. n.d. n.d. —
o-Cresol (μg/L) 1 b 11 a 2 b 1 b 2 b 0.001
m-Cresol (μg/L) n.d. 9 a 1 b 1 b 1 b 0.001
p-Cresol (μg/L) n.d. 2 n.d. n.d. n.d. —
Syringol (μg/L) 6 b 21 a 7 b 7 b 6 b 0.001
4-Methylsyringol (μg/L) n.d. 4 n.d. n.d. n.d. —
pH 3.3 3.3 3.3 3.3 3.3 n.s.
TA (as g/L of tartaric acid) 8.3 8.9 8.9 8.7 9.0 n.s.
Alcohol (% v/v) 14.8 a 14.8 a 14.1 b 14.4 b 14.2 b 0.005
Wine colour density (a.u.) 9.0 a 9.1 a 7.2 b 7.7 b 7.6 b 0.003
Wine hue 0.58 0.58 0.58 0.59 0.59 n.s.
Anthocyanins (mg/L) 350 a 356 a 295 b 311 b 316 b <0.001
Total pigments (a.u.) 20.0 a 20.2 a 16.7 b 17.6 b 17.8 b <0.001
Total phenolics (a.u.) 36.7 a 37.3 a 30.7 c 32.0 bc 33.3 b <0.001

Values are means of three replicates (n = 3); n.d., not detected. Different letters (within rows) indicate statistical significance (P = 0.05); n.s., not significant; AC, activated
carbon.
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irrespective of the fabric type (i.e. felt vs light or heavy
cloth). These results showed good agreement with composi-
tional data (Table 1) and further validated the potential for
the AC fabrics to be used as protective coverings to mitigate
smoke exposure, and thus, the risk of smoke taint. Previous
studies evaluated partial defoliation of grapevines before or
after smoke exposure (Ristic et al. 2013), the application of
protective sprays to grapevine foliage (Favell et al. 2019,
2021, van der Hulst et al. 2019), in-canopy misting during
smoke exposure (Szeto et al. 2020), washing grapes after
smoke exposure (Noestheden et al. 2018b) and postharvest
ozonation of smoke-affected grapes (Modesti et al. 2021a,b)
as potential strategies for mitigating smoke taint in grapes,
with limited to moderate success. None of the mitigation
strategies employed to date have shown the efficacy
afforded by the AC fabric bags in the current study.

Following the mitigation trial, fibres from the AC fabrics
were observed adhering to grape bunches and were therefore
retained during fermentation. Subsequent analysis of basic wine
chemical parameters [pH, TA, alcohol, colour and phenolic
compounds (Table 1)] identified decolourisation as a potential
shortcoming of the AC fabrics. The propensity for AC to adsorb
anthocyanins from red wine is well established (Singleton and
Draper 1962), and along with stripping of aroma volatiles
(Waterhouse et al. 2016), is a key consideration when AC is
used as a fining agent during wine production, including the
use of AC for the amelioration of smoke-tainted wine (Fudge
et al. 2012, Culbert et al. 2021). In the current study, a small
but statistically significant loss of colour (measured as wine col-
our density, anthocyanins and total pigments) was observed in
wines corresponding to AC fabric treatments, relative to the
Control (Table 1), and attributed to adsorption of anthocyanins
and pigmented polymers by AC fibre residues. As a conse-
quence, the concentration of total phenolics of these wines was
also significantly lower than that of the Control and smoke-
affected wines. The AC fabric treatments apparently resulted in

wines with a significantly lower alcohol concentration
(Table 1), but this was attributed to a difference in the TSS of
the fruit parcels, which varied by up to 0.8�Brix (Table S2). All
wines were fermented to dryness, that is residual sugar concen-
tration was <1 g/L. Importantly, the observed difference in alco-
hol concentration (≤0.7% v/v) was not expected to impact
wine sensory evaluation. No significant difference in wine pH
or TA was observed (Table 1).

Activated carbon fabrics protect grapes during repeated
smoke treatments
In a subsequent experiment, the AC fabric bags were sub-
jected to ten successive smoke treatments to evaluate how
many times they could be re-used before they became satu-
rated with smoke. The profile of the volatile phenols of
Mataro grapes was compared following alternate smoke treat-
ments (Figure 2, Table S3), again with and without bunches
being enclosed in the different AC fabric bags during smoke
exposure. None of the volatile phenols measured were
detected in Control grapes (Table S3), but an elevated concen-
tration of volatile phenols (up to 53 μg/kg) was observed in
smoke-affected grapes without protective coverings; guaiacol,
o- and m-cresol and syringol were again the most abundant
volatile phenols, in agreement with wine compositional data
(Table 1). Some variation in the concentration of grape vola-
tile phenols was observed between smoke treatments, for
example the concentration of guaiacol and syringol ranged
more than twofold, that is from 20 to 53 and 21 to 46 μg/kg,
respectively (Figure 2). Statistical analysis confirmed that
smoke-affected grapes from the eighth successive smoke treat-
ment had a significantly higher concentration of volatile phe-
nols (P < 0.0001; Figure 2, Table S3), indicative of increased
smoke exposure. Given the duration of each smoke treatment
was standardised, at 15 min per treatment, the observed vari-
ation in grape volatile phenols likely reflected differences in

Figure 1. Sensory profiles of wines made from Control and smoke-affected Mataro grapes, with and without bunches being enclosed in activated carbon
(AC) fabric bags during smoke exposure. Control ( ); smoke ( ); AC fabric (felt) ( ); AC fabric (light) ( ); AC fabric heavy ( ); A, aroma; F,
flavour; AT, aftertaste; *Statistical significance (P = 0.05).
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the density of replicate smoke treatments, because of incom-
plete combustion of fuel and/or loss of smoke to the sur-
rounding environment. Nevertheless, grapes enclosed in AC
fabric bags during the eighth smoke treatment did not absorb
a significant concentration of smoke-derived volatile phenols,
despite the apparent increased level of smoke exposure for
that treatment. Guaiacol was detected at the same concentra-
tion (2 μg/kg) as early smoke treatments, while 1 μg/kg of
syringol was detected in one grape sample (corresponding to
the lighter AC fabric bag treatment). An increased concentra-
tion of guaiacol, o- and m-cresol and syringol was detected
only in grapes enclosed in protective coverings during the
sixth and tenth smoke treatments. In the case of the sixth

smoke treatment, this was attributed to some small tears in
the AC fabrics, which may have compromised the protection
afforded by the bags. The tears were patched with adhesive
tape prior to further smoke treatments, after which they effec-
tively mitigated the uptake of volatile phenols by grapes once
more. In the case of the tenth smoke treatment, the presence
of smoke-derived volatile phenols in grapes suggested either
permeation of smoke because of further tearing of the AC fab-
rics or reduced efficacy of protective coverings, possibly
because of saturation with smoke. Even during these treat-
ments, however, the AC fabric bags still mitigated the uptake
of volatile phenols by grapes by 80–90% (Figure 2, Table S3).
These results suggest the AC fabrics adsorbed smoke particles,
thereby preventing contamination of grapes. Adsorption of
smoke might account for the 5.6, 1.9 and 3.7% increase in
mass observed for the strips of each AC fabric (the 1 mm felt
and two 0.4 mm cloths of light and heavy weave, respec-
tively), following exposure to ten successive smoke
treatments.

The AC fabric strips were subjected to a range of physi-
cochemical analyses to evaluate compositional changes
because of repeated smoke exposure. Surface characterisa-
tion, however, by SEM, EDX analysis, X-ray diffraction
(XRD) analysis, FTIR and Raman spectroscopy did not pro-
vide conclusive evidence of smoke adsorption by the AC
fabrics. Scanning electron microscopy confirmed the surface
of fabric fibres was coated with AC (Figure S2), while EDX
analysis confirmed carbon (86.42–93.90%) and oxygen
(5.8–11.06%) as the main chemical elements of the AC fab-
rics (Table S4), in agreement with previous research
(Medellín-Castillo et al. 2021). Small changes in elemental
composition occurred with repeated smoke exposure, but
an increase in oxygen content for the heavier AC fabric
(from 5.80 to 8.74%) was the only statistically significant
compositional change detected. Spectral analyses
(Figure S3) indicated the surface chemistry of samples was
preserved during smoke exposure, that is there was no evi-
dence of new functional groups or chemical binding.
Irrespective of smoke exposure, the XRD patterns of AC fab-
ric fibres each had two broad diffraction peaks at 2θ = 24�

and 43� (Figure S3b), consistent with graphitic carbon
(Xu et al. 2014), and corresponding to the (002) reflection
and the superposition of the (100) and (101) reflections of
graphitic-type lattice, respectively (Xu et al. 2014). The
Raman spectra of the AC fabrics (Figure S3c) were similar,
with the G band indicative of phonon excitation of
sp2-hybridised carbon atoms (Xu et al. 2014) located at
1580 cm�1 and the D band associated with disordered

Figure 2. Concentration of (a) guaiacol and (b) syringol in smoke-
affected Mataro grapes, with and without bunches being enclosed in
activated carbon (AC) fabric bags, during repeated smoke applications.
Values are means of two replicates (n = 2); n.d., not detected. Different
letters indicate statistical significance within alternate smoke treatments
(P = 0.05). Neither guaiacol nor syringol were detected in Control Mataro
grapes. Smoke ( ); AC fabric (felt) ( ); AC fabric (light) ( ); AC fabric
heavy ( ).

Figure 3. Chromatograms from HS-SPME-GC/MS analysis of Control ( ) and smoke-exposed ( ) activated carbon felt; data are autoscaled.
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carbon or defects in the graphite structure (Kim et al. 2011,
Xu et al. 2014) located at 1320 cm�1. The absence of a com-
positional differences between Control and smoke-exposed
AC fabrics by Raman spectroscopy was consistent with FTIR
and XRD results, and likely reflects the inadequacy of the
surface characterisation methods to detect adsorption of
smoke particles within pores of the AC coatings of the
respective fabrics.

The Control and smoke-exposed AC fabrics were subse-
quently analysed by head space SPME-GC/MS and a differ-
ence in the composition was observed between samples as a
consequence of smoke exposure (Figures 3,S4). Volatile com-
pounds were identified by comparison with a mass spectral
library and literature retention indices (Table S5). With the
exception of 4-methyl-2-pentyl acetate, all of the compounds
detected in the headspace of smoke-exposed AC fabrics were
volatiles previously reported as constituents of wood smoke
(Maga 1988) and/or emitted from combustion of different bio-
mass (Hatch et al. 2014), including several markers of smoke
taint, guaiacol, o-cresol and phenol (Table S5). In contrast, the
headspace of Control AC fabrics largely comprised column- or
septa-derived siloxanes (data not shown) or trace concentra-
tion of volatiles that were detected in the smoke-exposed AC
fabrics. These results confirm the adsorption of smoke volatiles
by the AC fabrics, which prevented grape bunches from being
tainted by smoke.

Conclusion
This study validates an innovative approach to mitigating
smoke taint in grapes and wine by demonstrating that AC
fabric can be used as a protective covering to prevent grapes
from exposure to smoke. These results are highly promising
and provide ‘proof-of-concept’, nevertheless, several short-
comings need to be overcome before this strategy can be
implemented by industry for use in commercial vineyards.
First, the AC fabrics studied were prone to tearing and had
to be handled carefully to avoid damage that would likely
have compromised their efficacy. Second, the labour cost
associated with applying AC fabric bags to individual grape
bunches on a commercial scale is prohibitively expensive
and likely viable only for ultra-premium grapes. Incorpora-
tion of AC into more durable and functional materials that
can be readily deployed in vineyards should be explored.
One plausible option might be AC-based netting that could
be applied to the grapevine fruit zone. This approach would
be more cost-effective and would offer dual protection from
birds, but any impact on photosynthesis, fruit composition
and disease pressure because of shading and/or diminished
air-flow would need to be evaluated. The potential for AC
fibre residues to remain in either the vineyard or in finished
wine, and cause health and/or environmental issues, also
needs to be evaluated. Nevertheless, of all the vineyard-
based mitigation strategies evaluated to date, the use of AC
fabric described herein seemingly offers the most promising
opportunity for overcoming the issue of smoke taint,
thereby addressing an issue of major concern to grape and
wine producers around the world.
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Table S1. Mean intensity ratings for sensory attributes
of wines made from Control and smoke-affected
Mataro grapes, with and without bunches being
enclosed in activated carbon fabric bags during smoke
exposure.

Table S2. Total soluble solids of juice from Control and
smoke-affected Mataro grapes, with and without
bunches being enclosed in activated carbon fabric bags
during smoke exposure.

Table S3. Effect of repeated smoke applications on the
concentration of volatile phenols in Control and smoke-
affected Mataro grapes, with and without bunches being
enclosed in activated carbon fabric bags.

Table S4. Elemental analysis of activated carbon fabrics
before and after repeated smoke applications.

Table S5. Volatile compounds detected by HS-SPME-GC/
MS analysis in smoke-exposed activated carbon fabrics, and
in Control samples in trace quantities.

Figure S1. (a) Schematic diagram of smoke chamber and fire
box smoker, and photographs taken (b) before and (c) during
smoke exposure of Mataro grapes, with and without bunches
being enclosed in activated carbon (AC) fabric bags.

Figure S2. Micrographs obtained by scanning electron micros-
copy (SEM) for (a,b) Control activated carbon (AC) felt, (c,d)
smoke-affected AC felt, (e,f) Control light AC cloth, (g,h)
smoke-affected light AC cloth,(i,j) Control heavy AC cloth and
(k,l) smoke-affected heavy AC cloth at low resolution (a,c,e,g,
i,k) and at (b,d,f,h,j,l) high resolution for the area highlighted.

Figure S3. (a–c) FTIR, (d–f) XRD and (g–i) Raman spectra of
Control and smoke-exposed (a,d,g) activated carbon (AC) fabric
(felt), (b,e,h) AC fabric (light) and (c,f,i) AC fabric (heavy).

Figure S4. Chromatograms from HS-SPME-GC/MS analysis
of (a) Control and (b) smoke-exposed activated carbon (AC)
fabrics; AC fabric (light) ( ); AC fabric (heavy) ( ); AC
fabric (felt) ( ).
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