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Abstract: When present in high concentrations in red wine, 4-ethylphenol (4-EP) and 4-ethylguaiacol
(4-EG) are responsible for the introduction of unpleasant aromas, which causes wine depreciation.
The work presented concerns the performance of textural and chemical-modified activated carbons
(ACs), produced from coconuts shells, in the treatment of spoiled wines. ACs were submitted to
basic and acid treatment, by impregnation into solutions containing NaOH and HNO3, respectively.
Modified ACs showed only a small, but noticeable, increase in apparent surface area and micropore
volume when compared to the original AC. However, the surface chemistry underwent significant
changes. The ability of modified ACs to remove 4-EP and 4-EG, which cause the off-flavor known as
“Brett character”, from wine-like solutions has been successfully achieved. On the systems studied,
4-EG was retained in greater extension, but 4-EP was retained more strongly on the surface of the
ACs. Ethanol was found to compete with 4-EP and 4-EG for the adsorptive centres. However, when
4-EP and 4-EG were present in the same solution, the addition of ethanol promoted a cooperative
effect and favoured the adsorption of both compounds. It should be noted that the modified ACs
were able to eliminate 4-EP and 4-EG to levels below their sensory perception thresholds referred for
red wine.

Keywords: biomass; spoiled wine; bitterness and astringency; phenolic compounds; activated carbon

1. Introduction

Accidental or unexpected chemical impurities can spoil wine during grape ripening,
fermentation and bottling, and at the end of the process during storage and transportation.
Grapes used for winemaking possess different yeast species, such as Saccharomyces cerevisiae,
Dekkera, and Brettanomyces [1,2]. When present, Brettanomyces and Dekkera yeasts produce a
variety of volatile phenolic compounds that are critical for the sensory properties of wine.
Brettanomyces bruxellensis has been identified as one of the main yeasts responsible for
oenological spoilage due to its ability to produce 4-EP and 4-EG during the winemaking
process [1].

Phenolic compounds affect wine colour, the taste of bitterness, and astringency [3,4]
and are also critical in long ageing, especially in red wine [5]. When present in high concen-
trations, 4-EP and 4-EG are responsible for the introduction of unpleasant aromas [6], which
causes wine depreciation [6–14]. When present at concentrations below the perception
thresholds, they add complexity to the wine, but the sensorial perception is not affected [15].
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The perception thresholds for 4-EP and 4-EG in wine vary between 230 and 650 µg L−1 and
33 to 135 µg L−1, respectively [8,15].

Various treatments have been investigated for their capacity to inhibit Brettanomyces
growth, passing from the addition of sulphite, commercial β-glucanase, dimethyl dicar-
bonate, and chitosan, or a combination of processes that end with the physical removals of
Brettanomyces cells [10].

However, in the presence of contaminated wines, it is necessary to apply measures to
restore the wine’s health and quality. It is necessary to implement removal methods able to
eliminate the phenolic compounds that are responsible for wine deterioration.

Among the different treatments tested to treat damaged wines, the mixing of spoiled
with clean wine is highlighted. Molecularly imprinted polymers and esterified cellulose
polymers were reported to remove between 20 and 30% of 4-EP and 4-EG from aqueous
solutions [16]. Polyaniline-based compounds were identified to reduce almost 68% of 4-EP,
50% of 4-EG and over 40% of all phenolic compounds, from wine-like model solutions [17].
Reverse osmosis [18] and adsorption on different adsorbents have also been successively
tested for the removal of 4-EP and 4-EG [14,18–20].

Among the additives used to treat wine, the addition of chitosan was described as
effective in the reduction in B. Bruxellenis viable cells under winemaking conditions [21].
Filipe-Ribeiro, Cosme, and Nunes (2018) concluded that fungal chitosan with a high
deacetylation degree could remove negative volatile phenols and simultaneously increase
the fruity and floral notes [9]. However, Elmacı et al. (2015) reported that chitosan had a
retarding effect on alcoholic fermentation. The authors state that the use of 0.6 g L−1 of
chitosan affects the chemical composition of wine through the increase in the volatile acidity,
such as acetic acid, which results in a vinegar taste [22]. Colangelo et al. (2018) reported
that the addition of chitosan does not have a real impact on the removal of polyphenols [23].
However, chitosan was accepted to treat wine, in 2009, by the Organisation Internationale
de la Vigne et du Vin and in 2010 by the European Union [23,24].

To identify new additives to improve the quality of wine, Milheiro et al. (2017)
reported the use of eight adsorbents in the removal of 4-EP and 4-EG from red wines.
AC was considered the most efficient adsorbent, with a reduction of 57% of 4-EP and
4-EG at the levels used [25]. Another work reported the use of seven ACs, with different
characteristics, in the removal of 4-EP and 4-EG from red wines. All ACs significantly
reduced levels of 4-EP and 4-EG to a maximum of 73%. It should be noted that some
wineries recommend the use of doses between 0.015 and 0.24 g L−1 of charcoal to treat
wine with low concentrations of phenolic compounds, and between 0.12 and 0.96 g L−1 for
wine with high levels of phenolic compounds [17]. However, some authors have reported
a negative impact associated with the removal of some aromatic compounds [1]. Among
the methods mentioned, none presents a performance of 100%, and the search for new
additives or adsorbent materials is on the rise.

Commercial ACs are primarily produced from coal, coconut shell and wood, but with
the increase in the AC market and the production of a diversity of waste from agricultural
activities, new precursors have been tested. The efficiency of ACs in removing compounds
from the liquid phase is due to their high, apparent surface area, porous volume and pore
size distribution, conjugated with surface chemistry and fast adsorption kinetics [7,25–31].
The main objective of this work is to explore the effect of chemical and textural modifica-
tions, induced in commercial ACs produced from coconut shells, on their performance,
as adsorbents, in the simultaneous removal of 4-ethylphenol and 4-ethylguaiacol from
wine-like solutions.

2. Materials and Methods
2.1. Materials

Four commercial ACs, 3 produced from coconut shells and 1 from bituminous coal,
were tested, as received and after being submitted to textural and chemical modifications,
on the 4-EP and 4-EG removal, from wine-like solutions. The assays were made from
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solutions with one or both compounds in the mixture and the presence or absence of
13% v/v of ethanol. The adsorbents were four commercial ACs, one from Panreac, one
from Merck, and two from Norit (Norit 1240W and Norit 1240X). The AC from Merck
was submitted to textural and chemical modification processes to improve its adsorption
capacity concerning both phenolic compounds.

The 4-EP and 4-EG were both from Aldrich, with purity greater than 99%. The HPLC-
grade acetonitrile was supplied by Merck, the phosphoric acid was from Sigma-Aldrich and
the purified water was obtained from a Milli-Q water purification system from Interface.
All solutions and solvents used in the high-performance liquid chromatography (HPLC)
were previously filtered through 0.45-µm membranes from Millipore.

2.2. Methods
2.2.1. Adsorbents’ Textural and Chemical Characterisation

All ACs were texturally and chemically characterised by nitrogen adsorption, at 77 K,
and elemental analysis by the Servicio de Apoyo à l’Investigación, at the Servicio de Análisis
Elemental y Molecular the l’Universidad d’ Extremadura.

The pH at the point of zero charge (pH pzc) was determined by mass titration using
7 w/v% suspensions of ACs in a 0.1 mol L−1 solution of sodium nitrate (NaNO3, > 99.5%,
Riedel), as proposed by Noh and Schwarz in 1990, whose adaptation was previously
described [29]. The surface functional groups were identified by Fourier Transform Infrared
(FTIR) using a Perkin Elmer Spectrum, Two FT-IR Spectrophotometer. Solid discs were
prepared using potassium bromide (KBr) as a diluent, in which the ACs were dispersed in
a ratio of 1:750 (w/w, AC:KBr). The spectra were obtained using a resolution of 4 cm−1 and
20 scans, between 4000 and 450 cm−1.

2.2.2. Textural and Chemical Modification

The AC, from Merck, which was produced from biomass, such as coconut shells,
presented a well-developed porous structure and a neutral character identified by a point
of zero charge near 7. The AC prepared from coconuts shells was selected to be submitted
to acid and basic treatments to evaluate the influence of these modifications on the textural
and chemical properties and the performance of 4-EP and 4-EG removals from wine-like
solutions. The modifications were conducted based on a procedure previously used on
other ACs [29].

2.2.3. AC Modification with Nitric Acid

For this purpose, 3 g of AC from Merck were placed on 150 mL of HNO3 solution,
1.5 mol L−1 (10% (m/v) and 3 mol L−1 (20% (m/v) which was heated to 363 K, for 3 h,
under agitation. The AC was then washed with distilled water, until the supernatant had
a pH near to the distilled water. This was filtered and dried at 383 K, for two days. The
modified samples were named Merck-HNO3-10 and Merck-HNO3-20.

2.2.4. AC Modification with Sodium Hydroxide

The basic treatment of ACs produces a positive surface charge which is useful for
adsorbing negatively charged species from liquid solutions. In this sense, the Merck AC
was modified through the impregnation in sodium hydroxide solutions, the concentrations
of which were 0.5, 2.5 and 5.0 mol L−1. For this purpose, 3 g of Merck AC were placed on
150 mL of NaOH solution, under constant agitation, for 3 h, at room temperature. The AC
was washed with distilled water and dried at 383 K, for two days. The samples obtained
were named Merck NaOH-0.5, 2.5 and 5 (mol L−1).

After basic and acid treatments, the ACs were textural and chemically analyzed based
on the nitrogen adsorption, conducted at 77 K, elemental analysis, FITR and determination
of the pHpzc, as described previously.
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2.2.5. Kinetic and Adsorption Studies of 4-Ethylphenol and 4-Ethylguaiacol

In an Erlenmeyer, 10 mg of AC were weighed, to which 25 mL of an aqueous solu-
tion containing 4-EP or 4-EG was added with concentrations varying between 0.05 and
1.5 mmol L−1. The range in concentrations of 4-EP and 4-EG used allowed the remaining
amount in the solution (after removal by ACs) to fall below the limits of the perception
thresholds in wine. The Erlenmeyer flasks, with a stopper, were placed under continuous
agitation (150 revolutions per minute) in a thermostated shaker bath, at room tempera-
ture, for different times, until a maximum of 48 h. The quantity of phenolic compounds
adsorbed on the ACs was obtained from the difference between the initial and measured
concentration, after an equilibrium time.

To simulate real wine, acidic solutions (pH = 3) containing 4-EG, 4-EP, and 13% v/v
of ethanol were prepared. The adsorption capacity of the ACs for 4-EP and 4-EG, in the
presence of 13% v/v of ethanol, was evaluated following the procedure described above.
The first quantification tests were conducted by UV/VIS spectrophotometry on a UV-Visible
Nicolet Evolution 300 apparatus, from Thermo Electron Corporation. Furthermore, the
4-EP was quantified at 221 and 271 nm and the 4-EG at 234 and 294 nm. Spectrophotometric
analysis is commonly used because it is environmentally friendly, simple, rapid, and low-
cost. However, for more accurate results, and when both compounds were present in the
mixture, their quantification was achieved using high-performance liquid chromatography
(HPLC) equipment. This was an Agilent 1100 system, from Agilent Technologies, Germany,
equipped with a UV detector and a manual injector Rheodyne 7725i, controlled by HP
Chemstation software. The experimental conditions used on the HPLC were optimised.
Three flow rates were tested (0.8, 1.2 and 1.5 mL min−1) of acetonitrile and acidified
water, varying between 25 and 75%. The 4-EP and 4-EG quantification was performed
using an external pattern, presenting an excellent correlation coefficient (R > 0.999), for
concentrations ranging between 0 and 1.5 mmol L−1. The best results were obtained at
278 nm, with an isocratic elution, with a mobile phase comprised of acetonitrile/ultrapure
water/phosphoric acid (750/240/1, v/v). The assays were made in triplicate and under
these conditions, the retention times were 7.8 and 8.5 min, for 4-EG and 4-EP, respectively.
The method used in HPLC was validated for its selectivity, linearity range, detection and
quantification limits, reproducibility, precision, and accuracy.

3. Results and Discussion
3.1. Textural and Chemical Characterisation of Activated Carbons

The four original ACs, after being submitted to acid and basic treatments, were
texturally characterised by N2 adsorption, at 77 K. Representative isotherms are shown in
Figure 1. The isotherms obtained on the modified ACs are presented in Figures S1 and S2
(Supplementary Information). The textural characteristics, obtained by the application of
the αs, DR and BET methods, of the N2 adsorption isotherms are presented in Table 1.

The four ACs presented close textural properties, with apparent superficial areas
varying between 927 and 975 m2 g−1, micropores volumes varying from 0. 22 and 0.23 cm3

g−1 and mean pore size varying from 0.97 and 1.11 nm. Textural properties do not seem
to be very determining in the performance of ACs in the removal of phenolic compounds.
However, the physical shape of the ACs influences their performance in future applications.
It should be noted that the Norit ACs were in granular form and the Merck and Panreac
ACs were powdered.

The four ACs originally presented a basic character, with a pHpzc varying between
7.27 and 10.49. Merck’s AC presented a pHpzc closest to seven, and for this reason, it
was chosen to undergo acid and basic treatments. The Merck AC treated with NaOH
presented a high basic character (pHpzc from 7.76 to 8.67), which is helpful for the removal
of phenolic compounds from the liquid phase [32,33].
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Figure 1. Nitrogen adsorption isotherms obtained, at 77 K, on the original ACs. (Adsorption branch—
open symbols and desorption branch—close symbols).

Table 1. Chemical and textural characteristics, obtained by application of the αs, DR and BET methods,
to N2 adsorption isotherms, obtained on different ACs as received and after being submitted to acid
or basic treatments.

Activated Carbon ABET/
m2 g−1

As/
m2 g−1

Vs/
cm3 g−1

VDR/
cm3 g−1

L0/
nm C/% H/% S/% pHpcz

Norit 1240X 975 60 0.43 0.23 1.04 84.4 0.19 0.49 9.73
Norit 1240W 971 38 0.43 0.22 1.11 86.7 0.07 0.54 10.49

Panreac 941 223 0.41 0.23 0.97 89.3 0.53 0.38 8.12
Merck 927 170 0.36 0.23 1.02 85.2 0.22 0.32 7.27

Merck-NaOH-0.5 994 194 0.38 0.25 1.02 84.9 0.43 0.59 7.76
Merck-NaOH-2.5 976 162 0.40 0.24 1.02 84.1 0.47 0.57 8.67
Merck-NaOH-5 968 188 0.37 0.24 1.00 – – – 8.06
Merck-HNO3-10 979 175 0.40 0.25 1.08 71.8 1.47 0.41 2.88
Merck-HNO3-20 966 177 0.38 0.24 1.09 70.4 – – 2.69

The elemental analysis did not reveal any significant change in the ACs modified with
NaOH. However, the ACs treated with HNO3 presented a noteworthy reduction in the
C content, varying from 85.2%, in the original AC, to 70.5% and 71.8%, in the modified
ACs. An increase in the oxygen percentage, which was reflected in an increase in the acid
functional groups, on the ACs surface, offset this reduction.

FTIR analysis also confirmed the presence of acidic groups, on the surface of the ACs
modified with nitric acid (Figures S3 and S4, in Supplementary Information). All of the
spectra are almost similar in the absorption region, between 3200–3600 cm−1. The principal
bands and peaks are related to alkyl groups, namely CH3, CH2 and CH, more specifically
with anti-symmetric and symmetric stretching, in the range 2800–3000 cm−1. The band
found in the original ACs in the region of 3400 cm−1 was attributed to an O-H stretching
mode of the hydroxyl group in alcohols, phenols or absorbed water. This peak was slightly
broader in the modified ACs, in which the band shifted slightly, to 3450–3500 cm−1. The
peak near 1700 cm−1, present on the ACs modified with HNO3, indicated C=O groups,
in mode stretch, or the carboxyl group, responsible for their pronounced acid character.
Simultaneously, the intensity of the band at 1410 cm−1 increased due to the presence of
a lactone structure. To summarise, as a result of the nitric acid treatment, the quinone
functional groups were reduced and carboxylic acid groups were introduced.
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3.2. Adsorption of 4-Ethylphenol and 4-Ethylguaiacol

Four commercial ACs, produced from coconut shell, were first tested, as received, in
the removal of 4-EP and 4-EG from the liquid phase. In the first tests, the amount of 4-EP
and 4-EG removed by the ACs was evaluated by spectrophotometric UV/VIS analysis. The
4-EP was analyzed at 221 and 271 nm and the 4-EG at 234 and 294 nm. To obtain more
accuracy and reproducibility, in the following tests, the 4-EP and 4-EG quantification was
conducted by HPLC, using the conditions stated in the experimental section.

The influence of the pH solution, the concentration of each compound, equilibrium
time, textural characteristics, and physical form of the ACs (power and granulated), on
the phenolic compound’s removals was evaluated. The increase in the solution acidity
promotes the adsorption of 4-EP and 4-EG, primarily when the ACs presented a basic
surface character; this is in agreement with previous work, which included phenol and
para-nitrophenol adsorption on ACs [32]. The decision to perform the adsorption of 4-EP
and 4-EG in an acid solution was also supported by the fact that wines are acidic, presenting
a pH closer to 3.

3.2.1. Kinetic Studies of 4-Ethylphenol and 4-Ethylguaiacol

The kinetic curves exhibited an initial stage in which the adsorption of 4-EP and
4-EG was fast, followed by a second step, in which the uptake steadily increases up to
equilibrium concentrations. The single-component kinetic provides information regarding
the mechanism involved and the rate-controlling step on the 4-EP and 4-EG adsorption [2].

The removal of 4-EP and 4-EG reached 75 ± 2% and 72 ± 2% of the maximum amount
removed within 3 h. The relatively slow adsorption of 4-EG might be a result of its higher
solubility in water as well as its possessing the largest molecular size, compared to the 4-EP.
As reported in a previous paper, an attractive adsorbent for organic compound removals
must exhibit a large volume of micropores with widths of approximately 1.5 times the
kinetic diameter of the target adsorbate [26]. The four commercial ACs present a mean
pore varying between 0.97 and 1.11 nm, and 4-EG and 4-EP present an area of 29.5 and
20.2 Å2, respectively. The 4-EG could find resistance, to some extent, to enter the narrow
micropores.

With the Merck AC, only 7 h were needed for both phenolic compounds to achieve
their thermodynamic equilibrium. In order to facilitate and quicken laboratory work, and
as in any industry, “time is money”, an equilibrium time of seven hours was chosen to
carry out the remaining tests. However, results not shown here revealed that an increase
in the equilibrium time, up to 48 h, allowed an increase in the 4-EP and 4-EG maximum
adsorption quantities, mostly on granular ACs, such as those from Norit.

3.2.2. Kinetic Studies of 4-Ethylphenol and 4-Ethylguaiacol on Granular and Powder ACs

The influence of the ACs physical forms on the 4-EP and 4-EG removal from the
aqueous phase was evaluated. For this purpose, AC Norit 1240W was used in a granulated
and powdered form. When it was placed in solutions with high concentrations of both
phenolic compounds, both ACs forms (granular and powder) exhibited almost the same
maximum adsorption capacity.

In the diluted solutions of 4-EP and 4-EG, the Norit AC in powder form presented a
maximum adsorption capacity of more than double that displayed by the granular form
(0.33 and 0.15 mmol g−1, respectively). These results highlight the external transport
contribution, as a limiting step, to the phenomenon of adsorption on dilute solutions. When
using granular AC, the adsorptive molecules (4-EP and 4-EG) were too far from direct
contact with the inner surface, and adsorption has no place, which does not happen when
it was sprayed. Nevertheless, when AC powder is used in diluted solutions containing
a deficient mixture, diffusion has been referred to as the limiting step in the adsorption
process [26].
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3.2.3. 4-Ethylphenol and 4-Ethylguaiacol Removals from Like-Wine Solutions

The adsorption isotherms of 4-EP and 4-EG were obtained on four untreated commer-
cial ACs. In the dilute solutions, the ACs from Panreac and Merck adsorbed comparable
quantities of 4-EP and 4-EG, as presented in Figure S2 (Supplementary Information). How-
ever, these amounts are quite superior to those achieved by the Norit granular ACs. From
the concentrated solutions, (>0.2 mmol L−1) the maximum adsorption capacity of all of the
ACs concerning 4-EG was always superior to 4-EP, as shown in Table 2. At high concentra-
tions, 4-EG was adsorbed in greater extension, but the respective isotherm showed a more
open knee. This allows us to state that 4-EP was adsorbed with greater affinity than 4-EG.

Table 2. Adsorption capacity of the original ACs, concerning 4-EP and 4-EG, in the absence and
presence of 13% (v/v) of ethanol, at pH = 3.

Maximum Adsorption Capacity/mmol g−1

Activated Carbon
4-Ethylphenol 4-Ethylguaiacol

without Ethanol with Ethanol without Ethanol with Ethanol

Merck 1.59 1.06 2.02 0.96
Panreac 1.85 1.16 1.91 1.21

Norit 1240X 1.01 0.71 1.12 0.21
Norit 1240W 1.03 0.87 0.96 0.16

The maximum adsorption capacity of the four ACs was also evaluated, vis-à-vis the
two phenolic compounds, in the presence of 13% v/v of ethanol. From the data presented in
Table 2, the presence of direct competition between ethanol and both phenolic compounds
by the active centres is evident. These results are in line with the published results [19].

In the presence of 13% v/v of ethanol, the amount of 4-EP adsorbed was 63%, 67%, 70%
and 84% of the amount adsorbed in the absence of ethanol, in the AC from Panreac, Merck,
Norit 1240X and 1240W, respectively. In the AC from Panreac and Merck, the amount of
4-EG adsorbed was only 48% and 63%, respectively. However, with both granular ACs from
Norit, the amount of 4-EG adsorbed was less than 20% of the amount of 4-EG adsorbed
in the absence of ethanol. The difference between the maximum amount of each phenolic
compound adsorbed highlights the greater affinity between the ACs and 4-EP.

To increase the adsorptive capacities of ACs regarding 4-EG and 4-EP, Merck AC was
submitted to different acid/basic treatments. The modified ACs were tested on the removal
of 4-EP and 4-EG from an aqueous solution or a wine-like solution (containing 13% v/v of
ethanol). The respective isotherms are presented in Figures 2 and 3.

In the initial stage of the adsorption processes, there were a lot of active sites on the
ACs surface and the strongly and weakly adsorbed components took the active sites easily,
in agreement with published data [33]. However, for the same equilibrium concentration,
the amount of 4-EG adsorbed by each AC was always higher than the 4-EP. However, the
maximum amounts of 4-EP and 4-EG adsorbed were higher in the absence of ethanol,
highlighting the competitiveness of ethanol by adsorption sites.

The data presented in Table 3 allow us to conclude that the basic groups on the ACs
surface favour the adsorption of 4-EP, but do not significantly impact the adsorption of
4-EG. Here, again, ethanol competes with 4-EP and 4-EG for the active centers.

The results obtained from the ACs submitted to acidic treatments were not promising;
however, this agrees with the results found in the literature [34]. Thus, it is possible to infer
that ACs’ surface chemistry is the foremost control factor in the 4-EG and 4-EP adsorption
process, to the detriment of the textural properties.
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Table 3. Adsorption capacity of the modified ACs concerning 4-EP ad 4-EG, obtained in the absence
or presence of 13% v/v of ethanol, at an equilibrium concentration of 0.6 mmol L−1.

Maximum Adsorption Capacity/mmol g−1

Activated Carbon
4-Ethylphenol 4-Ethylguaiacol

without Ethanol with Ethanol without Ethanol with Ethanol

Merck CA 1.59 1.06 2.02 0.96
Merck-NaOH-0.5 1.62 1.10 1.47 1.11
Merck-NaOH-2.5 1.70 1.07 1.42 1.16
Merck-NaOH-5 1.73 1.10 1.60 1.15
Merck-HNO3-10 1.51 0.66 1.28 0.53
Merck-HNO3-20 0.96 0.66 0.92 0.76
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3.2.4. Joint Removal of 4-Ethylphenol and 4-Ethylguaiacol from Like-Wine Solutions

When 4-EP and 4-EG were present in the same solution, significant differences were
observed, as shown in Figures 2 and 4. The sequence of both phenolic compounds’ ab-
sorption was similar to that obtained with the individual compound, even though the
preferential adsorption of 4-EG, compared to 4-EP, was now more obvious. The sum of the
maximum adsorption capacity of both compounds was similar to that obtained for 4-EG
when it was alone in the solution.

Figure 4. Adsorption isotherms of 4-EG and 4-EP obtained on different ACs, from solutions where
both compounds were present, without ethanol.

When the adsorption of both compounds was performed in a wine-like solution, with
13% v/v of ethanol, their respective maximum adsorption capacity was inferior to that
found when they were alone in the solution (Figures 3 and 5). The sum of 4-EP and 4-EG
was higher than the amount of 4-EG adsorbed on the respective AC when it was alone in the
solution. Ethanol seems to promote a cooperative effect that favours the adsorption of both
compounds when they are mixed. These outcomes are very promising, as it is expected
that with real wine, the results obtained will be similar or even better. The comparison
between the 4-EP and 4-EG isotherms obtained in different media is presented in Figure S5
(Supplementary Information).

Figure 5. Adsorption isotherms of 4-EG and 4-EP were obtained on different ACs, from solutions
where both compounds were present, in the presence of 13% v/v of ethanol.
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The 4-EP and 4-EG isotherms were adjusted with Langmuir and Freundlich equations.
These equations allow us to obtain some of the most common parameters used to evaluate
the performance of ACs against adsorptives [27,35]. Table 4 shows all of the parameters
obtained for 4-EP and 4-EG when they were alone or mixed in solution, in the absence or
presence of 13% v/v of ethanol, applying the Langmuir and Freundlich models.

Table 4. Adsorption isotherm parameters of 4-EP and 4-EG onto different ACs under different
experimental conditions. nmax—maximum adsorption capacity, taken directly from the isotherm
(mmol g−1), nmL—monolayer capacity (mmol g−1), KL—Langmuir constant (mmol g−1) KF (mmol
g−1 (dm3 mmol−1)1/n

F) and nF—are constant and exponent of Freundlich.

System nmax nmL KL KF nF

Panreac

isolated
4-EG 1.91 1.77 49.6 1.98 6.09

4-EP 1.85 1.99 9.1 1.92 4.25

mixture
4-EG 1.27 1.20 41.3 1.34 5.67

4-EP 0.73 0.64 104.2 0.71 8.53

isolated with
ethanol

4-EG 1.21 1.38 7.8 1.29 5.07

4-EP 1.16 1.29 8.8 1.21 5.0

mixture with
ethanol

4-EG 0.89 0.86 23.6 0.92 5.98

4-EP 0.55 0.58 21.8 0.56 9.86

System nmax nmL KL KF nF

Merck

isolated
4-EG 2.02 1.73 100 2.18 4.28

4-EP 1.59 1.58 77.9 1.68 8.31

mixture
4-EG 1.40 1.19 24.7 1.41 3.24

4-EP 0.79 0.64 83.5 0.69 8.55

Isolated with
ethanol

4-EG 1.06 1.16 12.6 1.33 8.32

4-EP 0.96 0.95 10.5 1.25 3.32

mixture with
ethanol

4-EG 0.85 0.83 25.6 0.93 4.56

4-EP 0.58 0.56 24.5 0.58 6.34

System nmax nmL KL KF nF

Merck-
NaOH-2.5

isolated
4-EG 1.45 1.50 41.1 1.60 7.88

4-EP 1.70 1.90 33.1 2.86 2.15

isolated with
ethanol

4-EG 1.16 1.38 11.5 2.44 4.07

4-EP 1.07 1.25 5.41 1.29 7.12

System nmax nmL KL KF nF

Merck-
HNO3-10

isolated
4-EG 1.51 1.20 15.1 1.41 3.26

4-EP 1.28 1.16 16.1 1.28 2.93

mixture
4-EG 1.06 0.83 42.7 1.02 4.02

4-EP 0.49 0.47 80.1 0.46 9.63

isolated with
ethanol

4-EG 0.60 0.81 3.6 0.66 6.23

4-EP 0.53 0.69 3.2 0.54 2.51

mixture with
ethanol

4-EG 0.77 0.72 13.8 0.78 3.55

4-EP 0.41 0.35 18.5 0.39 4.05

The values of the monolayer capacity (nmL) were very similar to the experimental
maximum adsorption capacities for both compounds. However, the adjustment to the
Langmuir equation was less consistent in the region of high concentrations. From the
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data presented in Table 4, it is possible to conclude that the affinity between both phenolic
compounds and the ACs surface has changed. The presence of 13% v/v of ethanol promotes
a decrease in the affinity between each compound and the ACs. When 4-EP and 4-EG were
present in the same solution, the interaction between 4-EP and the ACs surface seemed to
strengthen compared with its affinity when it was alone in the solution. Surprisingly, when
4-EP and 4-EG were present in the same solution, with 13% v/v of ethanol, an increase in
the surface affinity was noticed with both compounds. The data included in Table 4 attest
to a significant increase in the KL values, which agrees with the increase in the interactions
between adsorbent and adsorbate.

Good adjustments were obtained using the Freundlich equation. However, the cor-
relations were lower than those obtained through the Langmuir equation. The constants
of Freundlich (KF) were very similar to the experimental maximum adsorption capacities.
On the other hand, the Freundlich exponent (nF) took values between 2.15 and 9.86, which
indicates the presence of favorable adsorption. On Merck-HNO3-10, the nF values were
slightly lower than those determined on other ACs, indicating that the adsorption was less
favourable. The nF values were higher when both phenolic compounds were present in
the same solution, and even higher in the presence of ethanol, reinforcing the cooperative
interactions.

4. Conclusions

Four commercial ACs were successfully tested for the removal of 4-EP and 4-EG from
the aqueous phase and ethanol-containing wine-like solutions. To improve the AC capacity
for the removal of 4-EP and 4-EG, AC from Merck has been chemically modified through
its impregnation into NaOH and HNO3 solutions. The textural properties of the modified
ACs presented only minor changes, however, the chemical surface changed significantly, as
illustrated in the FTIR spectrum and through the change of pHpzc.

In the systems studied, when only one or both compounds were present in the same
solution, 4-EG was adsorbed to a greater extent, but 4-EP was retained to a greater extent.
Ethanol had a competing effect on the adsorption of 4-EG and 4-EP when only one com-
pound was present in the solution. Thus, when both compounds were present in the same
solution, the presence of ethanol appeared to promote a cooperative effect and favour the
adsorption of both compounds. These results are very promising as the use of modified
ACs with a basic character show a better performance in the removal of 4-EG and 4-EP in
the presence of ethanol. ACs with similar properties may be a solution for the removal of
these unpleasant compounds from red wine, up to a level below the perception threshold.
However, it is necessary to deepen the knowledge of the removal efficiency of 4-EP and
4-EG and their effects on red wine quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app122211754/s1, Figure S1: Nitrogen adsorption isotherms
obtained, at 77 K, on the commercial AC, from Merck, submitted to basic treatments with NaOH;
Figure S2: Nitrogen adsorption obtained, at 77 K, on the commercial AC, from Merck, submitted to
treatments with HNO3; Figure S3: FTIR spectra of AC from Merck, as received and after submitted
to acid treatments with HNO3; Figure S4: FTIR spectra of AC from Merck, as received and after
submitted to basic treatments with NaOH; Figure S5: Adsorption isotherms of 4-EP and 4-EG
obtained from solutions where the phenolic compounds were isolated or present in a mixture, (a)
Panreac; (b) Merck; (c) Merck-HNO3-10.
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