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Abstract: Fuel cells represent an appealing avenue for harnessing eco-friendly energy. While their
fuel supply traditionally stems from water electrolysis, an environmentally conscious approach also
involves utilizing low-weight alcohols like methanol and ethanol. These alcohols, concentrated
from sustainable sources within the enological by-product distillation process, offer a noteworthy
contribution to the circular economy. This study delved into evaluating the efficacy of distillery
fractions in powering methanol fuel cells. Beyond their energy-generation potential, the performed
GC-MS analysis unveiled appreciable quantities of acetic acid resulting from the partial oxidation
of ethanol. This revelation opens the door to intriguing possibilities, including the recovery and
repurposing of novel compounds such as short-chain fatty acids (predominantly acetic acid), ketones,
and aldehydes—establishing a link between sustainable energy production and the emergence of
valuable by-product applications.
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1. Introduction

In recent times, the imperative for developing novel technologies and harnessing
renewable energy sources has intensified. Among these emerging solutions, fuel cells
stand out as a promising remedy for the escalating global energy requirements, offering the
dual advantage of addressing the mounting dependence on fossil fuels. Despite being the
predominant energy source, fossil fuels continue to exert the most profound influence on
both the environment and humanity. Moreover, their unrestrained exploitation gives rise
to intricate political and social quandaries. Within this intricate landscape, investigating
and enhancing fuel cell technologies not only promise palpable environmental gains but
also hold the potential to ameliorate societal disparities.

Proton-exchange membrane or polymer–electrolyte membrane (PEM) fuel cells (FC)
represent a technology that has come to the fore to produce power in the last few years.
In direct methanol and direct ethanol fuel cells (DMFC and DEFC, respectively), these
alcohols are oxidized into carbon dioxide in the anode layer, thus releasing electrons that
are transported through an external circuit to the cathode, where oxygen is reduced to
water [1–7].

Methanol and ethanol have the advantage of being liquids and easily transportable
at room temperature and atmospheric pressure [8] and, consequently, their application
in power production has revamped FC technology [9]. Furthermore, these alcohols can
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be produced from biomasses and wastewaters [10–13], aside from natural gas, or other
hydrocarbons, through the steam-reforming process.

The possibility of having these alcohols available from carbohydrate fermentation
and enzymatic activities is very attractive [14,15] as the carbon dioxide formed during FC
performance balances that consumed in plant photosynthesis. For this reason, the use of
these alcohols does not increase the greenhouse effect [12,16].

The utilization of waste generated from distilleries as a valuable resource for fueling
methanol and ethanol fuel cells holds significant promise for advancing sustainable energy
solutions. Distillery waste, which predominantly consists of organic materials such as spent
grains, residues, and by-products, can be transformed into bio-methanol and bio-ethanol
through a series of biochemical and catalytic processes. This bio-alcohol can then serve as
a clean and renewable fuel source for DMFC and DEFC fuel cells, generating electricity
with minimal emissions. By repurposing distillery waste into bio-alcohols, we not only
mitigate environmental concerns associated with waste disposal but also contribute to
the reduction of greenhouse gas emissions and the transition towards a more circular and
resource-efficient economy. This innovative approach exemplifies the synergies between
the agriculture, energy, and waste management sectors, offering a tangible step towards a
greener and more sustainable future.

Enological by-products are generally distilled to obtain neutral ethanol. The sepa-
ration of ethanol from its congeners takes place in a multistage plant where these sub-
stances are separated from ethanol through concentrated out-streams that are withdrawn
in different points of the plant [17,18]. These out-streams are concentrated solutions in a
minimal amount of ethanol that, along with water, are the main solvents [19–22]. These
fractions (so-called phlegms) are generally burnt in waste-to-energy facilities or used as
co-formulant in denatured alcohol. Although these fractions could also be used for bio-
methane production [23], in general, more profitable uses with higher yields are required
by distilleries.

The high alcoholic strength of some of these fractions, the absence of non-volatile
contaminants, and the presence of appreciable amounts of other volatile congeners all
coming from renewable sources constitute an attractive opportunity to use DMFC and
DEFC as alternative sources to the use of pure chemicals, in many cases of fossil origin.

The primary objective of this project was to delve into innovative avenues for the
technical and commercial enhancement of distillation fractions. While ethanol stands as the
predominant alcohol within these fractions, its energy density falls short of that exhibited
by methanol. Considering this, a groundbreaking facet of this research study focused on the
utilization of these alcoholic fractions within DMFC. This endeavor sought to unlock the
latent potential of the combined energy density of methanol, in conjunction with the calorific
value of ethanol. Notably, the intricate/complex composition of these fuels represents
uncharted territory within the realm of fuel cells. The present investigation represents a
pioneering effort, as no prior exploration into fuels of such complex compositions within
fuel cell technology has been documented. As we navigated this unexplored landscape, we
anticipated both the prospect of renewable energy fuels and the possibility of unanticipated
outcomes and side product formation.

2. Materials and Methods
2.1. Plant and Sampling

The distillation fractions were supplied by Caviro S.p.A. (Faenza, Italy) and were
classified as follows: distillation heads and tails deriving from grape pomace (HTG);
distillation heads and tails deriving from lees (HTL); demethylation column reflux fraction
(DRF); and epuration column recycling fraction (ERF). Figure 1 shows a scheme of the
considered distillation plant, a common 7-column purification plant, and the main fractions
involved in the multistep process, along with the sampling sites [24].
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Figure 1. A scheme of the considered industrial distillation plant. A: column of epuration; B: column 
of distillation; C: column of concentration; D: column of hydroselection; E: column of rectification; 
F: column of demethylation; G: column of fusel oil recovery [24]. 

2.2. Chemicals 
All pure reference standards and other chemicals were of analytical grade and pur-

chased from Sigma–Aldrich (Milan, Italy). Deionized water was obtained through an Elix 
3UV purification system (Merck Millipore, Milan, Italy). The deionized water was pro-
duced using tap water through a Merck Millipore Elix3UV water purification system. The 
resistivity of the deionized water was >5 MΩ·cm at 25 °C and TOC < 30 ppb. 

Here is the list of pure standards used: 2-methylpropan-1-ol, 2-methylpropyl ethano-
ate, 3-hydroxybutan-2-one, 3-methylbutan-1-ol, 3-methylbutyl acetate, 3-methyl-1-penta-
nol (internal standard), acetic acid, butan-1-ol, butan-2-ol, butan-2-one, butyric acid, eth-
anal, ethanol, ethyl 2-hydroxypropanoate, ethyl 2-methylpropanoate, ethyl acetate, ethyl 
hexanoate, ethyl octanoate, ethyl pentanoate, hexan-1-ol, hexyl acetate, isobutyric acid, 
isovaleric acid, methanol, pentan-1-ol, propan-1-ol, and propionic acid (internal stand-
ard). 

2.3. Direct Methanol Fuel Cell and Experiments’ Description 
The instrumentation used for the experiments included a direct methanol fuel cell 

(DMFC; F111, Fuel Cell Store, College Station, TX, USA) that works with dominant meth-
anol solutions (3% w/w). This fuel cell employs a proton-exchange membrane (PEM) made 

Figure 1. A scheme of the considered industrial distillation plant. A: column of epuration; B: column
of distillation; C: column of concentration; D: column of hydroselection; E: column of rectification;
F: column of demethylation; G: column of fusel oil recovery [24].

2.2. Chemicals

All pure reference standards and other chemicals were of analytical grade and pur-
chased from Sigma–Aldrich (Milan, Italy). Deionized water was obtained through an
Elix 3UV purification system (Merck Millipore, Milan, Italy). The deionized water was
produced using tap water through a Merck Millipore Elix3UV water purification system.
The resistivity of the deionized water was >5 MΩ·cm at 25 ◦C and TOC < 30 ppb.

Here is the list of pure standards used: 2-methylpropan-1-ol, 2-methylpropyl ethanoate,
3-hydroxybutan-2-one, 3-methylbutan-1-ol, 3-methylbutyl acetate, 3-methyl-1-pentanol
(internal standard), acetic acid, butan-1-ol, butan-2-ol, butan-2-one, butyric acid, ethanal,
ethanol, ethyl 2-hydroxypropanoate, ethyl 2-methylpropanoate, ethyl acetate, ethyl hex-
anoate, ethyl octanoate, ethyl pentanoate, hexan-1-ol, hexyl acetate, isobutyric acid, isova-
leric acid, methanol, pentan-1-ol, propan-1-ol, and propionic acid (internal standard).

2.3. Direct Methanol Fuel Cell and Experiments’ Description

The instrumentation used for the experiments included a direct methanol fuel cell
(DMFC; F111, Fuel Cell Store, College Station, TX, USA) that works with dominant
methanol solutions (3% w/w). This fuel cell employs a proton-exchange membrane (PEM)
made of sulfonated tetrafluoroethylene (Nafion) and features a Pt-Rh binary catalyst on a
carbon support with an active surface area of 4 cm2. The electrolyte consisted of a Nafion®

membrane, 25 µm thick, with an active area of 50 mm × 50 mm. The anode and cathode
electrodes were loaded with Pt-Rh at rates of 0.3 mg/cm2 and 0.6 mg/cm2, respectively. For
the analysis of distillation fractions, the Fuel Cell pack kit “ClearPak™” (Pragma Industries,
Biarritz, France) was employed. The main specifications of this system include dimensions
measuring 110 mm × 90 mm × 70 mm, a weight of 520 g, and a power supply of 24 VDC.
The pack also includes a power hub to feed the regulated air supply system. It is designed
to operate within certain parameters:

• Maximum gas pressure of 2 bars and a maximum internal temperature of 70 ◦C;
• Voltage control/voltage measurements: from 0.05 V to 5 V with a resolution of 0.01 V;
• Current control/measurement: from 0 A to 25 A with a resolution of 0.1 A;
• Temperature measurement: 0–110 ◦C with a resolution of 1%.

To collect data, a data logger was used to regulate voltage settings, and a multimeter,
specifically the digital multimeter fluke 87 V Voltage and Current DC/AC model, was
employed to measure current flowing through the circuit. The multimeter boasts an error
margin declared by the manufacturer of 3%. These instruments were interconnected in
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series with the cell. Additionally, the power generator was specifically calibrated to deliver
power outputs of up to 10 mW.

A diagram illustrating the instruments employed in the experiments conducted is
presented in Figure 2.
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Figure 2. The equipment employed in the experimental setup comprises a direct methanol fuel
cell (DMFC) housing a Nafion membrane as an electrolyte; a data logger capable of establishing a
predefined constant voltage; a voltmeter to capture voltage fluctuations; and an ammeter to monitor
charges in electric current.

All the distillation fractions were diluted with water up to 3% w/w based on the initial
amounts of ethanol and methanol, and 1.5 g (exactly weighed) of each diluted sample
was introduced into the DMFC chamber. Before and after the test, the DMFC was exactly
weighed to determine the final net weight. As for the cleaning procedure, the cell was
rinsed with deionized water, then left overnight with 1% sulfuric acid to regenerate the
membrane, and, finally, carefully rinsed with deionized water.

At the anode, methanol is directly oxidized to carbon dioxide, while at the cathode,
oxygen is reduced to water. Protons formed during this process will pass through the
membrane and move towards the cathode, whereas electrons will flow through the external
circuit. The reactions taking place are outlined as follows:

Anode reaction: CH3OH + H2O → CO2 + 6 H+ + 6 e−

CH3CH2OH + 3 H2O → 2 CO2 + 12 H+ + 12 e−

Cathode reaction: 1.5 O2 + 6 H+ + 6 e− → 3 H2O
3 O2 + 12 H+ + 12 e− → 6 H2O

Overall reaction: CH3OH + 1.5 O2 → CO2 + 2 H2O
CH3CH2OH + 3 O2 → 2 CO2 + 3 H2O

2.4. Determination of the Relationship of Voltage, Current Intensity, and Apparent Power during
the DMFC Experiments

Methanol and ethanol aqueous solutions with known concentrations and all the
distillation fractions diluted with deionized water to a 3% w/w ethanol content were used
in an experiment where the voltage (V) was varied between 50 and 200 mV. The current
intensity and apparent power were measured, with each test repeated 4 times.

Briefly, to measure and plot current and voltage, a series circuit was assembled using
a data logger to set the voltage and a multimeter to measure the current passing through
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the circuit. The data logger was responsible for defining the desired load by adjusting
an internal variable-value resistor, while the cell acted as the current generator, and the
multimeter recorded the current passing through. The power generator was designed for
outputs up to 10 mW. Each test involved introducing precisely 1.5 g of the diluted fraction
into the DMFC chamber. After each test, the cell was rinsed with distilled water followed
by 1% sulfuric acid to regenerate the membrane. Tests were conducted in a random order
to minimize contamination between samples and prevent false results. The solutions used
for each sample composition remained consistent throughout.

2.5. Determination of the Reaction Products in Steady-Voltage Experiments

A different experiment was conducted utilizing the diluted fractions at the same
concentrations as those employed in the previous test. A consistent electric potential
at 50 mV, 100 mV, 150 mV, or 200 mV was applied, resulting in varying resistance and
initiating the reaction upon complete cable connection. Subsequently, the current intensity
(mA) and apparent power (mW) were recorded using Pragma Industries Software OSC34-25
(Biarritz, France). The initial set of experiments concluded after 2 h, whereas the subsequent
set ceased when the current intensity halved, irrespective of the total experiment duration.
The final net weight of the residual sample was measured in all instances. Each test was
replicated four times.

2.6. GC-MS Determination of the Diluted Distillery Fractions

All the fractions were analyzed through a gas chromatograph (6890 series, Hewlett-
Packard, Waldbronn, Germany), equipped with a 30 m capillary column Stabilwax-DA
(Restek, Milan, Italy) with 0.25 mm i.d. and 0.25 µm f.t. The injection was performed
in the split mode (20:1) at 240 ◦C. The oven temperature was set to 45 ◦C, increased at
4.25 ◦C/min up to 66 ◦C, then held for 1.00 min, and, finally, increased at 8.00 ◦C/min up
to 120 ◦C, where it was held for 5.00 min (17.69 total min of analysis). The temperature of
the transfer line was set to 240 ◦C. The data were obtained in the full-scan mode and the
mass-to-charge ratio (m/z) was recorded as between 30 and 350 at 70 eV.

Peaks were identified by (i) retention times and mass spectra of standard substances
(the main ions—m/z—monitored for each substance were added to Table 1); (ii) consistency
of their retention times with the nature of the substance; and (iii) comparison of the mass
spectra obtained with those found in the NIST and Wiley libraries for GC/MS.

Table 1. Concentrations of volatile compounds in the distillation phlegms in mg/kg. Ethanol is
expressed in g/100 g.

IUPAC Nomenclature Common Names Monitored Ions HTG HTL DRF ERF

m/z mg/kg mg/kg mg/kg mg/kg

Ethanal Acetaldehyde 44, 43 531 41 7 38

Ethyl acetate 43, 45, 61 14,000 9333 38 4333

Methanol 31, 32 105,333 6000 17,000 4000

Butan-2-one 2-Butanone 43, 72, 57 1007 1783 261 4220

2-Methylpropyl ethanoate Isobutyl acetate 42, 56, 73 67 n.d. n.d. 41

Butan-2-ol 2-Butanol 43, 41, 74 17,503 20,872 106 14,088

Propan-1-ol Propanol 31, 42, 59 8383 8121 8 2611

Ethyl 2-methylpropanoate Ethyl isobutyrate 43, 71, 116 67 20 10 10
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Table 1. Cont.

IUPAC Nomenclature Common Names Monitored Ions HTG HTL DRF ERF

m/z mg/kg mg/kg mg/kg mg/kg

Ethyl pentanoate Ethyl valerate 57, 88, 101 298 112 n.d. 52

2-Methylpropan-1-ol Isobutyl alcohol 43, 74, 55 2325 n.d. 4 n.d.

3-Methylbutyl acetate Isoamyl acetate 43, 70, 55 80 91 n.d. 191

Butan-1-ol Butanol 56, 41, 72 56 237 n.d. 36

Pentan-1-ol Pentanol 42, 55, 70 n.d. n.d. n.d. 4

3-Methylbutan-1-ol Isoamyl alcohol 42, 55, 70 321 959 16 730

Ethyl hexanoate Ethyl caproate 88, 99, 115 28 83 n.d. 79

3-Hydroxybutan-2-one Acetoin 45, 43, 88 340 n.d. n.d. n.d.

Hexyl acetate Capryl acetate 43, 56, 84 n.d. n.d. n.d. 2

Ethyl 2-hydroxypropanoate Ethyl lactate 45, 75 n.d. n.d. n.d. 15

Hexan-1-ol Hexanol 56, 69, 84 n.d. 1 2 30

Ethyl octanoate Ethyl caprylate 88, 101, 127 n.d. 4 2 181

Ethanoic acid Acetic acid 43, 45, 60 2001 48 1 59

Ethanol (g/100 g) 45, 46 54 67 75 70

HTG: distillation heads and tails deriving from grape pomace; HTL: distillation heads and tails deriving from
lees; DRF: demethylation column reflux fraction; ERF: epuration column recycling fraction. n.d.: not detected.

Quantification was performed using two internal standards: 3-methyl-1-pentanol
(20 µL at 10,000 ppm) for all the volatile congeners, except for acetic acid, which was quan-
tified with propionic acid (20 µL at 100,000 ppm). Calculations of the fraction performances
in the FC were carried out on molal basis. Each value is represented in the figures as an
average with its specific error bar.

3. Results and Discussion
3.1. Chemical Characterization of the Distillery Fractions

All the fractions had a high alcohol content (54–75 g/100 g), while the methanol
concentration was in a range between 4000 and 105,000 mg/kg (Table 1). The highest
concentration of methanol was found in HTG due to its considerable release caused by the
pectinase activity on the pomace pectin, while DRF showed methanol concentrations of
one order of magnitude lower, and even lower for the remaining samples.

3.2. Electrochemical Measurements of Diluted Distillation Fractions

Electrochemical measurements of each 3%-w/w-diluted distillation fraction were
carried out. In our experiment, we employed a fuel cell originally designed for methanol to
examine a solution containing an ethanol fraction. It is essential to acknowledge that this
adaptation could affect the cell’s performance. The electro-oxidation of ethanol is notably
more intricate than that of methanol, primarily due to differences in reaction kinetics and
catalyst-poisoning phenomena between the two fuel molecules. The complexity of ethanol
electro-oxidation poses challenges that can significantly impact cell performance. Moving
forward, it is crucial to emphasize our ongoing efforts to gain deeper insights into the
intricacies of ethanol electro-oxidation and the mechanisms governing ethanol solution
oxidation in fuel cell environments. Through additional measurements and targeted
experimentation, our aim was to optimize and advance fuel cell technologies to new levels
of efficiency and effectiveness.
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Figure 3a illustrates the power values plotted against voltage for both MeOH and
EtOH solutions, while Figure 3b shows those of all four investigated diluted distillation
fractions. Figure 3c,d report the current vs. voltage for alcoholic MeOH and EtOH solutions
and for all the four diluted distillation fractions.
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All the samples were capable of releasing a measurable energy quantity: the appar-
ent power expressed as mW showed similar behavior across all solutions with known
concentrations and diluted fractions (Figure 3a,b). However, preventive trials with a lab
mixture of MeOH and EtOH (Tables 2 and 3) showed that even a small amount of ethanol
added to the solution was able to significantly lower the result. An EtOH content of 3%
(case B Tables 2 and 3) caused a decrease in power obtained, which was, on average, 70.3%
lower. Higher EtOH concentrations were less disrupting (Figure 3a,c). It was not possible
to note the same decrease when considering compositions B and F (Tables 2 and 3), or
any other solution, as extremes. In general, the curves of apparent powers and current
intensity obtained with the diluted distillation fractions were similar, if not higher than
those obtained with the model mixtures of methanol and ethanol.
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Table 2. Composition (MeOH and EtOH) and measured current in mA at different voltages.

%EtOH
%MeOH

0%
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2.261%

1.635%
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2.464%
0.786%
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0.00 134.08 71.55 47.73 51.00 61.98 49.68
0.05 120.53 61.90 41.60 44.28 57.33 43.48
0.10 107.93 53.83 36.03 38.20 50.98 39.73
0.15 95.63 46.03 30.75 32.35 45.55 34.95
0.20 85.85 37.63 25.70 27.05 38.78 30.15
0.25 72.38 30.20 21.15 21.93 32.85 25.10
0.30 59.93 22.93 16.73 17.05 27.20 20.63
0.35 44.55 16.80 12.65 12.73 21.65 16.20
0.40 34.08 11.73 9.10 8.03 17.30 12.23
0.45 25.03 6.55 5.63 4.95 13.68 8.70
0.50 19.28 2.83 2.70 1.95 10.28 5.68
0.55 14.65 0.00 0.00 0.00 6.68 3.18
0.60 9.78 / / / 3.55 0.00
0.65 2.88 / / / 0.00 /
0.70 0.00 / / / / /

Table 3. Composition (MeOH and EtOH) and calculated mW at different voltages.

%EtOH
%MeOH

0%
3.101%

0.894%
2.261%

1.635%
1.564%

2.464%
0.786%

2.784%
0.485%

3.291%
0%

V mW (A) mW (B) mW (C) mW (D) mW (E) mW (F)

0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.05 6.03 3.10 2.08 2.21 2.87 2.17
0.10 10.79 5.38 3.60 3.82 5.10 3.97
0.15 14.34 6.90 4.61 4.85 6.83 5.24
0.20 17.17 7.53 5.14 5.41 7.76 6.03
0.25 18.09 7.55 5.29 5.48 8.21 6.28
0.30 17.98 6.88 5.02 5.12 8.16 6.19
0.35 15.59 5.88 4.43 4.45 7.58 5.67
0.40 13.63 4.69 3.64 3.21 6.92 4.89
0.45 11.26 2.95 2.53 2.23 6.15 3.92
0.50 9.64 1.41 1.35 0.97 5.14 2.84
0.55 8.06 0.00 0.00 0.00 3.67 1.75
0.60 5.87 / / / 2.13 0.00
0.65 1.87 / / / 0.00 /
0.70 0.00 / / / / /

The results in Figure 3a,b suggest that MeOH and EtOH solutions and the four diluted
fractions show the maximum values of mW in correspondence to 0.25–0.30 Volts and a
decreased to zero at 0.65 Volts. The only sample that shows values considerably higher
in comparison with all the other samples is the 3.1% methanol solution. This provides
confirmation of the effectiveness of each distillation fraction as a fuel for DMFC, and, at
the same time, shows that this kind of fuel cell is suitable for use in work with an alcohol
fraction that has a prevalence of ethanol, as well.

The intensity of the electric current showed a progressive decrease during the redox
reaction inside the DMFC in all the samples (Figure 3c,d) [25–27]. However, some differ-
ences could be observed. Indeed, if the 3% methanol solution showed by far the highest
initial value, there was not a linear decrease when increasing ethanol concentrations of
the model solutions. This was probably due to the competitive effect of the alcohols on
the electrocatalysts. A less marked difference could be observed in the fractions where the
competition phenomenon was certainly higher. DRF showed the highest electric current
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intensity initial value, probably due to a lesser competitive effect on the membrane given
the lower total content of the single solutes, aside from ethanol and methanol.

As a matter of fact, ethanol, and very likely other volatile congeners, have been shown
to decrease the energy yield, as already documented in the literature [28]. Initially, this
result may appear discouraging when compared to the outcomes of a pure methanol supply
(see Tables 2 and 3). However, these mixed compounds, typically considered waste by
distilleries, hold significant potential for profit if utilized directly at their production site,
eliminating transportation costs and minimizing storage expenses. Furthermore, there is
the opportunity for further purification of methanol for fuel cell applications by diluting
the mixture with water to separate soluble alcohol from other volatile congeners.

The fractionation of the diluted alcoholic mixture could be relatively straightforward.
For each distillation fraction, electrochemical measurements were performed for the de-
termination of the electric current intensity and the apparent power at different voltages
(Table 4). HT G, HT L, DW, and EW showed a gradual decrease in the intensity of the
electric current and power during the application of the different voltages, which was due
to the gradual development of the redox reaction inside the fuel cell.

Table 4. Electrochemical measurements of the heads and tails from grape pomace. mA: intensity
of electric current; mW: apparent power; HT G: grape pomace heads and tails; DW: demethylation
waste; EW: epuration waste; HT L: lees head and tails.

mA mW mA mW mA mW mA mW

HT G HT L DW EW

0 Volts 63.2 ± 1.8 60.9 ± 2.0 75.9 ± 3.0 68.8 ± 2.1
0.05 Volts 56.6 ± 1.3 2.8 ± 0.1 54.3 ± 2.3 2.7 ± 0.1 67.7 ± 3.8 3.4 ± 0.2 60.5 ± 4.0 3.0 ± 0.2
0.10 Volts 49.2 ± 0.9 4.9 ± 0.1 48.5 ± 2.7 4.9 ± 0.3 59.2 ± 3.0 5.9 ± 0.3 54.3 ± 2.9 5.4 ± 0.3
0.15 Volts 42.8 ± 1.0 6.4 ± 0.2 41.5 ± 2.2 6.2 ± 0.3 50.6 ± 2.1 7.6 ± 0.3 47.7 ± 2.0 7.1 ± 0.3
0.20 Volts 36.1 ± 0.8 7.2 ± 0.2 35.7 ± 1.6 7.1 ± 0.3 42.2 ± 1.3 8.4 ± 0.3 41.4 ± 1.7 8.3 ± 0.3
0.25 Volts 30.7 ± 0.7 7.7 ± 0.2 30.4 ± 1.4 7.6 ± 0.3 34.1 ± 1.4 8.5 ± 0.3 35.3 ± 1.7 8.8 ± 0.4
0.30 Volts 25.7 ± 0.9 7.7 ± 0.3 25.2 ± 0.9 7.6 ± 0.3 28.0 ± 0.4 8.4 ± 0.1 29.5 ± 1.5 8.9 ± 0.5
0.35 Volts 20.8 ± 0.7 7.3 ± 0.3 20.6 ± 0.9 7.2 ± 0.3 22.2 ± 0.8 7.8 ± 0.3 24.0 ± 1.7 8.4 ± 0.6
0.40 Volts 16.7 ± 0.3 6.7 ± 0.1 16.3 ± 1.0 6.5 ± 0.4 17.2 ± 1.0 6.9 ± 0.4 19.2 ± 1.5 7.7 ± 0.6
0.45 Volts 14.1 ± 0.5 6.4 ± 0.3 12.4 ± 1.0 5.6 ± 0.5 13.3 ± 0.6 6.0 ± 0.3 15.0 ± 1.4 6.7 ± 0.6
0.50 Volts 9.7 ± 1.0 4.8 ± 0.6 9.1 ± 1.1 4.5 ± 0.6 9.8 ± 0.5 4.9 ± 0.2 11.2 ± 1.1 5.6 ± 0.6
0.55 Volts 6.4 ± 0.6 3.5 ± 0.4 6.0 ± 1.0 3.3 ± 0.5 6.6 ± 0.6 3.6 ± 0.3 6.9 ± 0.5 3.8 ± 0.3
0.60 Volts 3.3 ± 0.4 2.0 ± 0.3 2.9 ± 0.5 1.7 ± 0.3 3.2 ± 0.5 1.9 ± 0.3 3.0 ± 0.5 1.8 ± 0.3
0.65 Volts 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

The obtained results highlight the potential for harnessing diluted distillation by-
products to generate electrical energy through direct methanol fuel cells. The distinctive
substances found in distillation by-products, apart from methanol, exhibited varying
degrees of electric current (and electric power) generation. Among these compounds,
samples of 3-methyl butanol and isopropanol produced the highest power outputs at
equivalent voltages. These two branched higher alcohols are present in concentrations in
the order of hundreds of mg/L, even in wines. Consequently, wines destined for disposal
could emerge as intriguing raw materials for direct methanol fuel cell energy production,
as the potential of these higher alcohols could complement that of ethanol.

The power generated from n-butanol, a linear higher alcohol, was only slightly
lower than that of the branched alcohols. Conversely, an ester, ethyl acetate, exhibited
lesser efficacy.

Surprisingly, acetic acid, despite its heterogeneous chemical nature compared to alco-
hols and its presumed role as a product of ethanol oxidation under the same experiment,
demonstrated remarkable performance. As highlighted for the branched higher alcohols,
acetic acid also constitutes compositional percentages exceeding 5% in vinegars. Thus, vine-
gars destined for disposal due to irreparable defects could warrant further investigation.
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The behavior of methanol warrants separate description as it exhibited a lower perfor-
mance than expected and compared to other substances. A definitive judgment remains
challenging, prompting a reevaluation of the materials used while awaiting confirmation.

To sum up, these preliminary results suggest that the utilization of alcoholic solutions
derived from distillation residues in direct methanol fuel cell technology for electricity
generation could present an alternative, sustainable, and environmentally friendly energy
source. However, further investigation is imperative regarding this technology, including
the qualitative and quantitative analysis of redox reaction compounds occurring within the
cells. This comprehensive analysis is crucial for obtaining a more complete understanding
of the behaviors of diverse substances and for estimating their potential applications based
on recovery yields.

3.3. GC-MS Evaluation of the Diluted Distillery Fractions

The oxidation mechanisms of methanol and ethanol are quite different. Moreover,
in diluted distillation fractions, electro-oxidation also involves other minor alcohols, thus
bringing about the formation of other reaction products. This also entails different perfor-
mances of the single alcohols and energy yields.

As for electro-oxidation, the mole balance between main alcohols and their intermedi-
ates and reaction products showed interesting results. In an FC equipped with a binary
metal catalyst such as Pt-Rh/C, ethanol oxidation is characterized by various pathways
and reaction intermediates [23,29,30].

In all samples, there was a strong increase in the concentration of acetic acid at the
end of each experiment (Figure 4a) due to the partial oxidation of ethanol [28,31,32], which
occurred on the Pt surface via the acetyl intermediate, a partially oxidized acetaldehyde
(CH3CO) [30,33]. This acetyl intermediate reacted to give acetic acid with the hydroxyl
group formed on the Rh surface from the cleavage of water. The same acetyl intermediate
can also be subjected to a C–C cleavage to form carbon dioxide and, to a lesser extent, also
methane [34].

In the samples obtained after the FC experiments, the increase in acetaldehyde was ev-
ident, as well (Figure 4b), even though its millimolal concentrations could not be compared
with any of the reagents since it is a labile intermediate.

Ethyl acetate concentrations increased during electro-oxidation in the DMFC, except
in HTG, where a reduction was observed (Figure 4c). The formation of ethyl acetate also
derives from the acetyl intermediate through the reaction with ethanol (that has lost an
H) [17,35] (Chauhan and Srivastava, 2019). The esterification is favored by the acidic
environment and by proton transfer flows.

Methanol (Figure 4d) is adsorbed as well on the surface of the electrocatalyst to be
partially oxidized to formaldehyde, from which formic acid is then formed. Although the
reaction scheme is very similar to that described for ethanol electro-oxidation, there are
two elements to consider. Firstly, complete oxidation of methanol to carbon dioxide is very
efficient, and, secondly, formic acid is an unstable compound, which can easily give rise
to the formation of carbon dioxide, as well. For this reason, neither formic acid nor other
methanol reaction intermediates were detected in GC-MS. However, methanol did not
disappear at the end of the experiments (Figure 4d) due to a certain competitive effect on
the FC electrocatalysts. It is interesting to note a significant linear correlation (r = −0.65;
p ≤ 0.05) between the difference in molal concentrations of methanol before and after the
experiment and the time lapsed to halve the current intensity.
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The correct amount of the carbon dioxide formed was not calculated since the weight
loss during the experiments took into account the total amount of compounds that were
lost. However, with a good approximation, the weight loss can be expressed as the amount
of carbon dioxide produced. A significant linear correlation (r = −0.84; p ≤ 0.01) was
verified between the carbon dioxide molal concentration and the time lapsed to halve the
current intensity. In general, carbon dioxide formation in methanol electro-oxidation occurs
faster than ethanol cleavage [30]. Indeed, as the carbon chain increases, the reactivity of the
alcohols towards electro-oxidation decreases [36].

Among the other higher alcohols, 2-butanol showed quite high amounts and notewor-
thy behavior. Indeed, its concentration decreased in all the samples after the FC experiments
due to partial oxidation to its corresponding ketone, 2-butanone (Figure 5a) [37]. 2-butanone
was already found in marc spirits, such as grappa, in significantly lower concentrations
than its precursor 2-butanol [38]. Furthermore, the formation of 2-butanone can also be
due to the presence of acetoin [39] through radical electro-hydrogenolysis [40]. However,
acetoin was only found in HTG (around 1 mmol/kg before the fuel cell experiment) and its
concentration decreased to zero in HTG after the fuel cell experiment.

In the DMFC, the electro-oxidation also involved other alcohols, such as propanol,
isobutyl alcohol, butanol, and isoamyl alcohol. Although propanol showed a clear reduction
at the end of the experiment (Figure 5b), it was not possible to quantify the trend of the
corresponding propionic acid because the latter was used as an internal standard. The
concentration of butanol decreased in the samples after fuel cell experiments with a parallel
increase in butyric acid (Figure 6a). The mechanism of this reaction proceeds through
the adsorption of the compound on the electrocatalyst surface with the formation of
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carbon dioxide and butyric acid. Butyric acid is rather unstable and can be subjected to
decarboxylation with the release of carbon dioxide [30,32].
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The concentrations of isobutyl and isoamyl alcohols decreased in the samples after
FC tests (Figure 6b,c) due to the electro-oxidation reactions on these alcohols, which bring
about the formation of isobutyric and isovaleric acids, respectively [41]. To sum up, the total
amount of these short-chain fatty acids increased as a result of the complex electro-oxidation
reactions that occurred in the DMFC (Figure 6d).
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4. Conclusions

This pioneering investigation into utilizing distillery fractions to power methanol
fuel cells underscores the advantages of integrating environmentally friendly energy so-
lutions with the sustainable utilization of by-products. Methanol and ethanol, sourced
from the distillation of enological by-products, present promising fuel options for fuel
cells, thereby contributing to the circular economy. Moreover, GC-MS analysis identified
acetic acid, short-chain fatty acids, ketones, and aldehydes as by-products, hinting at the
potential for recovering valuable compounds, even at low concentrations. The scalability
of such applications may render this opportunity highly appealing. This linkage between
sustainable energy and valuable by-products suggests synergies between clean energy
technologies and the advancement of sustainable materials. In summary, this study propels
the advancement of eco-friendly energy solutions by effectively utilizing distillery fractions,
thus underscoring the interdependence of sustainable energy generation and the creation
of valuable by-products. The research emphasizes the significance of holistic approaches
that align with environmental stewardship and circular economy principles.
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Abbreviations

DEFC direct ethanol fuel cell
DMFC direct methanol fuel cell
DRF demethylation column reflux fraction
ERF epuration column recycling fraction
FC fuel cell
HTG distillation heads and tails deriving from grape pomace
HTL distillation heads and tails deriving from lees
m/z Mass-to-charge ratio
PEM polymer–electrolyte membrane
r coefficient of correlation
V voltage
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