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We regret that for the first publication of this volume on the 1st of November 2023, the 
placement of the General Discussion sections in the order of the papers was incorrect. The 
order of these discussion sections has now been corrected. The paper below was affected 
by the reorder of the volume and, consequently, now displays the new, correct page 
numbers.  

 

The Royal Society of Chemistry apologises for these errors and any consequent 
inconvenience to authors and readers. 
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Utilisation and valorisation of distillery
whisky waste streams via biomass
electrolysis: electrosynthesis of hydrogen
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Fuel-flexible hydrogen generation methods, such as electrochemical conversion of

biomass, offer a route for sustainable production of hydrogen whilst valorising

feedstocks that are often overlooked as waste products. This work explores the

potential of a novel, two-stage electrolysis process to convert biomass-containing solid

(draff/spent barley) and liquid (pot ale and spent lees) whisky co-products, from the Isle

of Raasay Distillery, into hydrogen, using a phosphomolybdic acid (H3[PMo12O40] or

PMA) catalyst. Characterisation results for whisky distillery co-products will be

presented, including thermogravimetric, differential scanning calorimetric, CHN

elemental, total organic carbon and chemical oxygen demand analysis data. The results

indicated that the characteristics of these co-products align well with those reported

across the Scotch whisky distillation sector. Subsequently, the concept of thermal

digestion of each co-product type, using the Keggin-type polyoxometalate PMA

catalyst to abstract protons and electrons from biomass, will be outlined. UV-visible

spectrophotometry was employed to assess the extent of reduction of the catalyst,

after digestion of each co-product, and indicated that draff and pot ale offer the largest

scope for hydrogen production, whilst digestion and electrolysis of spent lees is not

viable due to the low biomass content of this distillation co-product. Finally, details of

electrolysis of the PMA–biomass solutions using a proton-exchange membrane

electrolysis cell (PEMEC) will be provided, including electrochemical data that help to

elucidate the performance-limiting processes of the PEMEC operating on digested

biomass–PMA anolytes.
Introduction

The replacement of fossil fuels with ‘green’ hydrogen, produced using renewable
electricity, provides an alternative route to decarbonization of sectors, such as
aDepartment of Chemical and Process Engineering, University of Strathclyde, James Weir Building, 75 Montrose

Street, Glasgow, G1 1XJ, UK. E-mail: robert.price@strath.ac.uk
bIsle of Raasay Distillery, R&B Distillers Ltd., Borodale House, Isle of Raasay, Kyle, Scotland, IV40 8PB, UK
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transport and domestic/commercial/process heating.1 Typically, electrolysis of
steam or water can be employed to produce hydrogen for synthesis of feedstock
chemicals,2 sustainable aviation fuel,3 or to be used as a fuel in electrochemical
energy conversion and combustion techniques.4Many companies are active in the
research, development and supply of electrolysis systems based upon proton-
exchange membrane (PEM), alkaline, anion-exchange membrane (AEM)4 and
solid-oxide electrolyte (SOE) electrochemical cells.2 There is also a growing
interest in developing novel, more efficient and fuel-exible hydrogen generation
methods, capable of producing large quantities of fuel gas, using feedstocks that
would otherwise go to waste.

Electrochemical conversion of waste biomass offers a fuel-exible route to
sustainable, net-zero greenhouse gas emissions production of hydrogen whilst val-
orising waste biomass feedstocks. In recent years, the examination of poly-
oxometalate (POM) materials as catalysts,5,6 which can digest biomass, has been
undertaken. POMmaterials comprise large, polyanionic MOx clusters, in which M =

transitionmetals such asMo,W and V,5,7 as well as a variety of cations. Oxygen atoms
in the polyanionic clusters are able to act as electron donors (Lewis bases) whilst the
unoccupied orbitals of the transition-metal ions are able to act as electron acceptors
(Lewis acids).5 Consequently, these materials are highly redox stable, in addition to
being very thermally stable, allowing thermal and electrochemical cycling to take
place during the digestion of biomass. In this digestion process, electrons can be
transferred from biomass to the unoccupied orbitals of the transition-metal ions to
reduce the POM material, with protons also being abstracted to balance the charge.
Ultimately, the reduced-POM catalyst can undergo electrolysis either in ‘bulk’ elec-
trolyte solutions or in electrochemical membrane reactors to produce high-purity
hydrogen gas, whilst regenerating the POM catalyst.8–10

Electrolysis of biomass–POM solutions gives rise to generation of hydrogen
from biomass sources and occurs at signicantly lower voltages (<950 mV)9 than
the standard potential of water electrolysis (1230 mV) or 1500–1600 mV in prac-
tical commercial PEM electrolysers,9,11,12 as it avoids the sluggish electrode
kinetics of the oxygen evolution reaction, and does not require expensive iridium-
based catalysts to function effectively. Consequently, the electricity demand and,
thus, the cost per unit volume of hydrogen produced via electrolysis of biomass–
POM solutions can be substantially reduced;10 key factors in the investment and
deployment of hydrogen production systems.

Our current research focuses on the demonstration of the potential of a novel
two-stage electrolysis process (using PEM electrolysis cells) to convert biomass
streams into hydrogen, with a Keggin-type structured POM catalyst known as
phosphomolybdic acid ((H3[PMo12O40]) or PMA), whose polyanionic cluster is
centred with a phosphorus heteroatom.5,7 PMA has been successfully used in the
depolymerization of lignin,8,10 degradation of glucose13 and alcohols,14 thermal
and photo-irradiative digestion of a variety of biomasses10,15 and subsequent
electrolysis in bulk electrolyte solution reactors9 and PEM ow cells,10 as well as in
electron-coupled proton buffers for energy storage and conversion.16–18 Therefore,
employment of this redox stable and highly water-soluble POM material provides
an excellent platform for the evaluation of the potential of whisky co-products as
biomass sources for hydrogen production.

Stage one involves thermal digestion of biomass, to reduce the PMA catalyst
via removal of protons and electrons from the biomass source. Stage two
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 247, 268–288 | 269
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involves the use of a PEM electrolyzer to reoxidise the reduced PMA catalyst on
a carbon felt anode. Upon application of a potential, protons and electrons
dissociate from the reduced PMA at the anode. The protons then move through
the aqueous PMA solution to the proton-conducting Naon™ membrane,
through which they migrate, whilst electrons ow around an external circuit,
both moving towards the cathode. The protons are then reduced by the elec-
trons to form hydrogen at the cathode, with the aid of a platinum catalyst (Pt/C
on carbon paper).

In this research, the authors focus on the conversion of whisky co-product
streams from the Isle of Raasay Distillery to hydrogen using the previously
described two-stage electrolysis process. Three main co-products are generated
as a result of the whisky production process, as summarized in Fig. 1. Firstly,
draff is a solid co-product of the barley mashing process, the desired product of
which is a high sugar-content liquid (known as wort) for fermentation and
conversion to alcohol using yeast. Subsequently, this fermented wort (wash) of
∼8 volume% (vol%) ethanol undergoes distillation in a wash still to produce low
wines (∼20 vol% ethanol), in addition to an organic-rich, yeast-laden co-product
of pot ale. Finally, a spirit distillation is performed on the low wines (and
‘foreshots’ and ‘feints’ from previous spirit distillations) to produce ‘new make’
spirit (∼70 vol% ethanol) for aging (into Scotch whisky), more foreshots and
feints (which are distilled along with the following batch of low wines) and
a co-product of spent lees.

Initially, characterisation data for whisky co-products will be presented
including thermogravimetric, differential scanning calorimetric and carbon–
hydrogen–nitrogen analysis of solid (draff/spent barley) and liquid wastes (pot ale
and spent lees), in addition to total organic carbon and chemical oxygen demand
analyses of liquid samples. Subsequently, the process of thermal digestion of each
waste-type, using the Keggin-type polyoxometalate PMA catalyst to abstract
protons and electrons from biomass, will be outlined, including assessment of
the reduction extent of the PMA catalyst used to digest each biomass source.
Finally, details of electrolysis of the PMA–biomass solutions using a PEM ow cell
Fig. 1 A basic flow-diagram of the whisky production process and the co-products
generated as a result.
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will be covered, including electrochemical data (electrochemical impedance
spectroscopy, voltage–current measurements and chronoamperometric opera-
tion) in order to determine the optimal operating conditions for the process, in
addition to the respective amount of hydrogen produced from each biomass
source.

Experimental
Characterisation of catalyst material and whisky distillation co-products

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC)
and differential thermal analysis (DTA). Simultaneous thermal analysis (STA), i.e.
TGA and DSC/DTA, of phosphomolybdic acid (H3[PMo12O40]$xH2O, Thermo
Scientic Chemicals, ACS Reagent) was performed using a Netzsch STA 449 F3
Jupiter® instrument. Data were collected upon heating to 600 °C at a rate of 5.00 °
Cmin−1, using alumina crucibles for both the reference and sample, under a ow
of compressed air (50.0 cm3 min−1) and a ow of N2 protective gas (60.0
cm3 min−1). STA of the draff, pot ale and spent lees co-products was performed
using a Netzsch STA 449 C Jupiter® instrument. Data were collected upon heating
using ramp rates of 1.00 °C min−1 to 120 °C and 10.0 °C min−1 to 900 °C, under
a 20.0 cm3 min−1

ow of compressed air.
Correction runs (using an empty alumina sample crucible) were performed

prior to analysis of all samples and were applied to the experimental data, using
Netzsch Proteus analysis soware.

Carbon–hydrogen–nitrogen (CHN) analysis. Samples of draff, pot ale and
spent lees were decanted into evaporating basins and placed into a drying oven, in
order to dry the materials prior to CHN analysis. Samples were heated to 120 °C
for a period of 12 hours, before cooling to room temperature. Triplicate analysis of
samples of dried draff and the residues from the pot ale and spent lees was
performed by placing samples into tin capsules and loading into a Flash 2000
Organic Elemental Analyzer (Thermo Scientic) for CHN analysis through
dynamic ash combustion at 900 °C. A ow rate of 140 cm3 min−1 of helium
carrier gas was used for separation of ash combustion products and subsequent
analysis in the thermal conductivity detector (TCD). Prior to the analysis of whisky
co-products, an acetanilide standard material was analysed to calibrate the
instrument.

Total organic carbon (TOC) analysis and chemical oxygen demand (COD)
analyses. Samples of pot ale were diluted by a factor of 10 using de-ionised water
(DI H2O, 15 MU cm), whilst the spent lees samples were used undiluted, to
ensure that TOC and COD values were in the specied ranges for the test
cuvettes employed. Total organic carbon 300–3000 mg L−1 C (purging method)
LCK387 cuvette test kits (Hach Lange Gmbh) were used to determine the TOC
concentration, whilst chemical oxygen demand 1000–10 000 mg L−1 O2 LCK014
cuvette test kits (Hach Lange Gmbh) were employed to determine the COD of
pot ale and spent lees co-products, according to procedures specied by the
manufacturer.19,20 Finally, the cuvettes for both TOC and COD were inserted into
a Hach DR6000 UV-vis spectrophotometer and analysed to determine the TOC
and COD of each liquid co-product. Measurements were performed in triplicate
for each of three samples of pot ale and spent lees, for both TOC and COD
analysis.
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 247, 268–288 | 271
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Fig. 2 (a) Image of the setup employed to thermally digest biomass using the PMA catalyst
and (b) a labelled image of the PEM flow cell used for electrolysis experiments.
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Digestion of biomass samples

Thermal digestion of biomass samples using the PMA catalyst was performed
according to the state of the whisky co-product. Samples of solid draff (spent
barley) were added to a transparent, yellow-coloured 300 mmol dm−3 solution
of PMA in deionised water (DI H2O, 15.0 MU cm). In contrast, for samples of pot
ale and spent lees (both liquid), the PMA catalyst was added directly into 10.0
cm3 of the whisky co-product and stirred magnetically for 18 hours at 27 °C,
until dissolution of the PMA had occurred. Due to the high water of crystal-
lisation content of the PMA catalyst, it is typical to observe a signicant
increase in the volume of the solution (in this case 5.00 cm3) as a result of
dissolution of the catalyst and release of water. Therefore, only a further 10.0
cm3 of liquid co-product was added to achieve a 300 mmol dm−3 concentration
solution of PMA.

25.0 cm3 of the relevant biomass–PMA solution was decanted into a three-
neck, round bottom ask. The ask was attached to a reux condenser and the
side necks were used to introduce a K-type thermocouple (embedded in a sealed
bung), to monitor the temperature of the reaction mixture, and a purge of argon
from the opposite side. Once sealed, the base of the ask was lowered into
a silicone oil heating bath and a purge of argon was initiated to perform the
digestion under anaerobic conditions. The oil bath was magnetically stirred at
a rate of 800 revolutions per minute (rpm) and was heated to achieve a tempera-
ture of 100 °C in the reaction mixture using a hotplate stirrer. The argon purge
was halted once the reaction temperature had been reached and the purge line
was diverted to a gas syringe in order to collect any gaseous products evolved
during the reaction, which proceeded for 4 hours. An image of the thermal
digestion apparatus is presented in Fig. 2a.
Electrochemical analysis and UV-visible spectrophotometry of PMA catalyst

Cyclic voltammetry and chronoamperometry. A solution of 300 mmol dm−3

PMA catalyst was analysed by cyclic voltammetry (CV), using a carbon felt working
electrode, a platinised titanium mesh counter electrode and a Ag/AgCl reference
272 | Faraday Discuss., 2023, 247, 268–288 This journal is © The Royal Society of Chemistry 2023
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electrode (conditioned in a 100 mmol dm−3 KCl solution). A BioLogic SP300
potentiostat was used to sweep the voltage positively at a rate (n) of 10 mV s−1 to
1200 mV, before sweeping the voltage negatively to −200 mV at the same rate,
whilst recording the current response of the electrolyte.

Chronoamperometry was employed to produce PMA solutions exhibiting
varying extents of reduction (with respect to the two-electron process observed at
580 mV). A glass H-cell setup was employed for this electrochemical treatment
using a Naon™ 115 (Fuel Cell Store) proton-exchange membrane to separate the
working-electrode compartment (containing 30.0 mmol dm−3 PMA in DI H2O)
from the counter-electrode compartment (containing 1.00 mol dm−3 phosphoric
acid (H3PO4)). The volume of each solution employed was 12.0 cm3. The same
working, counter and reference electrodes as described in the aforementioned CV
analysis were employed along with the BioLogic SP300 potentiostat. Initially, the
PMA solution was reduced by passing 69.5 C of charge at a potential of 250 mV (vs.
Ag/AgCl), in order to fully reduce the PMA to provide a point of reference. Then the
PMA electrolyte solution was oxidised (in 20% increments) at a potential of 850
mV (vs. Ag/AgCl) to produce a series of solutions that could be used to construct
a calibration curve.

UV-visible spectrophotometry and construction of a calibration curve. Solu-
tions produced during chronoamperometry of the PMA electrolyte were diluted
from a concentration of 30.0 mmol dm−3 to 120 mmol dm−3 using DI H2O (in
order to prevent saturation of the detector during UV-visible spectrophotometry).
PMA solutions of 0%, 20%, 40%, 60%, 80% and 100% reduction (with respect to
the two-electron process observed at 580 mV vs. Ag/AgCl) were transferred to
a quartz cuvette with a 10 mm path length and inserted into a Varian Cary 5000
UV-vis spectrophotometer. Spectra were collected using a scan range of 300 nm to
800 nm and absorbance at 700 nm for each solution was taken to produce
a calibration curve (according to previous work by Liu et al.).10 A plot of absor-
bance vs. reduction extent (of PMA solution) was produced and data were sub-
jected to linear tting to produce a calibration curve. Thermally digested
biomass–PMA samples were then analysed spectrophotometrically under the
same conditions and reduction extents were determined using this calibration
curve.
Electrochemical analysis of PEM electrolyser operating on H–PMA solutions

PEM setup. A labelled image of the complete test setup employed for elec-
trolysis testing is provided in Fig. 2b. Digested biomass–PMA solutions (anolytes)
and sulfuric acid sweep solutions (catholytes) were transferred to separate uid
reservoirs and were continuously circulated to (and returned from) the anode and
cathode compartments, respectively, using silicone tubing and Masterex™ L/
S™ 16 Tygon™ tubing via a Masterex™ L/S™ Digital Miniex Dual-Channel
peristaltic pump. Off-gases evolved in the anode compartment (assumed to be
CO2) were collected in a graduated gas syringe connected to the anode uid
reservoir, whilst off-gases evolved in the cathode compartment (assumed to be H2)
were diverted to an invertedmeasuring cylinder lled with DI H2O in a water bath.
The membrane electrode assembly (MEA) consisted of a Naon™ 115 proton-
exchange membrane (PEM), with a 1 mm thick carbon felt anode and a carbon
paper cathode screen-printed with Pt/C catalysts (0.937 mg cm−2 Pt). This was
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 247, 268–288 | 273
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housed between two graphite ow plates and sealed with silicone gaskets, before
gold-coated copper current collectors, PTFE insulating sheets and aluminium end
plates were stacked either side of these components. The setup was compressed
to a torque of 900 mN m using a torque screwdriver and was heated using 230 V
heating cartridges inserted into the aluminium end plates, controlled by a K-type
thermocouple introduced into the graphite ow plates. Naon™ 115 PEMs
employed for H-cell and ow-cell testing were pre-treated by heating in 500 mmol
dm−3 H2SO4(aq) for 1 hour, followed by heating in 3.00% H2O2(aq) for 1 hour, both
at 80 °C. Although a sulfuric acid catholyte was employed for ow-cell testing, as
opposed to a phosphoric acid catholyte for H-cell testing, it is not expected to have
a signicant impact on performance due to its function of sweeping away gases
evolved in the cathode compartment (i.e. hydrogen).

Electrochemical impedance spectroscopy (EIS), voltage–current (V–I)
measurements and chronoamperometric operation. A Metrohm Autolab
PGSTAT30, with a BSTR10A booster, or PGSTAT204, with a FRA32M frequency
response analyser, was connected to the cell and circulation of the biomass–PMA
solution and sulfuric acid solution at a rate of 50.0 cm3min−1 was initiated. EIS of
the PEMECs were collected between 100 kHz and 100 mHz, using an excitation
amplitude of 10.0 mV. Firstly, 12.0 cm3 of each digested biomass–PMA solution
was subjected to EIS, at 850 mV, and V–I measurements, between 0 mV and
1200mV, at 50 °C, 60 °C, 70 °C and 80 °C in the PEMEC. Note that voltage–current
plots display voltage on the y-axis and current on the x-axis, for comparability to
typical V–I curves for PEM water electrolyzers. Upon conclusion of this electro-
chemical evaluation experiment, a second 12.0 cm3 portion of each solution was
run in chronoamperometric mode (850 mV or 900 mV) at 80 °C, with EIS and V–I
curves being taken before and aer, in order to monitor volumes of anode and
cathode off-gas evolved during the experiment.
Results and discussion
Characterisation of phosphomolybdic acid catalyst and whisky distillation co-
products

Fig. 3a displays the TGA and DSC data for the PMA catalyst material up to 600 °C
in a ow of compressed air. Two distinct mass-loss events are observed in the DSC
Fig. 3 (a) Simultaneous thermal analysis plots (STA) for H3[PMo12O40]$xH2O, indicating
that the material contains 25.1 moles of water of crystallisation, and (b) STA plots for draff,
pot ale and spent lees whisky co-products from the Isle of Raasay Distillery.
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trace: (i) between 23 °C and 100 °C and (ii) between 100 °C and 151 °C, repre-
senting loss of water from the crystal structure (endothermic peaks). The mass
loss observed up to 151 °C (19.9%) corresponds to a molar ratio of 1 : 25.1 PMA :
H2O, i.e. 25.1 moles of water of crystallisation are present in the structure of this
particular batch of catalyst. Therefore, the formula was determined to be:
H3[PMo12O40]$25.1H2O. This aligns well with the literature, indicating that PMA
may typically contain between 10 and 29 moles of water of crystallisation.21,22 The
additional mass loss (1.38%) between 151 °C and 434 °C represents the loss of
hydrogen from the molecular structure of PMA as water of constitution.22

Fig. 3b shows plots of TGA and DTA data for draff, pot ale and spent lees
collected from the Isle of Raasay Distillery, measured under a ow of compressed
air between room temperature and 900 °C. Heating to 130 °C causes evaporation
of water and removal of volatile species from all three samples, indicated by the
sharp endothermic processes in this region of the DTA trace. According to
previous residual alcohol analysis, commissioned by the distillery,23 the pot ale
and spent lees contain 0.079 vol% and 0.068 vol% ethanol, respectively. There-
fore, this small alcohol fraction will also evaporate upon heating above 78.35 °C
(the boiling point of ethanol).24 The corresponding mass losses are summarized
in Table 1, along with mass losses aer 350 °C and 800 °C. Aer heating (i.e.
drying) to 130 °C, 75.3% of the mass of draff was lost. The literature suggests that
as much as 80 weight% (wt%) of draff comprises residual water from the barley-
mashing process at a distillery,25–27 therefore the sample of draff from the Isle of
Raasay Distillery contains a similar mass percentage of water. Combustion of the
primarily lignocellulosic matrix of the draff is indicated by the strongly
exothermic processes between approximately 130 °C and 550 °C, before any
remaining residues undergo thermal decomposition between 550 °C and 900 °C
(strongly endothermic peak).

The remaining masses of pot ale and spent lees, at 130 °C, are 5.6 wt% and
0.30 wt%, respectively. It is expected that pot ale contains between 4 and 7 wt%
yeast fraction (from the fermentation process),25 therefore, the 5.6 wt% fraction
remaining in the distillery's pot ale agrees well with literature indications.25,28

However, very little residue remains in the spent lees at all. Subsequently, the dead
yeast fraction and any remaining organic material in the pot ale and spent lees,
respectively, combust between approximately 130 °C and 340 °C (slightly
exothermic peaks) followed by thermal decomposition of the residues above 400 °C.

CHN (ultimate) analysis of the residues of the three whisky co-products was
also performed to provide insight into the weight fraction of C, H and N, as well as
the H/C ratio of these co-product streams. Table 2 provides a summary of the
mean CHN weight fractions and H/C ratios for the three co-products. The weight
Table 1 A summary of mass loss data from STA of draff, pot ale and spent lees samples
from the distillery

Co-product
Mass loss at
130 °C/%

Mass loss at
350 °C/%

Mass loss at
800 °C/%

Draff 75.3 86.6 98.4
Pot ale 94.4 97.2 99.1
Spent lees 99.7 99.6 99.7
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Table 2 A summary of ultimate analysis results for draff, pot ale and spent lees samples
from the distillery

Co-product Draff Pot ale
Spent
lees

Mean C content/wt% 47.4 46.6 32.9
Mean H content/wt% 6.4 6.4 4.4
Mean N content/wt% 3.3 3.8 1.5
Mean O content/wt% 42.9 43.2 61.2
Mean H/C ratio 1.61 1.63 1.58
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percentage balance in each material is expected to represent oxygen (O) content;
sulfur content was not determined but is expected to be negligible. The draff and
pot ale residues give rise to similar weight fractions of C (∼47 wt%), H (∼6 wt%)
and N (3–4 wt%), however the spent lees appears to contain∼18 wt%more O than
its counterparts. All three materials give rise to similar H/C ratios of ∼1.60.
However, it must be noted that although this information is particularly useful in
determining the composition of the draff (∼25 wt% biomass by weight according
to Table 1), the pot ale and, in particular, spent lees both mainly consist of water.
Therefore, evaporation of this water (and volatile species) to produce a ‘dry’
biomass would involve an energy penalty and may not yield sufficient quantities
of biomass (in a usable form) to warrant such pre-treatment of co-product
streams, prior to biomass digestion.

Subsequently, analysis of the TOC concentration and COD of the liquid co-
products, i.e. pot ale and spent lees, was performed in order to compare the
composition of these co-products to those expected across the industry, as well as
to determine the usable fraction of biomass (for digestion and electrolysis) in
solution. Fig. 4a and b display bar graphs of mean TOC and COD values,
respectively, along with error bars representing standard deviation (n = 3).

The TOC concentration of pot ale (∼18.8 g L−1) is two orders of magnitude
higher than that of spent lees (0.573 g L−1), which is to be expected given the
5.6 wt% total solids fraction (mainly comprising yeast) present in the pot ale.
Considering that the spent lees also contains 0.068 vol% ethanol (equivalent to
Fig. 4 (a) Mean TOC concentrations and (b) mean COD for pot ale and spent lees
collected from the Isle of Raasay Distillery, with error bars representing standard deviation
(n = 3).
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0.536 g L−1), it can be surmised that a large proportion of the TOC concentration
of this sample originates from residual alcohol (with the balance most likely
comprising volatile fatty and organic acids).25 The potential for spent lees to act as
a biomass source in the digestion and electrolysis process is, therefore, low in
comparison to draff or pot ale. The mean COD of pot ale (∼51.9 g L−1) is
accordingly higher than that of spent lees (2.05 g L−1), with both values falling at
the lower end of the range specied by Bennett et al., for these whisky co-prod-
ucts.29Overall, it can be concluded that the compositional parameters of draff, pot
ale and spent lees examined in this research are typical of those expected in the
wider whisky distillation sector in Scotland.25,29–31
Thermal digestion of whisky co-products and assessment of catalyst reduction

Based upon the molecular mass calculated for H3[PMo12O40]$25.1H2O (∼2.28 kg
mol−1 or 2277.54 g mol−1), a 300 mmol dm−3 solution of PMA in DI H2O was
prepared for electrochemical analysis. Initially, CV was performed to identify the
potentials (vs. a Ag/AgCl reference electrode) of the reduction and oxidation
processes that the catalyst exhibits. Fig. 5a shows the CV data obtained for this
PMA solution. Three reduction–oxidation peak sets are visible over this voltage
range, each of which, nominally, represents a two-electron charge-transfer
process.18,32 However, as described by Lewera et al., the rst (580 mV vs. Ag/
AgCl) and second (290 mV vs. Ag/AgCl) two-electron processes appear to be
reversible, whilst the third process (50 mV vs. Ag/AgCl) becomes slightly more
complex when the PMA is dissolved in a liquid electrolyte (as opposed to the solid-
state response obtained when PMA is deposited onto the surface of a glassy-
carbon electrode).32 The complexity may arise from the facile hydrolysis of the
phosphomolybdic acid, in comparison to phosphosilicotungstic acid, for
example.33 It is only the rst two-electron process that is expected be utilised in
this research to reduce/oxidise the PMA catalyst, either electrochemically or via
biomass electrolysis.

In order to reduce PMA by two-electrons (converting the [PMo12O40]
3− ion to

[PMo12O40]
5− in solution), exposure to a potential of 250 mV vs. Ag/AgCl was
Fig. 5 (a) CV plot of a 300 mmol dm−3 solution of H3[PMo12O40]$25.1H2O (in DI H2O),
collected between −200 mV and 1200 mV vs. a Ag/AgCl reference electrode and (b) UV-
visible spectra of PMA solution reduced by 0, 20, 40, 60, 80 and 100%, with respect to the
first two-electron process, through chronoamperometric experiments.
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required, whilst to reoxidise this species, a potential of 850 mV vs. Ag/AgCl was
employed. Chronoamperometric experiments were, therefore, subsequently per-
formed in order to produce a series of solutions with different extents of reduction.
Solutions of 30.0mmol dm−3 PMA were held at a potential of 250mV vs. Ag/AgCl by
69.5 C in order to fully reduce the rst redox process by two-electrons. Solutions
were then oxidised from this ‘reference’ point at a potential of 850 mV vs. Ag/AgCl
until the required amount of charge had been passed to allow solutions with
reduction extents of 0, 20, 40, 60 and 80% to be created. UV-visible spectrophoto-
metric analysis of each solution (diluted from 30.0 mmol dm−3 to 120 mmol dm−3

to prevent saturation of the detector) was performed, yielding the graph in Fig. 5b.
As the extent of reduction increases from 0% towards 100%, the absorbance peak at
700 nm becomes more intense. Therefore, the absorbance at this wavelength was
chosen to create a calibration curve (absorbance at 700 nm vs. percentage reduc-
tion), in line with previous work by Liu et al.10

In order to assess the ability of the three whisky co-products to reduce the PMA
catalyst in solution, each was digested at 100 °C for 4 hours under an argon
atmosphere to ensure anaerobic conditions weremaintained. In each case, no off-
gas was evolved or collected in the gas syringe during the digestion process. Aer
the digestion process was complete and the solutions were allowed to cool,
a Buchner ltration was performed to remove any solid residues of biomass that
may interfere with UV-visible spectrophotometry. Samples were then diluted with
DI H2O to a concentration of 120 mmol dm−3 (as used for the electrochemically
reduced PMA solutions) before undergoing spectrophotometric analysis. The
calibration curve (with accompanying line of best t and equation) produced as
a result of the aforementioned chronoamperometric and spectrophotometric
analyses is shown in Fig. 6a. Based upon the absorbance value of each of the
thermally digested biomass solutions at 700 nm, the equation of the line of best
t was employed to determine the reduction extent of each sample. Data points
for each sample are overlain on Fig. 6a and the corresponding percentage
reductions are summarised in Table 3.
Fig. 6 (a) A calibration curve (absorbance at 700 nm vs. percentage reduction of PMA)
with overlain data points for thermally digested whisky co-products, inset: magnified
region showing the negligible extent of reduction of digested draff and pot ale samples,
and (b) a plot of percentage reduction of PMA versus draff concentration (dry basis), used
to determine that 40.9 g L−1 of ‘dried’ draff should be required to reduce PMA by two
electrons.
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Table 3 A summary of absorbance at 700 nm and corresponding percentage reduction of
PMA for the thermally digested draff, pot ale and spent lees samples

Co-product
Biomass or solids
loading/g L−1

Absorbance at
700 nm/arbitrary units Reduction extent/%

Draff (D1) 0.123 0.0356 −1.25
Draff (D2) 0.123 0.0381 −0.837
Draff (D3) 1.23 0.0607 2.87
Draff (D4) 12.3 0.248 33.6
Draff (D5) 18.7 0.314 44.5
Pot ale (PA1) 44.8 0.514 77.3
Pot ale (PA2) 44.8 0.429 63.4
Pot ale (PA3) 44.8 0.443 65.6
Spent lees (SL1) 2.40 0.0347 −1.40
Spent lees (SL2) 2.40 0.0399 −0.542
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The data in Table 3 and Fig. 6a show that digestion of samples of spent lees,
which have a dry basis solids loading of 2.40 g L−1 and a TOC content of 0.456 g
L−1 (aer dilution by a factor of 1.25 due to release of water of crystallisation from
PMA dissolution), and samples of draff, containing 0.123 g L−1 of (dry) biomass,
results in negligible reduction of the PMA catalyst. This is indicated by the
negative values for reduction extent, which are likely to be within experimental
error for this calibration curve, due to the small amount of charge transferred
from the biomass to the catalyst. As the PMA catalyst is directly dissolved into the
spent lees liquid (which has been shown to comprise mostly water and volatiles,
including ∼0.429 g L−1 ethanol at this dilution factor), the biomass loading is
xed. Therefore, the potential of spent lees to act as a hydrogen and electron
source is inherently low. In contrast, as solid draff can be added to PMA solutions
(in DI H2O) in any quantity desired, a greater extent of reduction could be easily
achieved by increasing the mass of concentration of draff. This is demonstrated
by samples draff #3 (1.23 g L−1), 4 (12.3 g L−1) and 5 (18.7 g L−1 biomass), which
give rise to percentage reductions of 2.87%, 33.6% and 44.5%, respectively. It
should be noted that the biomass loadings stated for draff have been normalised
based upon the water content of the samples determined from TGA (i.e. biomass
concentrations recorded in Table 3 are 24.7 wt% of the total mass of draff added).
Digestion of the pot ale, with a dry basis solids loading of 44.8 g L−1 and 15.0 g L−1

TOC (aer dilution by a factor of 1.25), leads to reduction extents between 63.4%
and 77.3%.

Given that the concentration of draff was the most readily altered of the three
co-product types, a series of draff–PMA solutions of varying concentration were
prepared and digested in order to estimate the mass loading of draff that would
be required to fully reduce a 300 mmol dm−3 solution of PMA in DI H2O. Fig. 6b
shows a plot of percentage reduction (with respect to the rst two-electron process
presented in Fig. 5a) versus draff concentration, along with linear tting data.
Based upon this data, it is estimated that 40.9 g L−1 of ‘dry’ draff (or∼166 g L−1 ‘as
received’ draff) would be required to fully reduce PMA by two electrons. Given that
the thermal digestion of pot ale (with a 44.8 g L−1 solids loading) yielded between
63.4% and 77.3% reduction of PMA, this implies that draff has a higher potential
for hydrogen production, based upon the 40.9 g L−1 of dry basis draff that is
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 247, 268–288 | 279
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predicted to give rise to 100% PMA reduction. Experiments are currently
underway to conrm this prediction.
Electrolysis of reduced-PMA solutions using PEMECs

Electrochemical evaluation of PEMEC performance. 12.0 cm3 portions of each
digested solution were subjected to electrochemical performance evaluation
using the PEMEC ow-cell setup. V–I curves and EIS were collected at 50 °C, 60 °C,
70 °C and 80 °C for both the digested pot ale and draff-containing solutions. In
comparison, due to the low extent of reduction of the digested spent lees-
containing solution, measurements were only performed at 80 °C due to the
rapid reoxidation of the PMA catalyst.

Fig. 7 displays the V–I curves for the PEMECs operating using a draff (D4)–PMA
anolyte (a) and pot ale (PA2)–PMA or spent lees (SL2)–PMA anolytes (b). Between
0 mV and 600 mV, a region of activation polarisation is observed before ohmic
losses dominate the V–I curve and current increases with voltage in a linear manner
above∼600mV. The operating voltage was limited to 1200mV in order tominimise
performance contributions from water electrolysis, which can theoretically occur at
the thermodynamic potential of 1230 mV.34 However, the stability of the current
response begins to reduce above ∼800 mV, possibly arising due to issues with the
replenishment of anolyte and catholyte in the respective compartments as a result
of the action of the peristaltic pump employed. Furthermore, due to the low
reduction extent of the spent lees-PMA anolyte, poor performance of the PEMEC is
observed, therefore exacerbating the aforementioned mass-transport issues and
showing instability of the current density throughout the measurement. In general,
the maximum current density achieved in each test increases as a function of
operating temperature, due to the accompanying increase in the conductivity of the
PEM and thermal activation of charge-transfer processes.

Fig. 8 displays temperature-sweep complex-plane EIS for PEMECs operating on
digested draff (D4)–PMA solution (a) and digested pot ale (PA2)–PMA/spent lees
(SL2)–PMA solutions (b), whilst Fig. 9 displays Bode-format EIS for the same
anolytes. It should be highlighted that although EIS were collected between 100
kHz and 100 mHz, data points below 12 Hz were excluded from plots due to the
Fig. 7 Temperature-sweep V–I curves for PEMECs operating with (a) a digested draff–
PMA anolyte solution and (b) digested pot ale–PMA and spent lees–PMA anolyte solutions,
collected at 850 mV using H2SO4 as a catholyte.
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Fig. 8 Temperature-sweep complex-plane EIS for PEMECs operating with (a) a digested
draff (D4)–PMA anolyte solution and (b) digested pot ale (PA2)–PMA and spent lees (SL2)–
PMA anolyte solutions, collected at 850 mV using H2SO4 as a catholyte.

Fig. 9 Temperature-sweep Bode-format EIS for PEMECs operating with (a) a digested
draff (D4)–PMA anolyte solution and (b) digested pot ale (PA2)–PMA and spent lees (SL2)–
PMA anolyte solutions, collected at 850 mV using H2SO4 as a catholyte.
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excessive noise in this frequency region. Considering the complex-plane EIS,
series resistances (Rs) of the PEMECs decrease with increasing temperature, as
expected, due to the thermal activation of proton conductivity in Naon™
membranes.35 Slade et al. examined the membrane area resistance of a variety of
Naon™ membranes in 1 mol dm−3 H2SO4 at 25 °C, indicating that a Rs value of
110–130 mU cm2 should be expected.36 The Rs values observed here (420–670 mU

cm2) are signicantly higher than these nominal values and this is most likely due
to poor contact at the electrode/electrolyte interface. Hot-pressing or calendering
is commonly used to produce well-adhered and highly interconnected electrode/
electrolyte interfaces in MEAs, however, it was not possible to carry out during the
current research campaign, particularly when using thick (1 mm) carbon felt
anodes. Therefore, employment of commercial, pre-treated MEAs may yield
higher performance in future experiments.

As a consequence of the elevated Rs recorded, the polarisation resistances (Rp)
and, therefore, area-specic resistances (ASR) of each PEMEC are also likely to be
proportionally larger than expected. The shape of the spectra for the PEMECs
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 247, 268–288 | 281
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operating on draff and pot ale-based solutions are similar, with the total polar-
isation resistance also showing thermal activation (i.e. a decrease in resistance as
a function of increasing operating temperature).

Equivalent circuit tting (ECF) of the spectra included in Fig. 8 was performed,
using circuit models presented in Fig. 10a, and the polarisation resistance values
obtained were used to construct an Arrhenius-style plot in Fig. 10b. All resistance
values and activation energies (EA) are summarised in Table 4, along with infor-
mation on the PEMEC used for each experiment. The spectra recorded as
a function of temperature for PEMEC1 operating on draff- and pot-ale-based
anolytes display three processes: (i) a high-frequency process, Rp1, with
a frequency maximum (fmax) = 2000–1200 Hz; (ii) a mid-frequency process, Rp2,
(fmax = 400–300 Hz); and (iii) a low-frequency process, Rp3, (fmax = 90–40 Hz). The
Rp1 process for PEMEC1, operating on digested draff–PMA and pot ale–PMA
anolytes, show temperature independence with negligible EA values. Siracusano
et al. observed a similar type of low-resistance, temperature-independent process
during water electrolysis experiments. Although the experimental conditions were
signicantly different in comparison to PMA electrolysis (potential = 1500 mV,
using PEMECs comprising Aquivion® membranes, IrRuOx anode catalysts and
Fig. 10 (a) Equivalent circuit model employed to determine fitting parameters for the EIS
presented in Fig. 8 and (b) Arrhenius-style plots of ln(1/Rp) versus 1000/T for resistance
data obtained from ECF of EIS.

Table 4 A summary of ECF parameters determined from analysis of EIS for PEMECs 1 and
2 operating on digested draff–PMA, pot ale–PMA and spent lees–PMA anolytes

Parameter

Anolyte

Draff D4 (12.3 g L−1) Pot Ale PA2 (44.8 g L−1)
Spent Lees SL2
(2.40 g L−1)

Temperature 50 °C 60 °C 70 °C 80 °C 50 °C 60 °C 70 °C 80 °C 80 °C
Inductance (L)/mH 1.34 1.43 1.37 1.51 1.53 1.65 1.94 1.52 0.825
Rs/U cm2 0.67 0.47 0.47 0.42 0.54 0.51 0.5 0.48 0.46
Rp1/U cm2 0.26 0.27 0.27 0.27 0.42 0.42 0.42 0.42 0.85
Rp2/U cm2 2.42 2.03 1.83 1.77 2.47 2.37 1.95 1.75 4.08
Rp3/U cm2 1.79 1.51 1.44 1.39 1.57 1.11 0.94 0.90 170.7
ASR/U cm2 5.14 4.28 4.01 3.85 5.00 4.41 3.81 3.55 176.1
PEM cell ID PEMEC1 PEMEC1 PEMEC2
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Pt/C cathode catalysts),37 similar charge-transfer processes at electrode–electro-
lyte interfaces will occur in PEMECs, therefore, this process may relate to charge
transfer.37,38 As PEMECs containing Pt/C-based cathodes were utilised in this
research, as well as the aforementioned reports, it is possible that this common
characteristic arises from charge transfer in the cathode during hydrogen
evolution. Due to the elevated ohmic resistance, and proportionally higher
polarisation resistance values, recorded whilst operating at 50 °C with the
digested draff–PMA anolyte, this data point was omitted during linear tting of
the Arrhenius-style plots. The Rp2 and Rp3 arcs both exhibit thermal activation
giving rise to average EA values of 12.6 kJ mol−1 and 10.8 kJ mol−1, respectively.
Given the fmax of the mid-frequency process, Rp2, it may tentatively be assigned to
charge transfer at the carbon felt anode, whilst the low-frequency, Rp3, process
most likely relates to reactant diffusion limitations. This is exemplied by the fact
that the analogous process in the EIS collected for PEMEC2, operating on the
digested spent lees–PMA anolyte, exhibits a resistance of 170.7 U cm2, due to the
low extent of reduction of the spent lees-based anolyte and, consequently, the low
concentration of [PMo12O40]

5− in solution in comparison to the other anolytes.
Hydrogen production from reduced PMA solutions under chronoampero-

metric operation. Separate 12.0 cm3 portions of each anolyte solution charac-
terised using EIS and V–I curves were subjected to gas evolution experiments at
80 °C, with EIS and V–I curves being taken before and aer chronoamperometric
operation. Fig. 11a displays the changes in current density of PEMECs 2, 3 and 4
operating on PMA solutions reduced by thermal digestion of (i) spent lees (SL2),
(ii) 12.3 g L−1 draff (D4), (iii) 18.7 g L−1 draff (D5), (iv) pot ale (PA2) and (v) pot ale
(PA3), whilst Fig. 11b shows ow-rate dependent EIS of PEMEC3 operating on
a digested draff–PMA solution (D5, 18.7 g L−1 concentration), indicating that
spectrum quality and coherence in the low-frequency domainmay be improved by
lowering the ow rate to 25.0 cm3 min−1. A summary of anolytes that were
reoxidised using the PEM ow cell, including the anode and cathode off-gas
volumes, actual and theoretical charges passed (Q) and associated test dura-
tions, is provided in Table 5.
Fig. 11 (a) Chronoamperometric data for the PEMECs operating on digested draff–PMA,
pot ale–PMA (850 mV) and spent lees–PMA (900 mV) anolyte solutions during gas
evolution experiments and (b) EIS collected for PEMEC3, operating on a draff (D5)–PMA
anolyte, illustrating the effect of peristaltic pump flow rate on the spectrum quality.
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Table 5 A summary of data obtained from electrolysis of digested co-product–PMA
anolytes using PEM flow cells

Parameter

Anolyte

Spent lees SL2 Draff D4 Draff D5 Pot ale PA2 Pot ale PA3

Biomass or solids loading/g L−1 2.40 12.3 18.7 44.8 44.8
Reduction extent/% −0.542 33.6 44.5 63.4 65.6
Equivalent charge/C — 233 308 440 455
Expected H2 evolved/cm

3 — 30 39 56 58
Actual charge/C 3.52 112 170 207 256
Cathode off-gas (H2) evolved/cm

3 1 12 14 23 26
Anode off-gas (CO2) evolved/cm

3 3 8 4 10 —
PEM ID PEMEC2 PEMEC2 PEMEC3 PEMEC2 PEMEC4
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Firstly, the spent lees–PMA anolyte showed negligible reduction according to
the calibration curve in Fig. 6a, therefore, chronoamperometry at 900 mV (50 mV
higher than for the draff and pot ale samples) resulted in a rapid degradation of
the current response to a steady-state level aer less than 2 minutes. This
conrmed that the spent lees co-product offers very little potential for hydrogen
production (generating 1 cm3 of cathode off-gas) and that the slightly higher
operating voltage made little difference to the discharge, given the low extent of
reduction. In contrast, both the draff and pot ale-based anolyte samples that were
reoxidised in the PEM ow cell had much higher reduction extents and evolved
more cathode off-gas (assumed to be hydrogen) during chronoamperometry at
850 mV. In particular, it is possible to see more clearly the ‘discharge’ prole of
the PEMECs operating on these anolytes in Fig. 10a. Initially a steady-state
degradation of the current density is observed, relating to the depletion of
[PMo12O40]

5− and enrichment of [PMo12O40]
3− in solution, accompanied by

hydrogen production in the cathode compartment and, possibly, CO2 in the
anode compartment. As the concentration of [PMo12O40]

5− becomes critically low,
a steep decline in current density is observed before the current stabilises at 2–3
mA cm−2, signalling the completion of the reoxidation experiment.

Interestingly, the reaction details summarized in Table 5 indicate that the
theoretical amount of charge required to be passed to reach the observed
reduction extents of PMA represent approximately double the charge that was
actually passed during the experiment. Taking draff (D4) and pot ale (PA2) as
examples, 33.6% (233 C) and 63.4% (440 C) reduction of PMA, respectively, was
achieved, whereas only 112 C and 207 C were passed during electrolysis of the
anolytes, respectively. For the draff (D4) anolyte, 12 cm3 of hydrogen was captured
and recorded, whilst 23 cm3 was recorded for the pot ale (PA2) anolyte, however,
based upon the reduction extents of PMA achieved, production of 30 cm3 and 56
cm3 from the digested draff–PMA and digested pot ale–PMA anolyte solutions
should have been achieved.

Experiments are currently underway to identify the origin of this mismatch in
theoretical vs. observed hydrogen yields and charge passed. Notably, aer reox-
idation of the biomass–PMA anolytes a distinct brown colour was observed within
the predominantly transparent yellow coloured solution. This may imply that
corrosion and removal of the carbon felt anode material and/or the graphite ow
plate could be occurring, which might explain the reduced charge passed during
284 | Faraday Discuss., 2023, 247, 268–288 This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Complex-plane EIS for PEMEC2 operating with digested draff (D4)–PMA and pot
ale (PA2)–PMA anolyte solutions, collected at 850 mV before and after chro-
noamperometry experiments, and (b) V–I curves for PEMEC2 operating with the same
anolyte solutions, before and after chronoamperometry experiments at 80 °C using H2SO4

as a catholyte.
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electrochemical production of hydrogen (if a chemical side reaction was occur-
ring in the anode compartment) and may also explain the elevated levels of anode
off-gas (possibly CO2) if oxidation of the carbon components of the ow cell was
occurring. It is acknowledged that further experimentation and gas analysis is
required to verify these theories.

Fig. 12a displays impedance spectra collected before and aer chro-
noamperometric measurements were performed on PEMEC2, operating on the
digested draff (D4)–PMA and pot ale (PA2)–PMA anolytes at 80 °C. For both
anolytes, the initial spectra exhibit similar ASRs to each other, though these are
higher than ASRs observed during EIS of equivalent anolytes employed for
PEMEC1 (possibly relating to slight differences in compression and therefore
contacting in each cell). However, aer the chronoamperometric measurements,
a high-resistance arc evolves in the low-frequency region for both samples, most
likely relating to mass-transport limitations arising from depletion of the
[PMo12O40]

5− in solution, which is to be expected and serves as conrmation that
reoxidation of the catalyst has occurred. This is further reinforced by the char-
acteristics of the V–I curves (Fig. 12b) collected before and aer chro-
noamperometry for PEMEC2 operating on these anolyte solutions. Despite the
noise observed in the higher voltage region of the V–I curves collected before
chronoamperometry (due to the pulsating ow generated by the peristaltic
pump), collection of EIS at 850 mV falls into the pseudo-linear region of these
curves, which are dominated by ohmic losses within the PEMEC. However, aer
reoxidation of the anolytes, an EIS collected at the same voltage would result in
perturbation of the cell closer to the concentration polarisation (mass-transport
limited) region of the V–I curve, explaining the observation of a high-resistance
arc in the low-frequency region of the post-chronoamperometry EIS.
Conclusions

Whisky co-products (namely draff, pot ale and spent lees) collected from the Isle
of Raasay Distillery were characterised by simultaneous thermal analysis (STA)
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 247, 268–288 | 285
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and carbon–hydrogen–nitrogen (CHN) analysis, as well as being analysed for total
organic carbon concentration (TOC) and chemical oxygen demand (COD). These
analyses indicated that the characteristics of the three co-products agreed well
with those reported for the Scotch whisky distillation sector. Importantly, solids
content (0.30 wt%) and total organic carbon concentration (0.573 g L−1) of the
spent lees liquid was determined to be too low to offer signicant potential as
a biomass source for thermal digestion and electrolysis with a H3[PMo12O40]$
25.1H2O (PMA) catalyst. In comparison, the pot ale liquid yielded a 5.60 wt%
solids loading, containing 18.8 g L−1 of total organic carbon, primarily due to the
presence of a dead yeast fraction from fermentation, whilst the draff (containing
75.3 wt% water), offered a lignocellulose-rich biomass source whose concentra-
tion (in the acid catalyst solution) could be more easily altered than those of the
liquid wastes.

Thermal digestion of each co-product using a 300 mmol dm−3 solution of PMA
(either dissolved directly into the liquid co-products or into deionised water for
addition of solid draff) was performed under an inert atmosphere at 100 °C for 4
hours. Subsequent determination of reduction extent of the PMA catalyst, using
UV-visible spectroscopy, found negligible reduction with respect to the rst two-
electron process identied during cyclic voltammetry of PMA, when employed to
digest the spent lees co-product. Digestion of pot ale, containing 44.8 g L−1 of dry
matter or 15.0 g L−1 TOC (assuming pot ale to have a density of 1.00 kg L−1 and
taking account of the dilution factor of 1.25 employed during digestion) resulted
in reduction extents between 63.4% and 77.3%, whilst a draff loading (dry basis)
of 18.7 g L−1 resulted in a reduction extent of 44.5%. Based upon a plot of
reduction extent versus draff loading (dry basis), it is anticipated that a draff
concentration of 40.9 g L−1 should give rise to 100% reduction of the PMA cata-
lyst. This suggests that there is a higher potential for hydrogen production from
draff, than pot ale, through the thermal digestion and electrolysis method.
Experiments are currently underway to verify this estimation.

Finally, electrolysis experiments using a proton-exchange membrane (PEM)
ow-cell setup were performed on each digested biomass–PMA anolyte to
determine the yields of off-gas from the anode (carbon dioxide) and cathode
(hydrogen). This conrmed that the volume of gas collected from the cathode
compartment increased as a function of the extent of reduction of the PMA in
each anolyte, in this case: pot ale > draff > spent lees. However, by increasing the
draff concentration to 40.9 g L−1 (to achieve the theoretical 100% PMA reduc-
tion), it is expected that the hydrogen production potential would be greatest for
the draff co-product stream. Electrochemical analysis of PEM electrolysis cells
(PEMECs) operating on the digested biomass–PMA anolytes indicated that three
rate-limiting polarisation processes could be identied within the electro-
chemical impedance spectra collected: (i) a high-frequency process (∼2000 Hz)
possibly relating to charge transfer during hydrogen evolution at the cathode,
(ii) a mid-frequency process (∼400 Hz) tentatively assigned to charge transfer at
the anode and (iii) a low-frequency process (90–40 Hz) most-likely relating to
mass transport and reactant diffusion issues in the anolyte. This information
provides valuable indications as to where electrolysis performance can be
enhanced to improve hydrogen yields and efficiency, particularly given the fact
that only 47–56% of the theoretical charge was passed during the electrolysis
experiments.
286 | Faraday Discuss., 2023, 247, 268–288 This journal is © The Royal Society of Chemistry 2023
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