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A B S T R A C T

Black liquor (BL) is a highly alkaline byproduct from pulp mills. BL is rich in inorganic and organic compounds,
with lignin (a natural polymer) being the most abundant. Following a waste biorefinery concept, the electrolysis
of BL comprises lignin oxidation at the anode and hydrogen evolution at the cathode. These paired electrochemical
processes show the promise to be carried out at lower cell voltage than that used in conventional alkaline water
electrolyzers. Presently, new materials are required to improve the kinetics of the anodic reaction in the BL elec-
trolyzer. Boron-doped diamond (BDD) can oxidize organic compounds at low overpotentials, making it a potential
electrode material for BL oxidation. Herein, a BDD/Si electrode was produced, characterized by Raman spec-
troscopy and SEM, and employed for the oxidation of BL. The properties of the used kraft BL were determined,
namely the pH (12.7), conductivity (470 mS cm−1), organic/inorganic ratio (1.0), and Klason lignin content
(42.2 g L-1). Fourier-transform infrared spectroscopy was also used in the BL characterization. The BDD perfor-
mance for BL oxidation was assessed by cyclic voltammetry, chronopotentiometry, and chronoamperometry. A
number of exchanged electrons and a charge transfer coefficient of 3.0 and 0.8, respectively, were calculated. It
was demonstrated that BDD presents a good activity for BL oxidation, comparable to that of platinum.
1. Introduction

Diamond is a crystalline allotrope of carbon and possesses the high-
est hardness of any natural material, high chemical resistance, and
high thermal conductivity. Diamond is very popular in the jewelry
industry due to its unique properties, making it a valuable material.
Natural diamond presents high electrical resistivity, which prevents
its use as an electrode [1,2]. However, if the diamond is intentionally
doped with boron, it becomes conductive due to the introduction of
impurity levels in the band gap (substitutional boron has an acceptor
level of 0.37 eV above the valence band maximum). For boron concen-
trations up to ∼ 2 × 1020 cm−3, the B-doped material shows p-type
semiconductor behavior [1,3], and metallic conductivity is found for
heavily doped diamond (>2 × 1020 cm−3). Boron-doped diamond
(BDD) thin films can be synthesized on a wide variety of substrates
by using chemical vapor deposition methods. Thus produced polycrys-
talline BDD electrodes have received considerable attention in the last
decades [2,4] due to their promising performance in the environmen-
tal area [2,5].
BDD has been widely used in the direct or indirect oxidation of
compounds (especially the organic ones) due to its high potential for
the oxygen evolution reaction (OER) (above 2.2 V vs. SHE). In other
words, it means that BDD has a wide potential window where it can
be active as an anode without being affected by the OER side reaction
[2,6]. Due to this unique feature, BDD has been applied as an electrode
for the treatment of wastewaters to decrease the amount of organic
pollutants by a direct or an indirect process. In the case of direct oxi-
dation, the electrons flow from the contaminant to the positive elec-
trode, i.e., the anode, at potentials above a specific value. Generally,
a wide variety of substances can be formed through direct oxidation
(e.g., carboxylic acid derivatives, CO2) depending on the target con-
taminant, operating conditions, or electrolyte composition [5,7,8]. In
most cases, the easily oxidized portions are removed through direct
oxidation, leading to a more persistent molecular structure.

On the other hand, indirect oxidation leads to simultaneous electro-
generation of different active species (depending on the ion availabil-
ity), including oxidant species (e.g., H2O2, O3, active chlorine, SO4

-●,
CO3

–●) able to promote the mineralization of organic compounds. In
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the case of the indirect oxidation via OER, the process is based on the
existence of OH● radicals [5,9–12]. Indirect oxidation demands more
energy than direct oxidation since the overpotential for reaching OER
and, consequently, radicals’ production is relatively high. However, it
is useful for reactions in which the BDD surface may undergo severe
changes [1], such as electrode fouling [5].

BDD also presents other features that contribute to an excellent
electrochemical performance in environmental electrochemistry,
including (i) an inert surface with low adsorption capacity (increasing
its resistance to poisoning and deactivation) [7,13], (ii) chemical sta-
bility and corrosion resistance, due to the strong carbon–carbon cova-
lent bond in the diamond and the resistant hybrid sp3 orbitals [6,9],
and (iii) possible manipulation of its composition, surface morphology,
and conductivity, namely by changing the dopant concentration, the
substrate, and/or synthesis method, thus improving BDD activity for
a particular reaction [14,15]. Because of the above-mentioned proper-
ties, BDD has been successfully used for the oxidation of phenolic com-
pounds [12,16–18], pharmaceutical compounds [10,19,20], dyes
[21], and wastewaters [5,22–24], just to name a few.

Considering the outstanding capacity for incineration/oxidation of
organic compounds, BDD has been recently reported as a suitable elec-
trode for the treatment of woodworking and paper wastewater, leading
to COD removals of 93% (at 45 mA cm−2 for 200 min) and 85% (at
10–30 mA cm−2 for 180 min), respectively [23,25]. The present study
assessed the activity of BDD for the oxidation of black liquor (BL), a
byproduct from pulp and paper mills. BL presents similarities with wood-
working wastewater since it contains similar organics (lignin, cellulose,
hemicellulose, and sugars) [23,26–29]. BL is usually recycled for chem-
ical recovery and energy generation, but a BL excess can be generated
during production peaks. This excess of BL should be treated or con-
sumed by a simple and economical process, avoiding costly treatments
for its safe disposal. Many works have been focused on finding a final
destination for the BL. The proposed strategies include acid-precipitation,
membrane-assisted, and biodegradation (employing different bacteria)
techniques [30–37], as well as electrochemistry-related approaches
[29,38–48]. However, to the best of our knowledge, BDD was not tested
as an electrode for BL oxidation until now.

Thus, this work aimed to analyze the potential of BDD as an elec-
trode for the oxidation of Eucalyptus globulus BL from a kraft pulp mill.
Despite the complex nature of kraft BL composition, it has high ionic
conductivity due to the cooking chemicals (NaOH, Na2S, Na2CO3),
making the addition of a supporting electrolyte unnecessary. BL also
contains a high concentration of lignin fractions formed during the
cooking process. When the fibers separate, lignin is broken into shorter
length fractions (Mw < 2000 g mol−1) that are easier to solubilize.
These features make BL an adequate electrolyte solution to perform
lignin electrooxidation [29,38,49,50].

The electrooxidation of lignin occurs at lower potentials than the
OER [50,51]. This means that in a BL electrolyzer, the hydrogen evo-
lution reaction (HER) occurs at the cathode side, while lignin oxida-
tion takes place at the anode side. The latter reaction does not
generate gaseous products but low-molecular-weight compounds, such
as heptane, phenol, apocynin, and vanillin [40,48,49,52,53]. Thus,
membrane separators are unnecessary for BL electrolyzers, as pure
hydrogen (H2) is the only gas generated. Additionally, the required cell
voltage should be lower than that employed in a typical alkaline water
electrolyzer for H2 production [38,41,42]. These two factors lead to a
lower cost of the BL electrolyzer.

The H2 produced at the cathode of the proposed BL electrolyzer is
currently seen as a sustainable energy carrier. It may be used to gener-
ate electricity in a fuel cell (e.g., to power a forklift), blend in the nat-
ural gas network, or even increase the temperature in the recovery
furnace (where the inorganic salts of the cooking process are recov-
ered). On the other hand, the valuable low-molecular-weight com-
pounds generated at the anode can be recovered following the
biorefinery concept, thus increasing the economic value of the BL.
2

Thus, considering the excellent activity of BDD for the oxidation of
organic compounds at low potentials, this material seems to possess all
the features needed to be a high-performance electrode for the oxida-
tion of the lignin contained in BL [2,54]. If the electrochemical studies
confirm this hypothesis, the BDD anode can decrease the ΔE needed
for a cost-effective BL electrolyzer operation. Herein prepared BDD
was grown by hot-filament chemical vapor deposition (CVD) tech-
nique and characterized by scanning electron microscopy (SEM) and
Raman spectroscopy. The BL sample was physicochemically character-
ized, and parameters such as ash, lignin, and dry solids content were
determined. Fundamental electrochemical studies, including cyclic
voltammetry (CV), chronopotentiometry (CP), and chronoamperome-
try (CA), were done at 25 °C employing BL as the electrolyte. The elec-
trocatalytic activity of BDD was assessed, and the kinetic parameters
were determined.
2. Experimental

2.1. Synthesis of the BDD/Si electrode

Hot-filament CVD was used to grow a 4-µm thick polycrystalline
and heavily doped BDD film on a silicon wafer, following a seeding
procedure described elsewhere [55]. BDD film growth was achieved
at a substrate temperature of about 850 °C using three-gas chemistry
of tri-methylborane/methane/hydrogen (40 sccm/72 sccm/3000
sccm) at 8 mbar atmosphere [56]. The achieved B-doping level
was ∼ 2.8 at.%, and the BDD film resistivity was ∼5 × 10−3 Ω cm
[57]. Identical BDD/Si electrodes were produced by dicing the grown
wafer into adjacent square pieces of about 15 × 15 mm2.

2.2. Characterization of the BDD/Si electrode

SEM analysis of the electrode surface was done in secondary elec-
tron imaging mode using a JEOL JSM-6010LA scanning electron
microscope with an acceleration voltage of 15 kV. Atomic force micro-
scopy (AFM) measurements were done in dynamic mode to analyze
the surface topography. AFM scans were performed using a Nan-
iteAFM (Nanosurf) with areas of 15 × 15 µm2, and post-processing
was done using Gwyddion v2.57 software. Raman spectroscopy was
done with a Horiba LabRAM HR setup, equipped with an argon-ion
laser (excitation wavelength 514 nm) and a spectral resolution of
∼0.3 cm−1.

2.3. Characterization of the black liquor sample

The kraft black liquor (BL) was provided by The Navigator Company,
a Portuguese Eucalyptus globulus pulp mill (Cacia, Portugal). BL sample
was characterized by Fourier-transform infrared spectroscopy (FTIR)
employing a PerkinElmer Spectrum Two FTIR spectrometer coupled
with an attenuated total reflection (ATR) accessory. The air was con-
sidered the blank, and all experiments were done in the range
500–4500 cm−1 (10 scans with a resolution of 5 cm−1). pH and con-
ductivity of the BL were measured in a Hanna Instruments edge® Mul-
tiparameter HI2020 employing a HI11310 and a HI763100 probe,
respectively. The BL total solids content (TSC, dry matter) was
acquired by a VWR IT 1,400,108 moisture analyzer balance. Ash con-
tent was obtained according to the standard method for ash in bio-
mass, ASTM E1755 − 01(2020) [58]. BL density (ρ) was
experimentally determined with a pycnometer following ASTM
D1217-15 standard procedure [29,59].

Klason (or acid-insoluble) lignin (KL) content in BL was determined
in triplicate through the following steps: (i) removal of most of the
water in a BUCHI Rotavapor™ R-300 Rotary Evaporator with Con-
troller and V-300 Pump; (ii) drying at 60 °C in a Memmert DIN
40050-IP20 oven during overnight; (iii) drying at 105 °C for 2 h;
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(iv) letting the samples cool down in a desiccator; (v) following the
Klason lignin content procedure (based on T222 om-88 [60]).
2.4. Electrochemical measurements

Electrochemical measurements were carried out in a three-elec-
trode electrochemical cell (V = 50 mL) employing a saturated calomel
electrode (SCE) as a reference, a platinum coil counter-electrode, and
BDD as the working electrode (A = 0.071 cm2). Recorded potentials
were converted to the reversible hydrogen electrode (RHE) scale using
the expression ERHE = ESCE + 0.242 + 0.059 × pH. All potentials
given in the manuscript refer to the RHE scale. A Squidstat Plus poten-
tiostat/galvanostat from Admiral Instruments and the associated
Squidstat User Interface software were used for total control of the
experiments. BDD electrode was gently washed with Millipore water
followed by preactivation in BL by running 20 consecutive CVs at
200 mV s−1 in the −0.3 V – 0.6 V range to remove any impurity from
the electrode surface. Cyclic voltammetry (CV) in a wide potential
window (-0.3 – 2.0 V) was used to assess the BDD electrode activity
in the BL and in a blank solution with the same pH of the BL (upon
NaOH (0.05 M) addition). The composition of such blank solution
was 0.05 M NaOH (pH = 12.7, same as in BL). Then, CVs were run
at scan rates, ν, ranging from 5 to 500 mV s−1 in the potential window
between the open circuit potential (OCP, ca. 0.3 V) and 1.5 V.
Chronoamperometry (CA) studies were done at potentials ranging
from 0.3 to 1.3 V and chronopotentiometry (CP) measurements were
run in the 1.4 – 31.8 mA cm−2 range. All experiments were done at
room temperature (ca. 25 °C) under diffusion-limited conditions.
3. Results and discussion

3.1. Characterization of the BDD/Si electrode

A top-view SEM image of the BDD/Si electrode surface is shown in
Fig. 1A. The BDD film shows a highly faceted surface with a wedge-
shaped (111) crystal orientation. The diamond crystallites vary in size
from 0.3 to 1.8 µm (with average sizes around 1 µm), which results in
AFM root-mean-square surface roughness of around 0.26 µm.

The Raman spectrum obtained from the BDD/Si electrode surface
(Fig. 1B, where the intensity is normalized to 1.0 for the most intense
peak) is typical for a heavily B-doped diamond film [57]. Two broad
and intense peaks located at ∼ 450 and ∼ 1200 cm−1 dominate the
Raman spectrum. These signals, referred to as the lower and higher
boron peaks, respectively, arise from the incorporation of high levels
of boron dopants into the diamond lattice. Fano resonance leads to
the strong distortion of the diamond one-phonon line (1332 cm−1),
which becomes barely visible. On the contrary, the G-band
Fig. 1. (A) SEM image (top-view) and (B) Ra
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(1530 cm−1) is well visible, likely arising from graphitic material
[61] present in the BDD film’s grain boundaries.
3.2. Characterization of the black liquor sample

A conductivity of 470 mS cm−1 and a pH of 12.7 were obtained for
BL. The TSC was found to be 15.5%, determined from an initial and
final mass of 9.76 g and 1.51 g, respectively. Those parameters agree
with previous results reported in the literature for weak BL
[26,29,34,38,62].

Most of the total lignin contained in BL (as well as in wood) is Kla-
son lignin [63–65], the remaining acid-soluble lignin. The Klason lig-
nin content in BL was 30.2 ± 0.7 wt% (on a dry basis), in agreement
with previous reports [30,66]. It was assumed to match the total lignin
concentration in BL (C = 42.2 g L-1) since the acid-soluble lignin con-
tent is considerably lower than the Klason one [65,67]. A relative den-
sity, ρ, of 1097 kg m−3 was used to determine C.

The ash content was determined on a dry basis by dividing the mass
recorded after the ash determination procedure, corresponding to the
inorganic components in the BL solids, over the mass of BL dry solids
at the beginning of the experiment. An average value of 49.6 ± 1.4 wt
% was found for the ash content. This value corresponds to an organic/
inorganic ratio of 1.0, in agreement with previous reports
[29,38,42,68].

The FTIR spectrum of the BL is presented in Fig. 2 (the absorbance
is normalized).

It exhibits well-defined peaks, mainly from lignin species, which
are detailed and compared with the literature values in Table 1.

The FTIR spectrum shows most organic and inorganic groups pre-
sent in the BL composition. The aromatic, C@C, and C@O vibrations
are mostly associated with the complex structure of the organic com-
pounds. For example, the C@O bond valence vibration appearing at
1637 cm−1 is usually associated with a p-substituted aryl ketone of lig-
nin’s guaiacyl group [76]. The peak assigned at 1120 cm−1 (inset of
Fig. 2 is one of the most used for identifying lignin in samples, since
it is susceptible to oscillations in the concentration of this natural poly-
mer [75].

The BL’s inorganic compounds are also active in infrared. The S@O
band at 620 cm−1 is related to SO4

2- ion, coming from the sodium and
potassium sulfate salts added during the wood (kraft) cooking process
[70,77]; the signal at 1412 cm−1 is associated with the carbonate ion
[71].
3.3. Electrochemical studies

The behavior of BDD was first analyzed in a blank solution with the
same pH of the BL (pH = 12.7, equivalent to 0.05 M NaOH) to assure
man spectrum of the BDD/Si electrode.



Fig. 2. FTIR spectrum of the BL. Inset shows a zoom of the 500–1800 cm−1

region.

Table 1
Peak assignment in the FTIR spectrum of the BL.

Experimental
band / cm−1

Vibration Reference
band / cm−1

3330 OH stretching – intramolecular hydrogen
bonding in an aqueous solution [69]

3300 [69]

2120 Asymmetrical C„C stretching (the symmetric
one is FTIR inactive) [70,71]

2125 [70,71]

1637 C@O stretching (non-conjugated ketones,
carbonyl, and ester groups) [72]

1640–1600
[69]
1635 [72]

1560 Antisymmetric stretching vibration of CO2
−

[69,73]
1695–1540
[69]
1550 [73]

1487 Aromatic ring semi-circle stretching [70], usu-
ally with origin in guaiacyl group of lignin [73]

1525–1470
[70]
1491 [73]

1412 Symmetric CO2
− stretch [69,73] 1440–1355

[69]1405
[73]

1120 Aromatic skeletal and CAO stretching [74] 1122 [74]
1123 [75]

620 S@O stretching vibration [70] 620 [70]

Fig. 3. (A) CVs at 50 mV s−1 of the BDD electrode in BL (4 consecutive cycles) and
on the CVs of BDD in BL, with the corresponding (C) Ep2 vs. ln ν and (D) jp2 vs. ν1/2

absence of convection.
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the BDD electrochemical inertia in the working potential window. As
shown in Fig. 3A, BDD does not exhibit any redox processes in the
blank solution (0.05 M NaOH). In the BL, a single anodic peak at ca.
1.1 V is detected in the 1st cycle, whereas two well-defined anodic
peaks, at ca. 0.8 V and 1.1 V, are observed for the 2nd, 3rd, and 4th
cycles (Fig. 3A, with the CVs practically overlapping after the first
cycle. This establishes BDD as an active electrode material for the oxi-
dation of BL, which is directly associated with its activity for lignin
oxidation [29,38,42,78]. No peak is noted in the back scan of the
CV in BL, typical for organic compounds where their oxidation product
is converted to a non-electrochemically active compound. This may
occur either by decomposition or by direct reaction with the solvent
or any other compound present in the electrolyte solution [79], known
as an electrochemical–chemical (EC) mechanism [79,80]. The differ-
ent shape and higher current density of the anodic peak in the 1st cycle
suggest possible film formation at the BDD electrode surface [38]. This
does not affect the stability of the electrode activity, as all subsequent
CVs show an overlap (Fig. 3A).

For potentials above ca. 1.6 V, the recorded currents are signifi-
cantly higher in BL than in the 0.05 M NaOH blank solution, suggest-
ing enhancement of the OER. This owes to the higher ionic
conductivity of the BL when compared to the blank solution. Contrary
to the blank solution, containing only 0.2 wt% NaOH, BL contains
many other inorganic compounds, such as Na2S, Na2CO3, and Na2SO4,

with concentrations around 0.6, 2.1, and 3.2 wt%, respectively.
Fig. 3B shows the effect of the scan rate in the BL CVs in the 5 –

500 mV s−1 range. At low scan rates (5, 10, and 20 mV s−1), the ano-
dic peak (p1) at ca. 0.8 V is associated with a first oxidation process
occurring at lower overpotentials. A well-defined second peak, p2,
appears in the 1.0 – 1.3 V potential range in the CVs obtained at all
scan rates. Similar BL voltammogram shapes were observed employing
platinum (Pt), nickel (Ni), and stainless steel (SS) electrodes
[38,42,78]. The longer the scan lasts, the thicker is the diffusion layer,
and, consequently, the reaction is more controlled by mass transfer
[81]. With the increase of scan rate, the p1 shape becomes ill-defined,
suggesting that the process is controlled by charge transfer (kinetic
control) [82]. On the other hand, the second peak, p2, shows a diffu-
sion-controlled behavior since it is sharper for higher scan rates
[82,83]. An increase of the current density with the increase of the
scan rate is observed for both p1 and p2. Additionally, p2 potential
shifts to the right for higher scan rates, i.e., higher peak potential,
Ep2, values, a behavior usually associated with irreversible electro-
chemical processes [82,83], while p1 maintains its Ep1 values almost
constant. The absence of a peak in the back scan suggests that both
reactions occurring at p1 and p2 are irreversible. However, only p2 pre-
in blank solution (0.05 M NaOH) with the same pH. (B) Effect of the scan rate
regressions for the second peak, p2. All experiments were done at 25 °C in the
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sents a behavior adequate for the application of Eq. (1), being shifted
to more positive potentials with increasing ν [38,82,83],

Ep ¼ E0þ RT
ð1-αÞnaF

� �
0:78þln

D
ks
þln

1-αð ÞnaFν
RT

� �1=2( )
ð1Þ

where Ep is the peak potential, R is the universal gas constant
(8.314 J K−1 mol−1), E0 is the formal potential, α is the charge transfer
coefficient, T is the temperature (K), na is the number of electrons
involved in the rate-determining step (considered as 1), F is the Fara-
day constant (96485 C mol−1), D is the lignin diffusion coefficient in
the BL, ks is the standard heterogeneous rate constant (cm s−1), and ν
is the scan rate (V s−1). Stokes-Einstein equation was used to calculate
a D value of 1.203 × 10-6 cm s−1, considering an average lignin
molecular weight of 870 g mol−1 [84,85]. Lignin is assumed to be
the organic compound oxidized during both p1 and p2 processes
[29,38,86]. An Ep2 vs. ln ν regression was drawn (Fig. 3C) and an
αp2 of 0.8 was calculated from its slope.

The number of exchanged electrons at p2 was calculated consider-
ing the αp2 value previously obtained from the jp2 vs. ν1/2 regression
(Fig. 3D) by applying the Randles-Sevcik equation for irreversible sys-
tems valid for T = 298 K (Eq. (2)),

jp ¼ 2:99� 105½ 1� αð Þna�1=2nC Dνð Þ1=2 ð2Þ
where jp is the peak current density in mA cm−2, n is the number of

exchanged electrons per lignin molecule, and C is the lignin concentra-
tion in mol cm−3. A value of np2 = 2.3 was determined.

Table 2 summarizes the recorded OCP values, BL oxidation onset
overpotentials, ηO, charge transfer coefficients, α, and the number of
exchanged electrons, n, obtained for the oxidation of Eucalyptus BL
at Pt, Ni, SS, and BDD electrodes at 25 °C.

ηO consists of the difference between OCP and the onset potential
for BL oxidation. A large ηO means extra energy required for the oxida-
tion reaction in a real BL electrolyzer. On the other hand, the α value
points which process is favored according to the variation of the free
Gibbs energy [83], with an α of 0.5 indicating a reversible electrode
process. Finally, higher n values mean higher faradaic efficiency
and, consequently, higher currents for BL oxidation [81,82].

By analyzing the different materials tested (Table 2), the perfor-
mance of the electrodes is ordered as BDD = Pt > Ni ≫ SS, where
Pt and BDD perform the best and SS the worst. BDD shows an excellent
activity for BL oxidation, presenting a high number of exchanged elec-
trons (n = 2.3) and an α value ca. 30% larger than that of Pt. Also, the
low ηO value for BDD shows the excellent capacity of this material to
oxidize the organic matter in the BL.

Chronopotentiometry (CP), a galvanostatic technique run in diffu-
sion-limited conditions, was employed to verify the number of consec-
utive oxidations in the system by checking the number of ‘plateaus’
present in each chronopotentiogram [82]. Fig. 4A shows the CP curves
for current densities in the 10.6 – 31.8 mA cm−2 range. The curves
have different durations because they are run for the time needed to
determine the transition time, τ, of each oxidation reaction.

Two plateaus are observed for all recorded CPs (Fig. 4A). The first
one, occurring in the 1.0 – 1.4 V potential range, is related to the lignin
oxidation at the BDD surface. In the absence of convection, the lignin
in the vicinity of the electrode is quickly oxidized, and the potential
rises to the following possible anodic process. This second plateau,
Table 2
Summary of parameters obtained for Eucalyptus globulus BL oxidation at different el

Electrode OCP vs. RHE / V ηO / mV

BDD 0.3 200
Pt 0.3 200
Ni 0.4 200
SS 0.3 700
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above 1.9 V, is not related to BL oxidation but to the oxygen evolution
reaction (OER), since no other peak was noticed in the CV studies
(Fig. 3A). A decrease of τ was noted with increasing j, as expected
[29,82,83]. Considering the linear behavior observed in τ1/2 vs. j-1

(Fig. 4B) with an excellent correlation coefficient (R2 = 0.996), it is
possible to employ the Sand equation (Eq. (3)).

τ1=2 ¼ nFCðπDÞ1=2 2jð Þ�1 ð3Þ
From the slope of the Sand regression (Fig. 4B), an n value of 3.0

was calculated. This number is slightly higher than those obtained
by CV (n = 2.3), which can be justified by the occurrence of both
p1 and p2 processes simultaneously during the first plateau recorded
in the CP experiments, leading to a number of exchanged electrons
that corresponds to the sum of the n values for the two peaks.

Finally, chronoamperometry (CA) was used to determine the num-
ber of exchanged electrons at different applied potentials using the
Cottrell equation (Eq. (4)).

j ¼ nFD1=2Cπ�1=2t�1=2 ð4Þ
Fig. 5A presents a CA run at 1.1 V and the corresponding Cottrel-

lian regression (j vs. t−1/2), exhibiting an excellent fitting. The number
of exchanged electrons obtained for the different applied potentials
(ranging from 0.8 to 1.2 V) is shown in Fig. 5B.

The behavior observed in Fig. 5B has been previously reported
[29]. There is a maximum around the potential of p1 and a second
maximum at a potential where is reported the presence of p2
(Fig. 3A and B), corresponding to the highest number of exchanged
electrons (n ≈ 2.0) obtained for CA experiments.

The results obtained using these three electrochemical techniques
suggest that BL oxidation at the BDD electrode occurs via two oxida-
tion processes (p1 and p2). p2 involves a higher n value, leading to a
more extensive modification in the BL composition.

As discussed above, the relevant oxidation process in BL is lignin
oxidation. This organic polymer is usually shorter in BL than in nature
due to the pulping process to which the wood is subjected [87–89].
Thus, BL lignin is more susceptible to the electrochemical process, as
it is shorter and has a negative charge, making it a potential electron
donor [29,38,84,85].

The maximum value of exchanged electrons in BL lignin oxidation
is unknown since BL contains lignin molecules with different lengths
and molecular weights. However, recent fundamental studies on the
topic are helping to understand which materials are more active for
lignin electrooxidation. Pt, Ni, and BDD electrodes are the most effec-
tive reported so far [29,38].
4. Conclusions

This work deals with the development of electrode materials for the
BL electrolyzer, a system that can simultaneously produce H2 and low-
molecular-weight organic compounds, following a waste biorefinery
concept. It is known that BDD is a potential anode material for the oxi-
dation of organic compounds, namely those present in wastewater,
due to its high overpotential for HER and OER. Considering that,
BDD was herein tested as an electrode for the oxidation of BL.

CV, CP, and CA techniques were employed to understand the elec-
trochemical behavior of BL at the BDD electrode and to determine
ectrodes.

α n Source

0.8 2.3 This work
0.5p1/0.6p2 1.2p1/2.7p2 [38]
0.5 1.6 [38]
0.9 2.4 [38]



Fig. 4. (A) CPs obtained for BL oxidation at BDD electrode for different current densities and (B) the corresponding Cottrell regression. All experiments were done
at 25 °C in the absence of convection.

Fig. 5. (A) CA response (and the respective Cottrellian regression) at 1.1 V and (B) the effect of the applied potential on the number of exchanged electrons
determined by CA. All experiments were done at 25 °C in the absence of convection.
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kinetic parameters. It was possible to conclude that BL oxidation at the
BDD electrode occurs via two irreversible processes. In the first one
(p1), the exchange of ∼ 1 electron occurs, while in the second (p2), 2
electrons are extracted from BL. A low onset overpotential of
200 mV was found for the oxidation process at BDD, similar to that
obtained with a Pt electrode. This overpotential is significantly lower
than those reported for OER [51]. Thus, a BL electrolyzer comprising a
BDD anode has the potential to generate H2 at lower cell voltages than
typical alkaline electrolyzers. Also, the generated H2 would have
higher purity, as there is no generation of other gases at the anode,
such as oxygen. This allows avoiding the use of expensive membrane
separators, making the BL electrolyzer design simpler than conven-
tional water electrolyzers. In addition, lignin oxidation products with
added value can be recovered from the BL after electrolysis and subse-
quently commercialized.
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