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Means of sustainable on-demand hydrogen peroxide production
are sought after for numerous industrial, agricultural, and environ-
mental applications. Herein we present the capacity of lignin and
lignin sulfonate to behave as photocatalysts that upon irradiation
reduce oxygen to hydrogen peroxide. Water-soluble lignin sulfo-
nate acts as a homogeneous photocatalyst in solution, while lignin
in thin-film form behaves as a heterogenous photocatalyst. In both
cases, the photochemical cycle is closed via the oxidation of elec-
tron donors in solution, a process which competes with the auto-
oxidation of lignin. Therefore, lignins can be destructively photo-
oxidized to produce hydrogen peroxide as well as photochemically
oxidizing low-oxidation potential species. These findings enable
new photochemistry applications with abundant biopolymers and
inform the growing body of knowledge on photochemical evol-
ution of hydrogen peroxide.

Introduction

The sustainable production of hydrogen peroxide, H,0,, via
reduction of O, has attracted a great deal of attention in recent
years."? This is, in large part, due to the rising use of peroxide
as a “green” industrial oxidant, as its only byproducts are
oxygen and water.” For this reason peroxide has been increas-
ingly replacing traditional bleaches such as chlorine-contain-
ing reagents. Aqueous peroxide solutions also store consider-
able free energy, and therefore peroxide-based energy conver-
sions schemes have been gaining favor as competitors to
hydrogen-based approaches.”® In particular, the single-com-
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partment hydrogen peroxide fuel cell has accelerated
peroxide to become a chemical fuel with the attractiveness of
ease of handling and storage.”® For all these applications,
sustainable peroxide evolution via photocatalysis,” "
photoelectrocatalysis,'>"* or direct electrocatalysis’*'® is of
great interest. Recently, such catalytic platforms have been
applied for on-site generation of peroxide for industrial and
agricultural processes." These demands motivated us to
explore the possibility of peroxide evolution catalyzed by abun-
dant biomaterials. The present study was guided by recent
findings that organic carbonyl dyes'® and pigments'’ as well
as the structurally-related biopolymer eumelanin'® are photo-
catalysts for selective reduction of oxygen to peroxide. Lignin
shares critical structural features with these proven catalytic
species - namely aromatic conjugated units with quinone/
hydroquinone redox moieties."®*” These electrochemical pro-
perties of lignin have recently been exploited in a number of
energy conversion and storage applications such as batteries>'
and supercapacitors.”*?** Electrochemical processes are also of
major interest for targeted chemical transformations and
lignin valorization to useful chemicals.’’**** Heterogenous
(photo)oxidation of lignins on catalysts is one valorization
direction,*®*” and this raises the idea that such processes
maybe can be driven by photochemistry alone. The starting
question of this work is: Do lignins themselves also afford
photo-redox activity, in particular oxygen reduction to hydro-
gen peroxide? We have tested and confirmed that lignins
indeed produce hydrogen peroxide upon irradiation with
accompanying autooxidation, or oxidation of available donors
in solution (Fig. 1a). Light can therefore be used to degrade
lignin with concurrent production of hydrogen peroxide.

Results and discussion

To test the photocatalytic performance of lignin, as a hetero-
geneous catalyst, and lignin sulfonate (LS), as a homogeneous
analog, we employed procedures developed recently by our
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Fig. 1 Schematic representation of photochemical reduction of dis-
solved oxygen on lignin or LS (left). Reduction can proceed via a single-
electron over the superoxide intermediate or two-electron mechanism.
Photogenerated cationic species lead to autooxidation and degradative
breakdown of lignin as well as oxidation of donors (D to D).
Photographs on the right show the simple photochemical experiment
with lignin deposited on PET and LS in solution, non-irradiated and irra-
diated with a violet light source.

group.'” In these experiments, we used a given mass of lignin
or LS placed in a transparent glass vial together with oxyge-
nated aqueous electrolyte. The pH of the solution was varied
from acidic to neutral. Basic conditions were not considered
due to known lignin instability. Three different potential elec-
tron-donors (compounds which may be sacrificially oxidized)
were tested, namely glucose, formate, and oxalate. These were
compared always with a “blank” situation with just lignin (or
LS) and water. Different concentrations of LS were evaluated.
In the case of lignin, solid films were spincoated onto poly-
ethylene terephthalate (PET) plastic foils from a dioxane solu-
tion to yield a known quantity of lignin immobilized on the
PET carrier. The PET/lignin could conveniently be placed at
the bottom of the reactor vial. In the case of LS, aqueous solu-
tions were prepared directly in the vials. The vials with lignin/
PET or LS solution were placed onto a violet LED source (Amax
= 400 nm, 120 mW cm™> intensity) and irradiated for up to
8 hours. For determination of the hydrogen peroxide concen-
tration over time, aliquots were removed and the horseradish
peroxidase/3,3',5,5"-tetramethylbenzidine (HRP/TMB) assay
was applied to quantify H,0,."> We found that under all
studied conditions, aqueous solutions with lignin or LS pro-
duced measurable amounts of hydrogen peroxide upon
irradiation. The peroxide concentration over time under
different conditions is plotted in Fig. 2. In the case of LS
(Fig. 2a), 1-2.4 mM [H,0,] was produced within a few hours of
irradiation. We tested peroxide yield as a function of LS con-
centration and found that a LS loading of 1 mg mL™" in water
was optimal, since it showed the highest LS amount to hydro-
gen peroxide concentration ratio (ESI, Fig. S1}). Generally,
acidic conditions promoted more peroxide evolution than
neutral conditions. The addition of oxalate turned out to boost
peroxide yield in both acidic and neutral media with a pro-
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Fig. 2 Photochemical evolution of peroxide by lignins. (a) 1 mg ml™ LS
solutions irradiated over eight hours, under acidic and neutral con-
ditions, with different added electron donors. (b and c) Peroxide over
time measured for spin-coated lignin films under the same set of con-
ditions. (c) shows a magnified view of values below 120 pM [H,O,].

duced amount of peroxide 2000 pM and 2400 pM, respectively.
Formate and glucose do not act as efficient donors since
similar concentrations of 650 (neutral pH) to 1100 uM (acidic
pH) peroxide compared to samples without additional electron
donor (blank) were achieved. All show an almost linear
increase in peroxide concentration. Qualitatively, lignin per-
formed in the same way as LS, albeit peroxide yields were
roughly ten times lower (Fig. 2b and c). Based on our pre-
viously published results on peroxide-evolving dyes'® in solu-
tion we would maintain that it is most probable that both for
lignin and LS the reaction mechanism proceeds via single-elec-
tron reduction of oxygen to superoxide, which subsequently
disproportionates to form stable hydrogen peroxide. Such a
mechanism is kinetically most facile, however a contribution
from concerted two-electron/two-proton reduction of oxygen
to peroxide cannot be ruled out. In either case, decreasing
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Fig.3 LS concentration irradiation  time,  calculated

spectrophotometrically.
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pH would be expected to enhance peroxide production, which
is experimentally confirmed. Higher pH mechanisms
could not be tested due to breakdown of lignins at high pH.
The question is whether lignins are purely photosubstrates
in the reaction, where photochemical reduction of oxygen is
accompanied by autooxidation of the material, or if photo-
generated cationic species can oxidize different species. Over
the course of irradiation, the lignin and LS samples bleached,
which could be easily followed spectrophotometrically (Fig. 3,
ESI Fig. S2-5107%). Since the addition of electron donors such
as oxalate increases markedly the peroxide yield, it may be that
autooxidation competes with oxidation of the donor mole-
cules. Typically, the catalytic performance and stability is
expressed in terms of a turnover number (TON) as number of
moles of product divided by the amount of catalyst which
degrades over a given time. Since we cannot assign a precise
molecular mass for the lignin samples, we express TON as
pmols of H,O, g~ consumed lignin or LS (Table 1). The start-
ing and final catalyst mass of LS and lignin were determined
via UV-Vis spectroscopy (ESI Fig. S10t). In this way of data
evaluation, we can see that addition of electron donors in all
cases serves to increase the TON, clearly evidencing that the
photooxidative process of electron donors competes with
lignin autooxidation. Excepting kinetic considerations, oxalate
is the strongest electron donor (thermodynamically), and is by
far the most effective in increasing peroxide yield, though the
faster rate of overall peroxide evolution leads to more rapid
bleaching. For lignin with oxalate, a max TON of 17 254 umol
g~ was achieved, which is comparable to peroxide productivity
from synthetic pigments.”” We note that to understand the
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redox processes in lignin, we attempted cyclic voltammetry
measurements, however photocurrents were found to be very
low, in the nA em™? range, and we could not make any useful
conclusions based on this data. The low conductivity and het-
erogeneity of lignin samples makes photoelectrochemistry
difficult.

In conclusion, we have identified reproducible photochemi-
cal evolution of hydrogen peroxide using lignin or lignin sulfo-
nate. The process is primarily a destructive photochemical
process, consuming the lignin material, however other sub-
strates can also be photochemically oxidized concurrently.
From the point of view of catalytic peroxide evolution, lignins
do not appear to be promising candidates for supporting a
true catalytic technology. However, in numerous applications
the photochemical evolution of peroxide by lignins may be
highly advantageous. One potential perspective is using lignin-
mediated peroxide evolution as an initiation to some chemical
process. Recent reports concerning spontaneous oxidative
polymerization inside of living plants implicates reactive
oxygen species as the initiator.>® Light stimulation of lignin
can be used to such effect intentionally and locally. Based on
our results, lignin as a mass-produced material can be photo-
chemically degraded to generate hydrogen peroxide under
solar illumination, producing vats of relatively low concen-
tration peroxide which can be used as for chemical initiation,
oxidation, or antimicrobial purposes. On the other hand, the
photooxidative side of this reaction may be of great interest:
considering the extensive application of oxidation of lignin to
yield added-value products,>®>” the direct photooxidation
byproducts of the photochemical reaction we present here
could be of interest. Overall our findings represent a new
green chemical approach to peroxide evolution using an abun-
dant biomaterial.

Experimental methods
Preparation of lignin samples

100 pL of 10 mg mL ™" solution of lignin in dioxane: H,O 9:1
were spin coated (1500 rpm, 1 min) on a PET foil (@ = 22 mm),
which was previously cleaned with IPA, detergent, and 18 MQ
water. Afterwards, the samples were dried at room tempera-
ture. Next, the samples were placed on the bottom of a 20 mL
vial and filled with 2 mL of 10 mM donor aqueous solution
(blank, oxalate, formate, glucose) with different pH (2, 7). The
vials were closed with a lid with two holes for O, inlet and
outlet.

Table 1 Calculated “TON" values (i.e. mol H,O, per g of degraded lignin) for LS and lignin in the various electron-donor/pH solutions after 8 hours

of irradiation

Blank, Blank, Oxalate, Oxalate, Formate, Formate, Glucose, Glucose,
Material Units pH2 pH7 pH2 pH7 pH2 pH7 pH2 pH7
LS pmol H,0, g_1 LS 2280 2199 2948 6466 2852 2979 2043 2640
Lignin pmol H,0, g~ LS 389 548 17254 1358 638 750 995 587
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Preparation of LS solutions

A solution of 10 mg mL™" LS in water was prepared and soni-
cated for 10 min. The appropriate amount for reaching the
desired concentration of LS in water was pipetted to a 5 mL
volume flask, which was equipped with a lid with two holes for
0O, inlet and outlet. In total, 2 mL of reaction solution with
1 mg mL™" LS in water and 10 mM of electron donor (without
or blank, oxalate, formate and glucose) with different pH (2
and 7) were prepared. Samples for irradiation and non-
irradiation for control comparison were prepared.

Hydrogen peroxide evolution

The closed vials were equipped with steel needles as inlet and
outlet and the headspace over the solution was purged with
oxygen (120 s, oxygen flow 100 ml min™"). Afterwards the
samples were placed on the light source (LED, A, = 400 nm,
120 mW cm™? intensity) and illuminated for 8 h. The sample
vials were maintained approximately at room temperature over
this time due to installed cooling fans.

HRP assay

After every 2 h samples of 50 to 1 pL were taken and mixed
with 250 to 299 pL of freshly prepared HRP assay mixture con-
sisting of 993 pL phosphate-citric acid buffer solution, 5 L
3,3',5,5"-tetramethylbenzidine (TMB) and 2 pL horseradish per-
oxidase (HRP). Then the samples with a total volume of 300 pL
were spectrophotometrically measured at 653 nm with a
Synergy H1 Microplate reader (BioTek® Instruments, Inc.).
With a previously determined calibration line the concen-
tration could be calculated based on the measured absor-
bance. In the case of LS, due to interaction of HRP with LS, a
specific calibration had to be done. An HRP assay mixture was
prepared as mentioned above, except that a certain amount of
1 mg mL™" LS was added mimicking the dilution concen-
tration of the aliquots taken from the reaction mixture.
Afterwards, the respective amount of H,0, to gain concen-
trations of 40, 30, 20, 10 and 0 pM was added. With the
obtained calibration lines (ESI Fig. S117), the H,O, content
was accurately calculated. The effects from LS degradation
during evolution reaction was not considered for calibration,
thus providing a conservative measurement of H,0,
concentration.

Calibration of LS concentration

Solutions with a concentration of 0.2, 0.4, 0.6, 0.8, and 1 mg
mL~" LS in water were prepared. 300 pL of each solution were
placed in a plate-reader plate and spectra from 300 to 700 nm
with a Synergy H1 Microplate reader (BioTek® Instruments,
Inc.) were recorded. For the calibration line the absorbance at
450 nm was chosen.

Calibration of lignin concentration

Solutions with a concentration of 0.1, 0.025, 0.5, 0.075, and
0.1 mg mL™" lignin in dioxane : H,O 9: 1 were prepared. 3 mL
of each solution were placed in a QS high precision cell
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(Quartz Suprasil, 10 x 10 mm light path, Hellma Analytics) and
spectra from 300 to 700 nm were recorded with an absorption
spectrometer PerkinElmer Lambda 900. For the calibration
line, the absorbance at 324 nm was chosen.

UV-Vis spectroscopy - degradation

For LS: Spectra from 300 to 700 nm of the irradiated reaction
solution were recorded with a Synergy H1 Microplate reader
(BioTek® Instruments, Inc.) at 0, 2, 4, 6 and 8 h. For compari-
son spectra of non-irradiated (dark) samples were measured in
parallel. For Lignin: PET foils with spin coated lignin (used
and unused samples) were placed in 3 mL of dioxane:H,O
9:1 and sonicated for 10 min. Afterwards, the PET foils were
removed. Each solution was placed in a QS high precision cell
(Quartz Suprasil, 10 x 10 mm light path, Hellma Analytics) and
spectra from 300 to 700 nm were recorded with an absorption
spectrometer PerkinElmer Lambda 900.
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