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The bio-refinery of lignocellulose exhibits great potential for sustainable development. However, technical
barriers for proper utilization of lignin and heavy energy consumption have challenged the profitability and
sustainability of such biorefineries. Here, we efficiently converted lignin to photothermal materials (D-Lig-
Fe) by the demethylation of lignin and coordinating with Fe**, producing electricity that could be utilized for
the electrocatalytic conversion of 5-hydromethyl-2-furaldehyde (HMF) to 2,5-furandicarboxylic acid
(FDCA) when coupled with a thermoelectric generator (TEG) in the bio-refinery. Specifically, D-Lig-Fe
exhibited robust and high photothermal efficiency (~36%), producing electricity up to 1.6 V upon natural
solar irradiation assisted by a Fresnel lens together with TEG. The as-generated electricity drove a high-
yielding conversion of HMF to FDCA via NiCoB catalyst-based electrocatalysis in the bio-refinery. We
anticipate that this research will help establish an efficient and practical approach toward an integrated
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Introduction

A bio-refinery is responsible for converting biomass resources
into chemicals and functional materials."” The development of
bio-refineries has become a hot topic worldwide, since the
reduction of CO, emission and the safeguarding of the envi-
ronment are essential goals.?

Amongst all available biomass, lignocellulosic resources,
consisting of cellulose, hemicellulose and lignin, are the most
abundant and are promising materials for use in the bio-
refinery.*® There are multiple steps involved in the lignocellu-
losic bio-refinery including fractionation of cellulose, hemi-
cellulose and lignin, conversion of those components to
platform compounds and preparation of targeted chemicals/
materials from these platform compounds.”™ To achieve an
improved efficiency of the lignocellulosic bio-refinery, effective
deep eutectic solvents, a “lignin first” strategy and stabilization
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strategies have been proposed for improving the pre-treatment/
depolymerization of biomass resources.**™® Thermocatalytic,
photocatalytic and electrocatalytic methods have been devel-
oped for converting biomass-derived platform compounds to
valuable materials or chemicals.””** Amongst them, the HMF-
to-FDCA conversion using electrocatalytic methods has
received particular attention.” That is because FDCA is a perfect
replacement for terephthalic acid which is used to prepare one
of the most common thermoplastics.*® Additionally, the elec-
trochemical pathway operates using low cost electrocatalysts
and under mild conditions (ie. ambient temperature and
pressure), yet it achieves high activity and selectivity for con-
verting HMF to FDCA.***»* Notably, heavy electricity
consumption increases the cost of the electrocatalytic process.

Although several value-added chemicals and materials have
been obtained from the lignocellulosic bio-refinery,*** tech-
nical barriers for the proper utilization of lignin have chal-
lenged the profitability and sustainability of biorefineries,
which has been attributed to the complex and heterogeneous
structure of lignin.*»*

With our previous research we exploited the potential for the
photothermal conversion of lignin albeit with a low efficiency
(~20%).>*** Additionally, utilizing the abundant and renewable
solar energy to generate thermal energy via photothermal
conversion results in full-spectrum utilization with high
efficiency.**** Motivated by this, we integrated the photo-
thermal conversion of lignin derivatives with a NiCoB catalyst-
based electrocatalytic method to construct a solar-thermal-
electrocatalytic process for use in biorefineries (Fig. 1).

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Schematicillustration for the preparation of lignin-derived photothermal materials and the solar—thermal—electrocatalytic process for the

integrated biorefinery.

Specifically, we removed the methyl moieties from lignin. Then
the as-obtained D-Lig was coordinated with Fe®" to generate D-
Lig-Fe which exhibited efficient photothermal conversion. The
photothermal conversion was used to generate electricity in
combination with a thermoelectric generator (TEG). As such, 5-
hydroxymethylfurfural (HMF) oxidized to 2,5-fur-
andicarboxylic acid (FDCA) selectively and in a high yield in the
presence of the NiCoB catalysts and driven by the as-generated
electricity from the photothermal process.

was

Results and discussion
Characterization of D-Lig-Fe

D-Lig was obtained by removing the methyl moieties of lignin
assisted by BF;. 2D HSQC NMR spectra indicated that the
intensity of signals assigned to the methyl moieties of D-Lig (6¢/
0y 50—75/2.5-4.5) significantly decrease (Fig. 2a), when
compared with raw lignin. Additionally, FC titration proved that
the amount of phenolic moieties increased from 91 umol g~ ' to
129 pumol g ' (Fig. S11).* D-Lig was then mixed with Fe** to
generate D-Lig-Fe in aqueous solution. Elemental mapping
indicated that iron was evenly distributed in the D-Lig matrix
(Fig. 2b). Comparison of the electron spin resonance (ESR)
spectrum between D-Lig and D-Lig-Fe indicated that D-Lig-Fe
exhibited a significant decrease in the intensity of the radical
spin signal (g-factor = 2.0049) (Fig. S27). This signal originates
from the semiquinone structure or quinone structure, which
are isomeric forms of the free phenolics. Thus, the result sug-
gested that the phenolics in D-Lig were coordinated with ferric

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The characterization of D-Lig-Fe. (a) 2D HSQC NMR of lignin
(left) and D-Lig (right). (b) Elemental mapping of D-Lig-Fe (scale bar =
100 pum). (c) O 1s spectra of D-Lig-Fe. (d) Fluorescence spectra of D-
Lig-Fe upon addition of Fe®". (e) fs-TAS spectra of D-Lig-Fe. (f) UV-vis-
NIR absorbance of D-Lig and D-Lig-Fe.
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ion (Fe®*).*»*> Raman spectral signals (530-730 cm™ ') origi-
nating from the coordination of Fe** and oxygen atoms of the
catechol were consistent with the ESR analysis (Fig. S371).***
Additionally, a C-O-Fe bond (at 531.5 eV) was observed in the
high-resolution O 1s, further confirming coordination between
D-Lig and Fe®* (Fig. 2c).** Additional investigation indicated
that coordination between D-Lig and Fe®" decreased the fluo-
rescence emission of D-Lig (Fig. 2d). Generally, fluorescence
and photothermal activity are caused by competitive radiative
and non-radiative migration of excitons. Decreased fluores-
cence suggests enhanced non-radiative migration, which is
beneficial for photothermal conversion. To gain deeper insight
into the activated non-radiative decay processes of D-Lig-Fe,
femtosecond transient absorption (fs-TA) spectroscopic anal-
ysis (pumped at 365 nm and probed between 400 and 800 nm)
was performed. Upon photoexcitation, a broad excited-state
absorption (ESA) from 430 to 700 nm was observed for D-Lig-
Fe (Fig. 2e). A rapid decay of the ESA band was observed just
after 1 ps. The excited state begins to decay from 1 ps to 1 ns.
Upon fitting the dynamics, three-time constants of 1.386 ps (1),
47.42 ps (1,) and 125.0 ps (t3) were obtained at 520 nm, which
could be assigned to the internal conversions (Fig. S4t).%¢*®
Non-radiative decay mainly took place through internal
conversion. Moreover, UV-vis-NIR spectra indicated that D-Lig-
Fe exhibited red-shifted absorbance in the visible and NIR
region, compared to the D-Lig (Fig. 2f). Such red-shifted
absorbance of D-Lig-Fe was attributed to ligand-to-metal elec-
tron transfer from D-Lig to Fe*". The red-shifted absorbance
matched the solar spectra, indicating that D-Lig-Fe can effi-
ciently utilize the visible and NIR photons from the solar spectra
for thermal heat generation. All these results confirmed that D-
Lig-Fe obtained by coordination between D-Lig and Fe
exhibits great potential for photothermal heat conversion.

Photothermal conversion of D-Lig-Fe

Encouraged by the promoted non-radiative channel and broad
absorbance, D-Lig-Fe was evaluated for photothermal conver-
sion. D-Lig-Fe exhibited a temperature increase from 33 °C to
78 °C upon mimetic solar irradiation (100 mW cm™?) with
a photothermal efficiency of 36% (Fig. 3a and b). Notably, the
photothermal efficiency was higher than that for the reported
lignin nanoparticles and even carbon nanotubes under the
same conditions (Fig. S51).>>*° Further increasing the intensity
of mimetic solar sources from 100 mW cm ™2 to 500 mW cm 2,
the temperature increased from 78 °C to 200 °C (Fig. 3a and b).
Additionally, D-Lig-Fe was exposed to the mimetic solar irradi-
ation (100 mW cm %) for 8 “on-off’ cycles, and exhibited
reversible temperature changes, suggesting good controllability
(Fig. S6T). Moreover, D-Lig-Fe exhibited stable photothermal
conversion and maintained a stable efficiency of 36% either
after UV aging for 12 h, in a humid environment (90%) for 12 h
(RH) or storage for 1 month (Fig. 3c). Thermogravimetric curves
indicated that D-Lig-Fe lost 4.4% of water weight from 0 to 100 °
C. After that, 5.2% weight loss was observed which was due to
slight pyrolysis and carbonization.*® The temperature change
curves also indicated a ~46 °C temperature increase of the
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Fig. 3 Photothermal conversion of D-Lig-Fe. (a) Time-dependent
temperature change of lignin, carbon tubes and D-Lig-Fe upon 1 sun
mimetic solar irradiation. (b) Time-dependent temperature change of
D-Lig-Fe upon mimetic solar irradiation at different intensities. (c)
Efficiency of photothermal conversion of D-Lig-Fe upon mimetic solar
irradiation. (d) Images of the setup for solar—thermal-electricity
conversion. (e) Voltage output of the setup (d) upon solar irradiation at
different intensities and after switching the irradiation sources off. (f)
Voltage output of the setup (d) upon solar irradiation for 12 h.

samples after treatment at 80 °C, 100 °C, and 150 °C for 1 h,
which is similar to the non-thermal treated samples. All these
results confirmed the good thermal stability of D-Lig-Fe (Fig. S7
and S8%). Encouraged by these results, we subsequently inves-
tigated using D-Lig-Fe to drive a TEG. D-Lig-Fe, a thermoelectric
module and a cooling system were combined to create a solar-
powered TEG assisted by heat-conducting silicone grease
(Fig. 3d). The D-Lig-Fe absorbed solar light and heated the
thermoelectric module on one side, creating a temperature
difference from the other side nearest to the cooling system,
and generated a voltage of ~0.41 V (Fig. 3e). A control experi-
ment, in which the TEG without decoration with D-Lig-Fe was
used, produced only ~0.13 V voltage upon solar irradiation,
confirming that the voltage was indeed triggered and enhanced
by solar-to-thermal energy conversion provided by the D-Lig-Fe.
The voltage produced by the device increased from 0.41 V to
1.90 V on increasing the intensity of the light from 100 mW
cm 2 to 1000 mW cm > (Fig. 3e). Notably, the as-prepared TEG
was sensitive to photo irradiation. Switching off the light source
immediately reduced the voltage generated by the TEG,
demonstrating the good controllability of the device. Upon
cycling solar irradiation on and off 6 times (Fig. S97), the voltage
produced was not obviously changed indicating that the system
exhibits outstanding photostability. Moreover, the voltage
output did not show any obvious change after exposure of the
as-built setup to mimetic solar sources for 12 h (Fig. 3f), further

This journal is © The Royal Society of Chemistry 2023
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confirming the long-term durability. The as-generated elec-
tricity could also be used to power the motion of an engine and
turn on a light bulb (Videos S1 and S2t).

Electrochemical conversion of HMF into FDCA

NiCoB supported on nickel foam was prepared as an electro-
chemical catalyst. We chose this catalyst because of two factors.
(a) NiCo transition metals are abundant and cheap, compared
to expensive metal-based catalysts used for HMF conversion. (b)
NiCo alloys exhibit good adsorption for HMF, enhancing the
catalytic performance for HMF conversion.**

SEM and TEM confirm that the as-synthesized catalysts are
cohesive nanoparticles with an average size of 40 nm (Fig. 4a).
Electron diffraction and XRD spectra reveal the amorphous
state of the as-prepared catalysts (Fig. 4b and S10%1). The
HMFOR activity of the NiCoB catalyst was evaluated in an H-
type electrolytic cell using linear sweep voltammetry (LSV).
The onset potential of NiCoB measured in the electrolyte with
5 mM HMF (1.6 V) was lower than that measured in the elec-
trolyte without HMF (1.7 V), suggesting outstanding electro-
catalytic HMFOR activity on the NiCoB electrode (Fig. 4c).
Furthermore, the Tafel slope of the OER and HMFOR on the
NiCoB was calculated to be 58.7 mV dec™* and 30.3 mV dec ™,
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Fig. 4 Solar—thermal-electrocatalytic process. (a) Schematic illus-
tration of electrochemical conversion of HMF into FDCA assisted by
the solar—thermal-electric conversion process. Inset: SEM images of
NiCoB supported on nickel foam; (b) TEM image (left), HRTEM image
(right) and SAED pattern (inset) of NiCoB supported on nickel foam; (c)
LSV curves of NiCoB; (d) HMF-to-FDCA conversion yield; (e) images of
the setup for an authentic field experiment. (1) Fresnel lens; (2) TEGs;

(3) quartz reactor; (4) cooling system; (5) solar meter. Scale bar =
20 cm; (f) images of HMF-to-FDCA conversion.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

respectively, indicating a faster electron-transfer rate
(Fig. S117). The R, of HMFOR (Q) was smaller than that of the
OER (Q) in electrochemical impedance spectroscopy (EIS),
demonstrating that the progress of HMFOR has faster charge
transfer rate (Fig. S12}). Encouraged by these results, solar-
thermal-electrochemical catalytic conversion was conducted.
First of all, the conversion of HMF was evaluated at different
photothermal-induced voltage outputs (1.5 V, 1.6 V, 1.7 V)
(Fig. S137). The most efficient HMF conversion (>99%) and the
highest FDCA yield (>80%) were obtained at a voltage of 1.6 V. At
lower potentials, the conversion yield was low (~49%), since
HMF was easily decomposed to humin under the reaction
conditions.”® At a higher potential (1.7 V), the conversion effi-
ciency was ~78%, which was also lower than the value at 1.6 V.
This is because of a competing reaction involving the oxygen
evolution reaction (OER). Significantly, our research exhibited
competitive performance, when compared with other electro-
catalysts for HMF-to-FDCA conversion driven by conventional
sources of electricity (Fig. S14t). The HMF-to-FDCA conversion
was determined by high-performance liquid chromatography
(HPLC) analysis (Fig. S15 and Table S1t). Interestingly, the
HMF-to-FDCA oxidation did not exhibit any obvious change
after four cycles (Fig. 4d). Encouraged by this result, we con-
ducted an outdoor experiment using natural solar light assisted
by a Fresnel lens (Fig. 4e). The real solar intensity was recorded
and ranged from 33 mW cm > to 87 mW cm ™ (Fig. $167). The
photothermal efficiency of D-Lig-Fe did not change after solar
irradiation using a Fresnel lens, suggesting good photothermal
stability (Fig. S177). Our as-built setup produced a stable output
of more than ~1.6 V voltage and ~25 mA cm ™ current density
upon natural solar irradiation. 75% HMF-to-FDCA conversion
was achieved after 4 h in an authentic field experiment (Fig. 4f).
Notably, affected by the instability of the real solar light in the
outdoor environment (Fig. S161), the catalytic performance was
compromised, and the yield decreased slightly, compared to the
lab-based results. Specifically, when the solar intensity is low,
lower than 60 mW cm >, the voltage generated did not reach
1.6 V, which could not then trigger the reaction. As a result, the
conversion was stopped during this period, which resulted in
a lower overall conversion yield.

Conclusions

D-Lig-Fe was prepared using demethylated lignin-iron coordi-
nation with a photothermal efficiency of 36%. The photo-
thermal conversion of D-Lig-Fe was stable and did not decrease
after UV aging, high humidity treatment and long-term storage.
Using these significant advantages, solar-thermal-electricity
conversion was achieved using the D-Lig-Fe together with TEGs.
The as-generated voltage was then used for the electrocatalytic
conversion of HMF to FDCA in a high conversion yield. More-
over, the conversion was successfully achieved under authentic
field conditions. Using this strategy, we anticipate that more
lignocellulosic source-derived platform compounds can be
converted to chemicals using appropriate and efficient electro-
catalysts. Thus, our method was general and could further
encourage practical applications in the integrated biorefinery.

J. Mater. Chem. A, 2023, 11, 12308-12314 | 12311
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Experimental
Materials and methods

Lignin was prepared as previously described.*® Boron tri-
bromide, iron chloride, sodium hydroxide, and dichloro-
methane were purchased from Aladdin (Shanghai, China) and
used as received without further purification. Deionized water
was produced using a smart-RO ultrapure water system (Hitech
Instruments Co., Ltd, Shanghai, China). TEGs, voltage regula-
tion and other components of the solar-thermal-electricity
process were purchased from Taobao (Alibaba, Hangzhou,
China). 5-Hydroxymethylfurfural (HMF, 99%), 2,5-fur-
andicarboxylic acid (FDCA, 98%), 2-formyl-5-furancarboxylic
acid (FFCA, 98%), 2,5-diformylfuran (DFF, 98%), 5-
hydroxymethyl-2-furancarboxylic acid (HMFCA, 98%), potas-
sium hydroxide (KOH), nickel(u) acetate tetrahydrate (98%),
cobalt(u) acetate (99%), potassium hydroxide (granular 99.99%
trace metals basis), methanol, and ammonium formate were
obtained from Sigma-Aldrich. Nickel foam (NF, thickness 0.5
mm) was purchased from Suzhou Shuertai Industrial Tech-
nology Co., Ltd, China. Methanol was of chromatographic
grade, and the other chemicals were of analytical grade.

Characterization

UV-vis-NIR absorption spectra were recorded using a UV-3600
plus spectrophotometer (SHIMADZU Co., Ltd, China). 2D
HSQC NMR spectra were recorded on a Bruker 700 MHz NMR
spectrometer with TMS as the internal standard. Photo-
luminescence (PL) measurements were performed using an
FLS1000 fluorescence spectrophotometer (Edinburgh Instru-
ments, Inc., Livingston, U.K.) equipped with a 150 W xenon
lamp as the excitation source. X-ray photoelectron spectroscopy
was conducted using Ko (Thermo Scientific U.S.). Solar irradi-
ation was recorded with a CEL-NP2000-2A automatic optical
power meter (Beijing China Education Au-light Technology Co.,
Ltd, China). Solar irradiation was simulated using a PLS-SXE300
xenon lamp light source (Perfect Light Co., Ltd, Beijing, China).
Thermogravimetric analysis was performed on a Q600 (TA
Instruments U.S.). Fourier-transform infrared spectra were
recorded on a Nicolet IS 5 FTIR (Thermo Scientific U.S.). Elec-
tron spin resonance (ESR) spectra were measured on a Bruker
ELEXSYS E500 spectrometer. The crystallinity and phases of the
samples were characterized by X-ray diffraction with Cu Ka
radiation (A = 1.5418 A, XRD-6100, Shimadzu, Japan). The
particle size, composition, and morphology were studied by
scanning electron microscopy (SEM, JSM-7500F, Japan) and
transmission electron microscopy (TEM, JEM-2100, Japan)
equipped with SAED. fs-TA spectra were collected on a Helios
(Ultrafast Systems U.S.).

Preparation of D-Lig

To a solution of lignin (1 g) in anhydrous CH,Cl, (100 mL),
boron tribromide (in dichloromethane, 1 M, 20 mL) was added
at 0 °C dropwise slowly. Then, the reaction was maintained at
room temperature for 24 h and quenched with cold water
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slowly. The as-precipitated D-Lig powder was washed with
deionized water three times.

Preparation of D-Lig-Fe

The pH of D-Lig aqueous solution (1 g, 20 mL water) was
adjusted to 12. After that, ferric chloride solution (10 mL, 0.5 M)
was added to the D-Lig solution (20 mL, 1 g). The mixture was
then stirred for 3 h at room temperature. The precipitated
powder obtained by centrifugation was washed with water
twice. The as-obtained powders were dried at 60 °C to give D-
Lig-Fe.

Preparation of the amorphous NiCoB catalyst

Nickel foam (NF) was cut into small pieces with dimensions of
1.0 x 2.0 cm? These small pieces were ultrasonicated for 1 h
with an aqueous solution (0.1 M HCI), ethanol, and ultrapure
water, respectively. For the preparation of the amorphous
nickel-cobalt alloy catalyst, 1 mmol of Ni(CH3;COO),-4H,0 and
Co(CH;3COO0), with the molar ratios of Ni to Co(1 : 1) were added
to 20 mL of deionized (DI) water in a beaker under magnetic
stirring for 10 min, 4 mL of 1.28 M NaBH, aqueous solution was
prepared in another small beaker. Alternate dropping of the two
solutions onto clean nickel foam was performed until the nickel
foam was completely blackened.

Calculation of photothermal conversion efficiency

Photothermal conversion efficiency was determined in an
aqueous solution of D-Lig-Fe and carbon nanotubes (1 mg
mL~', 1 mL) in a vessel with an insulating layer and by illumi-
nating the aqueous solution with artificial solar light (100 mW
em ™). The temperature of the solution was recorded using
a digital thermometer, and the photothermal conversion effi-
ciency (n) was estimated from eqn (1):**

Q  CmAT _ CpVAT n
E~ PSt  PSt

where Q is the thermal energy generated and E is the total
energy of incident light. Q is determined by the heat capacity
(C), density (p), volume (V), and AT over 5 min irradiation of the
solution. E is determined by the power of the incident light (P),
irradiation area (S), and irradiation time (¢). The values of C (4.2
J g " per °C), S (3.14 cm?), and p (1 g cm™?) for water were used
in calculations.

Electrochemical measurements

We conducted electrochemical measurements on a CHI 760E
electrochemical workstation. Electrochemical data were
collected at room temperature in a common electrolytic cell
(100 mL). The electrochemical tests were carried out with the
two-electrode configuration, the as-synthesized catalyst on Ni
foam (=1.0 x 1.0 cm) was directly used as the cathode and
anode. 1.0 M KOH solutions (pH 13.8) with or without different
concentrations of HMF were used as the electrolytes. Linear
sweep voltammetry (LSV) was conducted until the test results

were stable at a scan rate of 5 mV s~ 1.

This journal is © The Royal Society of Chemistry 2023
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The electrochemical surface area (ECSA) of the electro-
catalyst was estimated from the electrochemical double-layer
capacitance (Cq;), which was investigated via cyclic voltamme-
try (CV) cycles. The CV was performed in 1 M KOH with or
without 5 mM HMF at various scan rates of 20, 40, 60, 80 and
100 mV s~ in a non-faradaic potential window.

Electrochemical impedance spectroscopy (EIS) tests were
measured over a frequency range from 10~> to 106 Hz with an
AC amplitude of 10 mV.

Product determination: the HMF, intermediates (HMFCA,
FFCA, HMF, and DFF) and oxidation product (FDCA) were
analyzed by high-performance liquid chromatography (HPLC,
Agilent 1290 Infinity IT) with an ultraviolet (UV)-visible detector
(wavelength: 265 nm) and a Shim-pack GWS C18 (5 um, 4.6 X
150 mm) column. The mobile phase was 75% ammonium
formate together with 25% methanol. The flow rate was 0.2
mL min~ . This mixture with a volume of 3 uL was then injected
into the HPLC. The column temperature was maintained at 35 °©
C, and each separation lasts for 25 min. The conversion of HMF,
selectivity and yield rate of FDCA were calculated according to
eqn (2) and (3):

HMF conversion(%) = [n(HMF consumed)/n(HMF initial)] x
100 (2)

Product yield(%) = [n(product)/n(HMF initial)] x 100  (3)

where F represents the Faraday constant (96 485 C mol %), S is
the electrode geometric area, and ¢ is the electrolysis time ().
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