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Abstract

The electrocatalytic hydrodeoxygenation (ECH) of lignin typical model compounds
and lignin-derived oil from different tree species into (alkyl)-cyclohexane and (alkyl)-
cyclohexanol in the fluidized electrocatalysis system were investigated in this research.
The selected model compounds include two G-type compounds: eugenol (EO) and
guaiacol (GO), and two S-type compounds: 4-allyl-2,6-dimethoxyphenol (4-DMP) and
2,6-dimethoxyphenol (2,6-DMP). This ECH system consisted of phosphotungstic acid
(PW12) electrolyte, catalyst that suspended in the electrolyte, and NaBHa4 reductant in

the cathode. The results showed that 4-DMP could be converted using Pt/C as the
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catalyst at 25 mA/cm? current density and 80 °C for 60 minutes, with higher faradaic
efficiency of 90% and the selectivity of PCH and 4-PCH was 62% and 20%,

respectively.

system-was-alseo-explered: For C-O bond cleavage, the DFT calculations showed that,
for EO, GO, and 4-DMP, the C-OCH3 bond will be firstly broken, while for 2,6-DMP,
it is preferred that C-OH bond will be firstly broken. It was found that G-type (EO, GO)
was more easily hydrodeoxygenated than S-type (4-DMP, 2,6-DMP) compounds, with
the reaction rate in an order of GO > EO > 2,6-DMP > 4-DMP, indicating that the allyl
group had a negative effect on the electrocatalytic conversion. Furthermore, it was also
found that the complete conversion of lignin-derived oil monomers of pine (mainly G-
type) and poplar (mainly S-type) can be achieved, with the yield of target products
(PCH and 4-PCH) of 64% and 43%, respectively. Overall, this work innovatively
integrates biomass refining and electrocatalytic upgrading, that provides a green and
environmentally friendly solution for lignin conversion and utilisation.
Keywords: Fluidized electrocatalytic system, NaBH4, ECH, G-type, S-type, C-O bond
cleavage.
1. Introduction

Converting biomass into hydrocarbon fuels and chemicals has recently attracted
much attention as one of the solutions to address the challenges of fossil fuels shortage
and climate change [1-3]. Within the three components of biomass (cellulose,
hemicellulose, and lignin), lignin is the second-largest (after cellulose) with an annual

production of 70 million tons globally [4]. When compared with cellulose and
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hemicellulose, lignin is rich in aromatic compounds with high chemical value [5-7] thus
upgrading technologies can be developed to convert lignin into fuels and chemicals and
avoiding it to be burned [5, 8, 9]. The typical lignin upgrading method is catalytic
depolymerization to produce small molecular weight lignin-derived oil [10, 11], which
can be further hydrodeoxygenated into high-quality fuel and chemicals by reducing the
high oxygen content of unsaturated aromatic compounds in the lignin-derived oil [12-
14].

In recent years, there have been many studies on hydrodeoxygenation (HDO) of
lignin-derived phenolic compounds to produce hydrocarbons through thermochemical
catalytic hydrogenation (TCH) [15-17]. However, this process typically requires
relatively high temperature (200-500 °C) and high pressure (H2 pressure > 20 bar) [18-
20]. This high temperature often led to the polymerization of phenolic compounds and
coke formation. Therefore, it is necessary to find a way to achieve HDO of unsaturated
aromatic compounds under mild conditions.

Electrocatalysis is a clean, mild, and efficient conversion technology. During
electrocatalysis, the electricity generated from renewable energy (such as solar and
wind energy) can be converted into chemical energy [21-24] (Scheme 1). Compared to
TCH, electrocatalytic hydrogenation (ECH) could achieve efficient conversion of
substrates under mild conditions (temperature below 100 °C, atmospheric pressure) [25,
26]. The reaction rate and selectivity of electrolytic products could be controlled by
adjusting the current and potential [21, 27].

Using ECH to upgrade lignin-derived phenolic compounds into cyclohexane
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products and KA oil (cyclohexanol and cyclohexanone products) has been investigated
by fixing the selected catalysts on the electrode [1, 2, 28]. Saffron and co-workers [29]
used ruthenium supported on activated carbon cloth (Ru/ACC) in hydrochloric acid
electrolyte for electrocatalytic hydrogenation of 2,6-dimethoxyphenol (2,6-DMP).
They have obtained five products including cyclohexanol with a conversion rate of 58%
and a faradaic efficiency of 29%. However, these electrocatalytic systems need to be
further improved to solve the problems of low faradaic efficiency (20-60%) [30-32] and
shedding of catalysts attached to the electrode [33, 34].

Instead of fixing the catalyst on the electrode, dispersing the catalyst in the electrolyte
might solve the problem. For example, Liu Wei [35] and his co-workers reported a
fluidized electrocatalytic system with silicotungstic acid (SiW12) as cathode electrolyte,
dispersed the catalyst in the electrolyte, and finally generated cyclohexane and
cyclohexanol products with high faradaic efficiency (> 90%). They used guaiacol as a
model compound for ECH. Under 100 mA/cm? for 25 minutes, guaiacol was
completely converted to cyclohexane and cyclohexanol with the selectivity of 50.2%
and 17.4%, respectively. However, the process required a long pre-electrolysis time (30
minutes). Furthermore, with the increment number of chemical groups in phenolic
compounds, especially the influence of 2, 4, 6 substituents, the reduction is more
difficult, which was also reported by Saffron et al. [29].

Lignin consisted of various phenolic compounds with multiple substituents. Typical
phenolic compounds from different tree species usually contain S-type and G-type [36-

39]. G-type phenolic compounds are originated from softwood tree species, e.g., pine
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[40], camphorwood [41], and Cunninghamia lanceolata [42]. S-type phenolic
compounds are originated from hardwood tree species, e.g., poplar [43], beech [44],
and birch [45]. The major difference between G-type and S-type phenolic compounds
is the amount of methoxy groups. G-type phenolic compounds have one methoxy group
located next to the phenolic hydroxyl group, and S-type phenolic compounds have two
methoxy groups located on both sides of the phenolic hydroxyl group. During the
electrocatalytic hydrogenation reaction, methoxy groups greatly affect the conversion
of the substrates and reaction rate, which may contribute to steric hindrance and
electronic effect [46]. Moreover, Allyl (or propyl) is located in the para position of the
phenolic hydroxyl group, which may effluence the conversion of the substrate because
of its conjugation effect [47].

In this research, the ECH of lignin model compounds and lignin-derived oil
monomers from different tree species under mild conditions (< 95 °C, atmospheric
pressure) have been investigated. The lignin model compounds were carefully selected,
including S-type compounds such as 4-allyl-2,6-dimethoxyphenol (4-DMP) and 2,6-
dimethoxyphenol (2,6-DMP); and G-type compounds such as eugenol (EO) and
guaiacol (GO). To reduce pre-electrolysis time, we proposed sodium borohydride
(NaBHa) as a reductant and hydrogen supplier. We developed a heteropolyacid-based
system with PW12 as cathode electrolyte, phosphate (H3PO4) as anode electrolyte, and
Pt/C as catalyst suspended in the cathode electrolyte. Furthermore, we compared the
reaction rates, internal energy, and bond dissociation energies (BDEs) of the G-type and

S-type compounds and gave the possible mechanism of C-O bond cleavage of 4-DMP
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and 2,6-DMP.

Scheme 1 A green and environmentally friendly lignin conversion pathway
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2. Materials and methods
2.1. Materials

All the materials to be used in the experiment were purchased from various sources,
these materials include: the lignin model compounds (4-DMP, EO, GO, 2,6-DMP),
electrolyte (PWi2, H3PO4), reductant (NaBHa4), catalysts (Pt/C, Pd/C, Rh/C, Ru/C), xxx.
In detail, 4-DMP (AR, 98%) was purchased from Afaresha Chemical Co., Ltd. EO (AR,
99%), GO (AR, 99%), and 2,6-DMP (AR, 98%), PW12 (AR), n-hexane (AR, > 97.0%)
and methanol (AR, > 99.5%) were obtained from Shanghai Maclin Biochemical
Technology Co., Ltd. H3PO4 (AR, > 85%), dichloromethane (CH2Cl2, AR, > 99%) were
obtained from Xilong Scientific Co., Ltd. Sodium borohydride (NaBH4) was obtained
from Shanghai Titan Chemical Co., Ltd. Hydrogen peroxide solution (H202, AR, 30
wt.% in H20) was obtained from Aladdin Industrial Corporation. Pt/C (5 wt.%), Pd/C

(5 wt.%), Rh/C (5 wt.%), Ru/C (5 wt.%) were obtained from Sigma Company in USA.
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Poplar and pine sawdust were obtained from Nanjing Province of China and the mech
powder of 60-120 were selected and further pretreated by overnight drying at 105 °C to
reach a constant weight. “H” shaped electrolytic cell was purchased from Hangzhou
Saiao Electrochemical Experimental Equipment Co., Ltd. Electrochemical workstation
was purchased from Shanghai Chenhua Instrument Co., Ltd.

2.2. Electrolysis of lignin-derived model compounds (4-DMP, EO, GO, and 2,6-DMP)

An "H" shaped cell (Fig. 1) was used with a graphite rod as the working electrode, a
platinum plate (2x2cm) as the anode electrode, and Ag/AgCl as the reference electrode.
3% H202 aqueous solution was added to the electrolytic cell one day before to .... 11
mL 0.25 M PW 12 solution and 2 M H3POu4 solution were added to the cathode and anode
electrolytic chamber, respectively. Before the electrolysis reaction, 10 mM model
compound, 0.4 g NaBH4, and 0.05 g catalyst were added and maintained at a constant
current (0-75 mA/cm?). The electrolysis reaction was then started at a constant
temperature with 600 rpm. After the electrolysis, the electrolyte was cooled down to
room temperature, and the electrolytic products were extracted with CH2Cl.

The supernatant liquid was used for quantitative gas chromatography (GC, Agilent
2010 Plus) and qualitative analysis by gas chromatography-mass spectrometry (GC-
MS, QP2010 Ultra). The inlet temperature was 250 °C, the carrier gas was high purity
helium, and the flow rate was 2.50 ml/min. The heating program was set as keeping at
50 °C for 2 minutes and further rising to 280 °C at 10 °C/min for 10 minutes. lon source
temperature was 230 °C, solvent removal time was 3 minutes, interface temperature

was 280 °C, and scanning m/z was 45-500.
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Fig. 1. Schematic diagram of fluidized electrocatalysis with PWi, as electron transfer carrier,
NaBHj as reductant and hydrogen supplier.
2.3. Preparation and electrolysis of lignin-derived oil monomers

Preparation of lignin-derived oil monomers can be referred to the method in the
previous literature [48]. Firstly, 60-120 mesh poplar or pine sawdust (2g), methanol (30
ml), Ru/C catalyst (0.4 g), and 3 MPa Hz were added into a 50 ml reactor. The reaction
was proceeded at 245 °C for 6 hours with a stirring rate of 1000 rpm. After the reaction,
the obtained mixture was filtered to separate the residue part and the liquid part. The
residue part was washed several times using methanol to ensure there is no lignin oil in
the residue. The filtered liquid was evaporated by rotary evaporation at a temperature
of 60 °C; 20 mL CH2Cl2 and 20 mL deionized water was added and poured into the
separator funnel for extraction. The layer liquid was taken, and rotary evaporation was
performed at 40 °C to remove CH2Clz. The lignin-derived oil was then obtained. To

separate the lignin-derived oil monomers from lignin-derived oil, n-hexane (with a
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mass five times of that of lignin-derived oil) was added to the lignin-derived oil for
reflux extraction at 80 °C for 3 hours. The above operation was repeated three times.
Finally, the lignin-derived oil monomers were obtained by rotary evaporation of n-
hexane at 60 °C. Regarding the electrolysis of lignin-derived oil monomers, similar
operations were performed to the ECH and analysis methods of the model compounds
(4-DMP, EO, GO and 2,6-DMP) as listed in Section 2.2.
2.4. Catalyst characterization

Transmission electron microscope (TEM) images were measured using FEI Talos
F200X to characterize the catalyst morphology at 200 kV acceleration voltage with 520
mm camera length, 0.0251 A electronic wavelength, 0.25 nm point resolution, 0.12
information resolution, and 0.16 nm STEM resolution. The BET specific surface area,
average pore size, and pore volume of catalysts were determined by the N2 absorption
method with a 20s equilibration interval at -196 °C on Micromeritics Tristar 1T 3020
apparatus. Hz temperature-programmed desorption (H2-TPD) was measured on
Micromeritics AutoChem II 2920 apparatus. X-ray photoelectron spectra (XPS) was
performed on Thermo Scientific K-Alpha. The AlKa ray (hv=1486.6 ¢V) was used as
excitation source, and the Avantage software was used for peak fitting and calibration.
2.5. Calculations

The conversion, selectivity, yield, current density, reaction rate, and faradaic
efficiency (F.E.) were calculated according to Equations 1-6, respectively.
Conversion (%)

= ((Initial moles of substrate (mol) - Final moles of substrate (mol)) / Initial moles
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of substrate (mol)) x 100% Equation 1
Selectivity (%)
= (Moles of target product (mol) / 2Moles of all products (mol)) x 100%
Equation 2
Yield (%)
= (Moles of target product (mol) / Initial moles of substrate (mol)) x 100%
Equation 3
Current density
= (Current (mA) / Surface area of graphite rod in contact with electrolyte (cm?))
Equation 4
Reaction rate
= (Moles of substrate consumed (mmol) / (Time (s) x Mass of active metal in
added catalyst (g)))

Equation 5
FE. (%)

= ((Moles of final products (mol) xn x 96485 (C mol')) /(I (A) xt (s)))x 100%

Equation 6
Where n is the number of reaction electrons.

2.6. Computational calculations
The detailed bond breaking mechanism was investigated based on density functional
theory (DFT) using Gaussian 16W software. Firstly, the structure of the initial substrate

was built, and then the structure was optimized by B3LYP/6-31G" basis set. After the
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structure was optimized, it was split into several fragments, and similar optimization
operations were performed on several fragments. Both the model structures and their
split fragments are further optimized using a higher level (comparing with B3LYP/6-
31G") method and basis set basis set, M062X/def2TZVP. Bond dissociation energy
(BDE) is the energy needed to break a bond in a molecule. The BDE was calculated
using the sum of the energies of several fragments minus the energies of the total model.
For example, for the bond breaking reaction R—S+T, the BDE =E (S) + E (T) — E (R).
3. Results and discussion

3.1. ECH performances of lignin-derived model compounds

This paper mainly used the 4-DMP model compound to represent S-type lignin for
ECH studies. To investigate the ECH performance of 4-DMP, the effect of NaBH4
amount, catalysts, reaction temperature, current density, and reaction time on the ECH
of 4-DMP were studied. Meanwhile, the potential was recorded and the F.E.
corresponding to different current densities in the reaction process was provided.

First, we used pre-electrolysis for ECH of 4-DMP. After pre-electrolysis at 100
mA/cm? for 30 minutes, 4-DMP and Pt/C were added for electrolysis at low current
density (25 mA/cm?) and high current density (175 mA/cm?) for 15 minutes. Other
conditions and operations were the same as those of the electrocatalysis with NaBHa.
The results showed that, for the pre-electrolysis without NaBHa, the conversion of 4-
DMP was 5.50% and 14.23%, for the low and high current density, respectively. The
conversion increased significantly to 69.68% and 99.99% after the addition of NaBHa,

indicating that the electrocatalytic efficiency of PW12 by pre-electrolysis was lower than
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that by adding NaBH4. Compared with the study that the ECH by pre-electrolysis at
high current density (175 mA/cm?) with low electrocatalytic efficiency, we achieved

the efficient ECH of the substrate at low current density (25 mA/cm?) using NaBH4

(Fig. 2).
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Fig. 2. ECH of 4-DMP by pre-electrolysis and adding NaBHj (at low and high current densities).
3.1.1. Effect of NaBH4 amount on ECH of 4-DMP

NaBHs was used as reductant to reduce [PWVY'12040]* to [PWY1i1WVO40]* and
[PWY110WY2040]*". The initial PW 12 electrolyte solution was colorless and transparent
(Fig. 3a). After adding NaBHu4 into the electrolyte, the solution immediately became
dark-blue (Fig. 3b), indicating that PW12 was rapidly reduced (re-PW12). The amount
of NaBH4 was explored under the current density of 25 mA/cm?, as shown in Fig. 5a.
With the increase of the dosage of NaBHa4, the conversion of 4-DMP firstly increased
and then decreased, from 11.64% to 69.68% and then decreased to 51.23%. It was found
that 0.4 g NaBH4 was the optimum amount for reducing PWi2. When the dosage of
NaBHs4 was 0.3 g, the main products were PCH and 4-DMC with the selectivity of

52.02% and 26.07%, respectively, indicating that when PW12 was not completely
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reduced, the hydrogenation process accounted for a large proportion. As the amount of
NaBH4 increased to 0.4 g, the selectivity of 4-MP and 4-DMC decreased, and the
selectivity of other products increased. The selectivity of 4-PCH increased from 3.33%
to 14.68%, and there was no 4-MP in the final products. Although the selectivity of the
final products with excessive NaBH4 (0.45 g) was not significantly different from those
at 0.4 g, however, the conversion was quite different, indicating that an appropriate
amount of NaBHa4 could exactly reduce PW12. This can be explained as the excessive
NaBH4 would consume H” in the electrolyte, resulting in the reduction of H" finally
formed on the catalyst surface, thereby reducing the electrocatalytic efficiency.

The solution after the reaction was placed in the air for 15 days (ox-PW12), and the
solution was oxidized from dark-blue to dark-yellow (Fig. 3¢ and Fig. 3d). Put ox-PW12
on the cathode and pumped current; the dark-yellow solution immediately turned dark-
blue again (Fig. 3¢), which showed that ox-PW12 could still be reduced and had the
same properties as untreated PW 2. To further explore whether ox-PW 12 can be reduced
to the original PW12 under energized conditions for further recycling, Current-Potential
(CV) curve scans were performed on untreated PW12, re-PW 12, 0x-PW 12, and ox-PW12
energized for 15 minutes (Fig. 3e). The redox potential of ox-PWi2 and ox-PWi2
energized for 15 minutes were similar to that of untreated PW12, which was completely
different from that of re-PWi2, which indicated that re-PWi2 could also be
spontaneously oxidized to ox-PWi2 and then it can return to the same effect as untreated
PWi2 with a small amount of current. This showed that PW12 reduced by NaBH4 had

good recyclability.
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Fig. 3. The color change diagram of (a) PW3, (b) re-PW 12, (¢) 0x-PW1», and (d) ox-PWi2; and (e)
the CV curve of PWi,, re-PW 12, 0x-PW 12, 0x-PW; energized for 15 minutes.
3.1.2. Effect of catalysts on ECH of 4-DMP

Catalysts loaded with different metals had a great influence on the ECH. The catalytic
performance of four different noble catalysts (Ru/C, Pd/C, Rh/C, and Pt/C) at 80 °C, 25
mA/cm? for 45 minutes was shown in Fig. 4. Compared with Ru/C, Pd/C and Rh/C,
Pt/C showed better catalytic hydrogenation performance with the highest conversion of
88.07%, whereas the conversion of Ru/C (1.99%), Pd/C (8.53%) and Rh/C (6.28%)
were all less than 10%. 4-n-propylphenol (4-PP) and 2-methoxy-4-(1-propyl)phenol (4-

MP) were the main hydrogenation products under the action of Pd/C and Rh/C,
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respectively. Among the obtained electrocatalytic hydrogenation products with Pt/C,
propylcyclohexane (PCH) and 4-propylcyclohexanol (4-PCH) were the main products,
and the selectivity was 65.86% and 16.79%, respectively. And there were some
intermediate products, such as 4-propyl-2-methoxycyclohexane (4-MCH), 4-n-
propylphenol  (4-PP), 2-methoxy-4-(1-propyl)phenol  (4-MP), 4-propyl-2,6-
dimethoxycyclohexane (4-DMC). To further explore the catalytic activity of the Pt/C
catalyst, BET (Table S1 and Fig. S1a), H>-TPD (Fig. S1b), TEM (Fig. S2) and XPS
(Fig. S3) tests were performed on the catalysts.

From the BET and H2-TPD results, Pt/C had a higher surface area and pore volume
compared with Pd/C, Ru/C and Rh/C. Furthermore, Pt/C not only dissociated Hz into
active hydrogen (H") at lower temperatures (at about 120 °C) and had the largest area
of Hz desorption peak, indicating that Pt/C catalyst had more active adsorption centers
and a larger coverage, and then was more likely to promote the dissociation of Hz. From
the TEM images, the particle size of the Pt/C catalyst (1.17 nm) was smaller than that
of Pd/C (2.50 nm), Ru/C (8.01 nm) and Rh/C (5.59 nm). Meanwhile, the dispersion
degree of metal nanoparticles in Pt/C was higher than that in Pd/C, Ru/C and Rh/C.
From XPS results, two strong doublets at 71.2 eV and 74.5 eV binding energies for Pt/C
indicated the presence of a large amount of metallic Pt’ in Fig. S3d, consistent with
previous literature [49, 50]. The chemical content and structures of the other three
catalysts (Rh/C, Ru/C and Pd/C) were also annotated according to the literatures [51-
54], details of the four catalysts were shown in Table S2.

The difference in the efficiency of catalysts loaded with different metals might be
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due to the physicochemical properties and the lower ability of the platinum metal
surface to bind hydrogen [55], which was helpful for the combination of the substrate

with H" and the promotion of ECH conversion.
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Fig. 4. Distribution of conversion products of 4-DMP over different supported metal catalysts.
Reaction conditions: 10 mM substrate, 0.40 g NaBH4, 25 mA/cm?, 80 °C, 45 minutes.
3.1.3. Effect of current density on ECH of 4-DMP

Fig. Sb showed the conversion of 4-DMP and selectivity of electrocatalytic products
under different current densities (0-75 mA/cm?). When the current density is 0 mA/cm?,
25 mA/cm?, 50 mA/cm? and 75 mA/cm?, the potential is -0.2 V, -0.4 V, -0.6 V and -0.8
V, respectively. As the current density increased from 0 to 75 mA/cm?, the conversion
increased from 19.98% to 99.98%, which was due to the more formation of H" that
promotes the conversion of the substrate at higher current. The selectivity of 4-PCH
increased from 4.75% to 21.54%, and the selectivity of PCH increased from 43.71% to

about 60% and remained stable. The reaction rate decreased with increasing current
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density, which may be due to the HER at higher current densities.

At the current density of 0 mA/cm?, the conversion of 4-DMP was 19.89%, which
indicated that NaBH4 acted as a reductant in the system and acted as a hydrogen supplier
to provide a hydrogen source to promote the reaction. PCH and 4-DMC were the main
products, indicating that thermochemical catalysis of 4-DMP was mainly for
hydrogenation (allyl double bond hydrogenation and phenyl ring hydrogenation) and
complete HDO to form PCH without providing current. The F.E. at 25-75 mA/cm? was
calculated to be 90.46%, 80.8%, and 77.41%, respectively.

3.1.4. Effect of reaction temperature on ECH of 4-DMP

The effect of temperature on the HDO of 4-DMP was shown in Fig. Sc. When the
reaction temperature increased from 50 °C to 80 °C, the conversion of 4-DMP rose from
28.71% to 69.68%. The selectivity of PCH increased from 40.97% to 59.56%, and the
selectivity of 4-DMC decreased to 10.07%. At the same time, 4-MP was not detected
in the final products, indicating that the increase in temperature was conducive to the
ECH reaction. However, with the temperature continued to rise to 95 °C, the conversion
of 4-DMP remained unchanged compared with that at 80 °C. Meanwhile, compared
with the previous studies on the effect of temperature on the electrocatalytic
hydrogenation of 2-MP [56], indicating that the decrease of 4-DMP conversion required
higher temperature. The reason for the decline in substrate conversion might be that
high temperature accelerated HER [57], which was also proved by a previous report
[58].

3.1.5. Effect of reaction time on ECH of 4-DMP
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The conversion rate of 4-DMP and the selectivity of electrocatalytic products in the
time range of 0-60 minutes were given (Fig. 5d). With the increase of time, the
conversion of 4-DMP was from 40.23% to 96.92%. The selectivity of 4-PCH increased
from 8.87% to 20.88%, while the selectivity of PCH increased slowly, indicating that
PCH and 4-PCH may be obtained by different reaction pathways. When the reaction
time was 60 minutes, the conversion rate of 4-DMP reached 96.92%, which was
completely converted. The selectivity of the main products (PCH and 4-PCH) reached
84%. Meanwhile, 4-DMC was not detected in the products, indicating that the
hydrogenation product (4-DMC) was more converted to the main products (PCH and

4-PCH) with time increasing.
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Fig. 5. (a) Distribution of electrocatalytic products of 4-DMP over different NaBH4 consumption.

Reaction conditions: 10 mM substrate, Pt/C, 25 mA/cm?, 80 °C, 15 min. (b) Distribution of
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electrocatalytic products of 4-DMP over different current density. Reaction conditions: 10 mM
substrate, Pt/C, 0.4 g NaBHy4, 80 °C, 15 min. (¢) Distribution of electrocatalytic products of 4-DMP
over different temperature. Reaction conditions: 10 mM substrate, Pt/C, 0.4 g NaBH4, 25 mA/cm?,
15 min. (d) Distribution of electrocatalytic products of 4-DMP over different reaction time. Reaction
conditions: 10 mM substrate, Pt/C, 0.4 g NaBH4, 25 mA/cm?, 80 °C.
3.1.6. ECH of EO, GO, and 2,6-DMP

To better explore the effect of groups on 4-DMP and the mechanism of bond cleavage,
we performed ECH of GO, EO, and 2,6-DMP model compounds. The conversion,
selectivity, and reaction rate of the four model compounds were shown in Table 1. The
conversion of 4-DMP, 2,6-DMP, EO and GO were 40.23%, 54.12%, 68.38% and 75.25%
under 25 mA/cm? for 10 minutes, respectively. The main products were PCH and 4-
PCH for EO and 4-DMP. For GO and 2,6-DMP, the main electrocatalytic products were
cyclohexane (CH) and cyclohexanol (CHL). The reaction rate of four model
compounds was GO > EO > 2,6-DMP > 4-DMP, which showed that G-type compounds
(GO and EO) were more accessible to perform HDO than S-type compounds (2,6-DMP
and 4-DMP) in this electrocatalytic system. Under the same condition, the conversion
without the allyl group (GO and 2,6-DMP) was higher than that with the allyl group
(EO and 4-DMP), indicating that the allyl group had a negative effect on ECH.
Table 1 The conversion, selectivity, and reaction rate for four model compounds (10 mM substrates,

25 mA/cm?, 80 °C, Pt/C, 10 min, 0.4 g NaBHy).

Substrates Conversion (%) Products and selectivity (%) Reaction Rate (mmol-s-g™)
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OH

H;CO OCH; OH OH OH OH
OCH; OCH; H;CO OCH;
| 40.23% ? (a ? (a (ar (E( 0.030

_ PCH 4-MCH 4-PCH 4-PP 4-MP 4-DMC
4-DMP 55.03%  2.99% 8.87%  1.88% 3.31% 21.06%
OH OH OH
OCH;, OCH;
OH
OCH.
: 68.38% 0.050
| PCH 4-MCH 4-PCH 4-PP 4-MCHL
64.63% 3.07% 17.41% 2.68% 3.85%

(]

OH o OH
OH OCH;
“sc"@«"c"a 54.12% O @ 0.039
CH PH

CHL CHE 2-MCO
32.21% 20.03% 13.87% 3.83% 19.32%

OH o o
OCH,
2 ocn, 75.25% O © é ij 0.055
CH CHL CHE 2-MCO

41.54% 14.87% 29.13% 13.11%

3.2. Comparison of the C-O bonds cleavage pathways of ECH in G-type and S-type
compounds

To compare the C-O bonds cleavage order of the G-type and S-type compounds, the
internal energies of the four model compounds and the BDEs of the C-OH and C-OCH3
bonds were calculated by DFT (Table 2).

For 4-DMP, EO, and GO, the order of cleavage of the C-O bond tended to break the
-OCHs group first, followed by the -OH group. The difference was that 2,6-DMP tended
to break the -OH group first. This could be caused by: 4-DMP and EO had an allyl
double bond, the -OCH3 group and allyl group were in the meta position, and the -OH
group and allyl group were in the para position. For the meta position, the conjugation
effect was blocked, only the induction effect, which made the -OCH3 group activated,
the polarity became larger, and it was easier to leave; for the -OH group, there were

conjugation effect and induction effect, the electron cloud density increased, the -OH
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group was not easy to leave. For 2,6-DMP, without the influence of allyl group, the -
OCH3 group had o-p hyperconjugation, and the -CHs group donated electrons to O,
which increased the electron cloud density and strong bond of the -OCH3 group.
Therefore, the -OCH3 group was not easy to leave, and the -OH group left first [59].
For GO, compared with 2,6-DMP, there was only one methoxy group, and the o-p
hyperconjugation was not as strong as 2,6-DMP, resulting in preferential cleavage of
the -OCH3 group.

Under the action of H", both the hydrogenation process and the C-O bond cleavage
process of the model compound were performed. Combined with the selectivity of the
electrolysis product (2-MCO) of 2,6-DMP, which indicated that 2,6-DMP underwent
hydrogenation process first, and then underwent the C-O bond cleavage process. The
C-0 bond cleavage priorities of the possible hydrogenation products (intermediate A
and intermediate B) of 2,6-DMP were calculated by DFT. From the calculation results,
it could be seen that the hydrogenation products (A and B) both first broke the -OCH3
group.

On the other hand, H" formed in the reaction can donate electrons to -OCH3 and -OH
groups. For 4-DMP and 2,6-DMP, there were two -OCH3 groups and one -OH group
with three C-O bonds competing electrons, while EO and GO had only two C-O bonds
competing electrons, so the reaction rate of EO and GO was higher than that of 4-DMP
and 2,6-DMP. For 4-DMP and 2,6-DMP, the conjugation was elongated due to the
presence of allyl in 4-DMP, and the electrons were delocalized, resulting in the electron

cloud density of the C-O bond lower than that of 2,6-DMP, and the electrophilic
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reactivity was lower. Therefore, the rate of 2,6-DMP was higher than that of 4-DMP,

the same as GO, which well explained the reaction rates of the four model compounds

that GO > EO > 2,6-DMP > 4-DMP as mentioned in section 3.1.6..

Table 2 The internal energy and bond dissociation energies (BDEs) of four model compounds.

BDEs (kJ-mol™)

Substrates Internal energy (kJ-mol™)
a (-OCHs) b (-OH)
OH
H;CO OCH;
-1.71x108 453.15 479.48
I
OH
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? -1.41x10°8 452.67 490.46
|
OH
H,CO t LOCH, -1.41x10° 497.55 479.88
5,0013 -1.11x10° 442.05 483.35
OH
HJCO\OOCHs -1.42x10° 375.25 431.24
OH 436.87 (a1)
Hscoﬁ:rocm LA 49325
389.87 (a2)
'Y .'L ad > Conjugation effect was blocked
>
b a b F‘wvvv- a ‘..!. a » OH
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| I - ;
“o ""G* )“.’1: @ o’ ~.ﬂ - > ,‘j 2 - > o
re J,‘ ‘4 ~ - by >
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L. ’ b (9H on
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gk 3 .
| |

Intermediate A

Intermediate B

3.3. The possible ECH reaction pathways of 4-DMP and 2,6-DMP

Under the fluidized electrocatalysis system, NaBHa was used as a reductant to reduce

PWi2. Re-PW 12 functioned as an electron transfer carrier, which could transfer electrons
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to the catalyst's surface and combine with H* to form H", promoting HDO of substrates.
Fig. 6 showed all possible C-O bond cleavage and hydrogenation pathways for 4-DMP
and 2,6-DMP.

For 4-DMP, the first route was preferential cleavage of the -OCH3 group, the second
route was preferential hydrogenation and the third route was preferential cleavage of
the -OH group. When the reaction time of 10 minutes, the main products were PCH and
4-DMC, with the selectivity of 55.03% and 21.06%, respectively. Meanwhile,
according to the DFT calculation and analysis of the BDE of the C-O bond, 4-DMP
preferentially cleaved -OCH3 group. It showed that the primary reaction of 4-DMP was
route 1, accompanied by side reactions (hydrogenation reaction, route 2). With the
increase in reaction time, the selectivity of 4-DMC gradually decreased to 0, indicating
that it underwent C-O bond cleavage and transformed into other products. DFT
calculation results showed that it was more inclined to the C path. The intermediate
product 4-PP was obtained after removing methoxy by 4-MP. On the one hand, 4-PP
was hydrogenated to receive the main product (4-PCH); on the other hand, 4-PP was
dehydrated and then hydrogenated to obtain the main product (PCH). Since the
selectivity of PCH did not increase significantly with the reaction time, to explore
whether 4-PCH was further converted into PCH, using 4-PCH as the substrate to
conduct ECH research. The results showed that 4-PCH did not further remove the -OH
group to convert into PCH, indicating that the main products (PCH and 4-PCH) were
obtained through different reaction pathways.

For 2,6-DMP, the selectivity of the products (CH, CHL and CHE) increased with
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time, while the selectivity of PH and 2-MCO decreased (Table S3). Combined with the
above analysis, 2,6-DMP preferentially broke the -OH group. Based on this, the
possible ECH pathways for 2,6-DMP were given. 2,6-DMP was almost completely
converted within 30 minutes of reaction, the selectivity of products (CH, CHL and CHE)
showed an overall upward trend, and the selectivity of PH and 2-MCO decreased with
time. The selectivity of 2-MCO reached 28.48% at 5 minutes, which indicated that the
HDO process of 2,6-DMP was more inclined to the hydrogenation route of benzene
ring ( route 1 ), and then the -OCH3 group was removed to generate the products (2-

MCO, CHE, CHL and CH). Certainly, this process was accompanied by the route 2.
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Fig. 6. Bond cleavage and hydrogenation routes of 4-DMP and 2,6-DMP.

3.4. ECH of lignin-derived oil

To investigate the applicability of this system to lignin-derived oil of different tree
species, ECH of lignin-derived oil monomers that obtained from catalytic
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hydrogenation of poplar (mainly S-type) and pine (mainly G-type) at high current
densities was studied. The mass yield of lignin-derived oil and lignin-derived oil
monomers was calculated after n-hexane extraction. The mass yield of poplar lignin-
derived oil was 21.05%, and the mass yield of poplar lignin-derived oil monomers was
49.51%. From the results of GC and GC-MS, 4-MP and 4-propyl-2,6-dimethoxyphenol
(4-PDMP) were the main components of poplar lignin-derived oil monomers. Unlike
poplar, 4-MP was the main component of pine lignin-derived oil monomers. The mass
yield of pine lignin-derived oil was 19.38%, and the mass yield of pine lignin-derived
oil monomers was 55.16% (Fig. 7).

The ECH of poplar (S-type) and pine (G-type) lignin-derived oil monomers was
explored by reacting at different current densities (50-150 mA/cm?) for different time
(1-4 h). The results showed that 4-MP could be converted at low current density and
short time, while 4-PDMP needed relatively harsh conditions. This was due to the
existence of two -OCH3 groups in 4-PDMP, resulting in low conversion efficiency of
4-PDMP, which was consistent with our above discussion. Under high current density
(150 mA/cm?), 4-PDMP of poplar lignin-derived oil monomers can be completely
converted by electrochemical hydrogenation for 4 h. The yield of the target products
(PCH and 4-PCH) was 43.28%, as shown in Fig. 8a. 4-MP of pine lignin-derived oil
monomers reacted for 1 h at a low current density (50 mA/cm?) with the conversion of
96%, and the yield of the target products (PCH and 4-PCH) was 64.35% (Fig. 8b),

which also proved that 4-MP was more accessible to transform than 4-PDMP.
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4. Conclusion

In this study, a fluidized electrocatalytic system dispersing Pt/C in PWi2 solution
under mild conditions (< 95 °C, atmospheric pressure) was investigated and it has
achieved efficient HDO for typical lignin phenolic compounds (G-type and S-type)
from different tree species and lignin-derived oils. The selectivity of the main products
(PCH and 4-PCH) in the ECH of 4-DMP was 62% and 20%, with high F.E. > 90%. For
the S-type model compounds (4-DMP and 2,6-DMP), 4-DMP tended to remove -OCH3
first followed by the hydrogenation pathway; 2,6-DMP preferred the hydrogenation
process, accompanied by the -OH removal. Furthermore, the lignin-derived oil could
also achieve ECH at high current densities with a high yield of PCH and 4-PCH
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products, which provided a good reference for exploring the electrocatalysis of lignin-
derived oil from different tree species. In conclusion, this work effectively applied
electrocatalysis to convert phenolic compounds from different tree species into
hydrocarbons and chemicals, which had excellent prospects in the area of lignin and
biomass valorization.
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