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Catalytic Hydrogenolysis of Lignin into Phenolics by
Internal Hydrogen over Ru Catalyst

Md. Anwar Hossain,” Tinnakorn Saelee,” Sarttrawut Tulaphol,”
Mohammad Shahinur Rahaman,” Thanh Khoa Phung,’ Thana Maihom,®
Piyasan Praserthdam,” Supareak Praserthdam,*™ Daniel J. Yelle,*™ and

Noppadon Sathitsuksanoh*®

Lignin is a by-product of biorefineries and pulp and paper
manufacturers. Lignin is a renewable source of phenolic
precursors for fuels and chemicals. Hydrogenolysis of lignin
cleaves the abundant -O-4 bonds and releases phenolics.
However, selective hydrogenolysis of lignin’s $-O-4 bonds is
challenging because it requires high-pressure H,. Here we show
efficient hydrogenolysis of lignin model compounds and
technical lignin by Ru/C catalyst and internal hydrogen. The
aliphatic hydroxyl groups (C,—OH) in lignin enabled Ru-

Introduction

Production of fuels and chemicals from renewable lignocellu-
lose has the potential to mitigate climate change and promote
the bioeconomy.'™ Lignin accounts for 15-30 wt.% of
lignocellulose.™ The global production of lignin was 100 million
tonnes/year in 2015 and is estimated to reach 225 million
tonnes/year by 2030.”' Lignin is a renewable feedstock for
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catalyzed dehydrogenation of internal hydrogen and the
formation of reactive keto intermediate, which facilitated the [3-
0O-4 cleavage into phenolic monomers. Furthermore, solvents
that had a high donor number (Lewis basicity) enhanced the
yield of phenolic monomers, equal to 27.9 wt.% from technical
lignin. These findings offer a novel approach for biorefineries to
design lignin isolation processes and/or solvent systems to
maximize phenolic monomers and to control product selectiv-
ity/stability.

phenolics, and the ability to valorize lignin into phenolics would
promote profitable biorefineries and bioeconomy. However, its
complex chemical structure makes lignin difficult to fragment.
Thus, lignin is regarded as waste®® or used in low-value
applications, such as low-grade solid fuel, concrete additives,
animal feed pellets, and drilling muds.®"" Improved catalytic
strategies are required to upgrade lignin.

Lignin consists of three major phenolic units, p-hydroxy-
phenyl (H), guaiacyl (G), and syringyl (S),">"® that are linked by
C-O bonds (B-0-4) and C—C bonds (B-f'and B-5)."*" Cross-
linking of these phenolic units creates a recalcitrant lignin
matrix. Among these linkages, 3-O-4 linkages are ~40-60% of
total lignin linkages."®" Therefore, to produce high yields of
phenolic chemicals, it is necessary to efficiently cleave lignin's
B-O-4 linkages to release phenolic monomers."

Catalytic transfer hydrogenolysis of lignin is one of the most
efficient strategies to break C;—O bonds of 3-O-4 linkages."**”
This approach uses hydrogen donor solvents as hydrogen
sources®®3¥ and transition metal catalysts, such as Pd,®*3¢
Mo,*¥ and Ni***? (Table S1). For example, Wang et al.*
reported a low yield of phenolic monomers (10 wt.%) from
hydrogenolysis of enzymatically derived corncob lignin by
MOF-derived MoC catalysts in ethanol at 300°C for 4h.
Matsagar etal™ used an Rh/C catalyst to hydrogenolyze
alkaline lignin in ethanol-water at 250°C with formic acid as
hydrogen donor; the investigators obtained 3 wt.% monomer
products. Moreover, added hydrogen pressure (20-30 bar)
improved the yield of phenolic monomers. For example, Wang
et al.*” obtained 44.1 wt.% monomers from hydrogenolysis of
Eucalyptus lignin with Pd/C in methanol at 180°C and 30 bar
H,. Shu et al.“® used Pd/C and CrCl, in methanol at 300°C and
20 bar H, and obtained 26.3 wt.% monomer yield from lignin
isolated by acid hydrolysis of sorghum straw. Li et al.*” used
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Ru/C and Cs,CO; in methanol to hydrogenolyze enzymatic mild
acidolysis lignin (EMAL) from birch wood at 220°C and 30 bar
H, and obtained 27.4 wt.% monomer yield. Although added H,
enabled high monomer yields, molecular hydrogen (H,) poses
safety concerns.”® Moreover, molecular hydrogen is typically
produced by steam reforming of fossil fuels with CO, as a by-
product,*-" a contributor to greenhouse gas and climate
change. As a result, the use of molecular hydrogen in lignin
conversion is not a sustainable practice. Instead, we should
develop catalytic hydrogenolysis systems that provide a high
phenolic monomer yield without using external H,.

Lignin molecules are good sources of hydrogen from their
backbones, hydroxyl, and methoxyl groups.”® The use of
internal hydrogen from lignin molecules as hydrogen sources
for catalytic transfer hydrogenation will simplify the lignin
conversion process and eliminate the use of molecular hydro-
gen and/or hydrogen donor solvents. The result will be an
efficient lignin conversion pathway without side reactions from
solvents and without greenhouse gas emission. Previous studies
support catalytic release of lignin’s internal hydrogen for lignin
conversion. For example, Zhou et al.*® proposed that lignin and
lignin model compounds underwent direct cleavage of the [3-O-
4 bonds with a Pd/C catalyst and dioxane as a hydrogen donor
solvent at 160-180°C. de Andrade etal.®" used quantum
calculations and showed that Pd catalysts catalyzed hydro-
genolysis of lignin model compounds by dehydrogenation and
keto-enol tautomerization prior to the -O-4 bond cleavage.
The enol tautomer from lignin model compounds caused
polymerization into undesired products.”*” Li et al.*” reported
that Ru catalysts suppressed the formation of enol tautomer
and side reactions (coke). Previously, we showed the hydro-
genolysis ability of Ru/C on lignin model compounds in ethanol
and dioxane as hydrogen-donor solvents without external H,.*?
Although Ru-derived catalysts have been used for hydro-
genolysis of lignin and lignin model compounds,®*> the
mechanism whereby internal hydrogen promotes Ru-catalyzed
hydrogenolysis of lignin’s 3-0O-4 bonds was unknown. The lack
of this information slows the efficient production of phenolics
from lignin for biorefineries.

Here, we report the hydrogenolysis of lignin model
compounds and technical lignin by an Ru/C catalyst in protic
and aprotic solvents. We demonstrated that the C,—OH groups
enabled Ru-catalyzed dehydrogenation of the lignin model
compound into a keto intermediate and facilitated the $-O-4
cleavage at 280°C in both protic and aprotic solvents. Density
Functional Theory calculations suggested that the dehydrogen-
ation of C,—H and C,—OH into the keto intermediate was the
key step for efficient hydrogenolysis. Further, we found that
alcohols as  hydrogen-donor  solvents enabled the
Meerwein—Ponndorf—Verley reduction of the keto product by
RuO, in the Ru/C catalyst and facilitated subsequent hydro-
deoxygenation and hydrogenation to hydrocarbons. We used
this information to hydrogenolyze four technical lignin samples.
Hydrogenolysis of steam-exploded yellow poplar lignin gave
the greatest phenolic yield of 27.9 wt.% in ethanol at 280°C
after 24 h. The fundamental understanding gained from this
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work will enable the design of efficient catalytic systems to
maximize the phenolic yields from lignin for biorefineries.

Results and Discussion

Effect of C,-hydroxyl groups on the cleavage of lignin model
compounds by Ru/C under various hydrogen sources

Effect of C,-OH groups on hydrogenolysis activity

To evaluate the importance of C-OH, we performed conversion
of three model $-O-4 compounds, 2-phenyl ethyl phenyl ether
(PPE, 1a), 2-phenoxy-1-phenylethanol (PPE-OH, 1b), and vera-
trylglycerol-p-guaiacyl ether (VGE, 1c), with Ru/C catalyst in 2-
butanone under N, (Figure 1). PPE (1a) does not have C,-OH,
whereas PPE-OH (1b) and VGE (1¢) contain C,-OH. We chose 2-
butanone because it was not a hydrogen-donor solvent.
Heating these model compounds with Ru/C catalyst in 2-
butanone under N, differed in reactant conversion. With PPE,
we observed little to no conversion, whereas PPE-OH and VGE
showed conversions of ~69-88% with 59% and ~99%
selectivities to aromatic monomers, respectively. Phenol (4) and
acetophenone (5) were major products from PPE-OH (1b).
Guaiacol (6) and 1,2-dimethoxy-4-propenylbenzene (7) were
major products from VGE (1c). These products suggested that
PPE-OH (1b) and VGE (1c) underwent hydrogenolysis, and the
methoxy groups in VGE (1¢) did not hinder the reactivity to
hydrogenolysis. Moreover, the unreactivity of PPE (1a) sug-
gested that C,-OH was critical in the enhanced reactivity of
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Figure 1. Cleavage of 3-O-4 linkages of veratrylglycerol-3-guaiacyl ether (1c),
2-phenoxy-1-phenylethanol (1b), and 2-phenyl ethyl phenyl ether (1a) by
Ru/C in 2-butanone under N,. Reaction condition: 280°C, 8 bar N,, 1 wt.%
reactant/2-butanone, 20 wt.% catalyst loading, 4 h. Hydrogenolysis of PPE-
OH (1b) yielded 88 % conversion with < 1% ethylbenzene (2), 5% styrene
(3), 30% phenol (4), 23 % acetophenone (5), 14% PPE=O (8), and 27 % PPE
(1a) selectivities. VGE yielded 69 % conversion with 34 % guaiacol (6), 62 %
1,2-dimethoxy-4-propenylbenzene (7), and 4% 2-ethoxyphenol (9) selectiv-
ities. See Figure S2 for MS trace of products 6 and 7. Values in the bars
indicate product selectivities.
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model -O-4 compounds for hydrogenolysis by Ru/C catalyst
without hydrogen-donor solvents or addition of H,.

Effect of alcohols on hydrogenolysis activity

To determine the effect of alcohols as hydrogen-donor solvents,
we conducted hydrogenolysis by Ru/C catalyst in ethanol under
N, with PPE (1a), PPE-OH (1b), and VGE (1c) (Figure S1A). PPE
(1a) was not reactive to hydrogenolysis by Ru/C catalyst.
Previous studies by Zhu et al.®® performed hydrogenolysis of
benzyl phenyl ether, a lignin model compound without C,-OH,
using Ru/C catalyst in methanol at 120°C for 2 h. They observed
no hydrogenolysis activity. Their findings were in agreement
with our results on PPE (1a). However, heating PPE-OH (1b) and
VGE (1¢) with Ru/C catalyst in ethanol resulted in cleavage of
the $-O-4 bond. PPE-OH (1b) yielded 55 % conversion with 79%
selectivities to aromatic monomers. The ethylbenzene (2) and
styrerne (3) selectivities (34%) in ethanol suggested that
ethanol promoted hydrodeoxygenation and hydrogenation
reactions. Hydrogenolysis of VGE (1c) by Ru/C in ethanol yielded
99% conversion with 90% selectivities to aromatic monomers.
These results suggested that (1) C,-OH had a crucial function in
the hydrogenolysis of the [3-O-4 bond, and (2) the hydrogen-
donor solvent (ethanol) was not necessary.

Effect of molecular hydrogen on hydrogenolysis activity

Next, we performed the same hydrogenolysis of PPE (1a) and
PPE-OH (1b) in H, by the Ru/C catalyst (Figure S1B). Under H,,
we obtained 89% PPE-OH conversion under H, with 68%
selectivities to aromatic monomers, a greater conversion than
under N, (55%). These results suggested that added H,
enhanced the rates of (-O-4 bond hydrogenolysis by Ru/C.
Interestingly, under H,, we obtained 51 % conversion of PPE (1a,
without C,-OH) with 25% selectivities to aromatic monomers,
compared with no activity under N,. Previous studies showed
hydrogenolysis activity of benzyl phenyl ether, a lignin model
compound without C,-OH, by Ru-based catalysts under H,. For
example, Cao etal®¥ performed hydrogenolysis of benzyl
phenyl ether in methanol with Ru/C at 160°C. They found that
added H, (5-15bar) enhanced conversion of benzyl phenyl
ether and aromatic monomer yields. Similarly, Ji etal.”®
observed an enhanced yield of aromatic monomers from
increasing H, pressure (from 1 to 7 bar) using Ru—W/C catalysts.
Jiang et al.”” reported an increase in aromatic monomer yield
by Ru@ZIF-8 catalyzed hydrogenolysis of benzyl phenyl ether
with increasing H, pressure (1-10 bar). Results from previous
studies agreed well with our enhanced hydrogenolysis activity
of PPE (1a, without C,-OH) by Ru/C catalyst under H,. Together,
our results confirmed that the C,—OH group was important in
activating the hydrogenolysis of the [-O-4 bond without
molecular H,.

Because Ru catalysts are oxophilic and enable the formation
of RuO,, we performed hydrogenolysis of these three model f3-
0O-4 compounds with RuO, catalyst in 2-butanone and ethanol
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under N, as a control (Figure S3, see Supporting Information for
detail). RuO, in ethanol was active for hydrogenolysis of the f3-
0O-4 bond, whereas the RuO, catalyst was not active in 2-
butanone. Together, our results suggested that both metallic
Ru and the C,-OH were important in hydrogenolysis of the $-O-
4 bond without external hydrogen sources (molecular H, and/or
hydrogen-donor solvents).

Charge analysis and adsorption energy of reactant on
Ru(0001) surface and stability of intermediates

To determine how the C,—OH group promoted -O-4 hydro-
genolysis, we performed a charge analysis using charge density
differences (CDD) and the Bader charge analysis to investigate
the adsorption stability of PPE and PPE-OH on the Ru(0001)
surface (Figure S4). We constructed the model Ru surface based
on the hexagonal close-packed structure (Ru(0001) surface)
because it had the lowest surface energy,*®>% which suggested
that the Ru(0001) surface was thermodynamically stable. More-
over, the Ru(0001) surface was reported as an active facet that
strongly interacted with hydrogen species,®*" facilitating the
hydrogenolysis, hydrogenation, and dehydrogenation steps.
The positive and negative Bader charge change values (o)
describe electron gain and loss during an adsorption process.
During PPE and PPE-OH adsorption, the electron depletion from
the top Ru(0001) surface and electron accumulation around
carbon atoms of the benzene rings suggested that strong
adsorption of PPE and PPE-OH took place by electron transfer
from the Ru(0001) surface to the two benzene rings of PPE and
PPE-OH. Moreover, in the case of PPE, a shorter atomic distance
between O1 of PPE and the Ru(0001) surface indicated another
contact point between PPE and the Ru(0001) surface apart from
the benzene rings, which resulted in stronger adsorption
between the PPE molecule and the Ru(0001) surface (Table S2).

Compared with PPE adsorption on Ru(0001), PPE-OH adsorp-
tion increased the distance between the O1 atom and the
Ru(0001) surface and decreased the distance between H1 and
Ru(0001). These changes suggested that the -OH reduced the O1-
Ru(0001) interaction and promoted the H1-Ru(0001) interaction
(which was weaker than the O1-Ru interaction).®® Furthermore,
the Bader charge analysis suggested that the Ru(0001) surface
acted as an electron donor to the adsorbed PPE and PPE-OH. A
higher electron gain of the PPE-OH molecule (+-2.17 | e|) indicated
that the PPE-OH was more active than PPE. Interestingly, most
electron gain on the PPE-OH was located around the H1 atom,
whereas the electron gains were dispersed throughout the PPE
molecule. Thus, we postulated that the electron accumulation at
the H1 atom of PPE-OH promoted the dehydrogenation of the
PPE-OH molecule. This dehydrogenation step of H1 in PPE-OH was
essential to the O1-C1 bond activation (3-O-4 cleavage), and this
step corroborated previous findings.”*! We speculate that the
undetected O1-C1 bond cleavage in PPE was due to the lack of
this dehydrogenation step.

To test the aforesaid hypothesis, we investigated the 01-C1
activation ($-O-4) mechanism in PPE and PPE-OH using their
stable configurations and calculated the adsorption energy of
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the proposed reaction step (see Supporting Information and
Figure S5 for detail). The results suggested that the C,-OH group
in PPE-OH promoted the dehydrogenation of H1 and formed an
intermediate (Int B) before hydrogenolysis of 3-O-4 bonds into
keto product (acetophenone) and phenol. These calculations
agreed well with the hydrogenolysis results of lignin model
compounds (Figure 1). To confirm the dehydrogenation of PPE-
OH into Int B intermediate, we performed Bader charge analysis
of PPE-OH on the Ru(0001) surface (Figure S6). The results
suggested that the hydroxyl group at C, induced electron
accumulation at the H1 and created the active H1 during
adsorption on Ru(0001) surface (Int B). The electron accumu-
lation was around the H(O) atom of Int B (Figure 2), the H atom
at the hydroxyl group, which suggested that (1) this H atom
was active and (2) potential dehydrogenation of Int B into other
intermediates. Because we expected the dehydrogenation of
Int B intermediate into keto and enol tautomers, we calculated
the adsorption energies of intermediates on the Ru(0001)
surface (Figure S7). Their adsorption energy (E,,) on the
Ru(0001) surface was —4.93 eV for enol, —5.18 eV for keto, and
—4.95 eV for Int B. These results disproved our hypothesis and
suggested that either (1) both Int B and enol intermediates
were not thermodynamically stable and converted to keto, or
(2) the Ru-catalyzed hydrogenolysis pathway did not involve
keto-enol tautomerization. Overall, our quantum calculation
indicated that the C,—OH group of PPE-OH activated its initial
dehydrogenation and promoted electron accumulation at the
H(O) atom of the hydroxyl groups to form keto-enol intermedi-
ates and facilitate the subsequent (3-O-4 cleavage.

Effect of solvent on the formation of keto intermediate and
-0-4bond cleavage of lignin model compounds

To evaluate the effect of the reaction solvent on 3-O-4 cleavage,
we performed hydrogenolysis of PPE-OH by the Ru/C catalyst
under N, in (1) aprotic solvents (ethyl acetate, and 2-butanone)
and (2) protic solvents (dioxane, ethanol, 1-propanol, 2-
propanol, and 2-butanol) (Figure 3). The Ru/C catalyst was
active for hydrogenolysis of PPE-OH (1b) in both aprotic and
protic solvents at 280 °C for 4 h, with the conversion of PPE-OH
greater than 50% in all solvents. Thus, hydrogen donor solvents

I Electron gain 1
. Electron loss |

PPE-OH (Ads); IntB
ISB

Figure 2. The atomic Bader charge of adsorption of (A) PPE-OH (ISB) and (B)
intermediate B (Int B) states. The positive and negative signs represent
electron gain and loss, respectively.
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Figure 3. Cleavage of the (3-O-4 bond of 2-phenoxy-1-phenylethanol (PPE-
OH, 1b) by Ru/C in selected protic and aprotic polar solvents. Reaction
condition: 280°C, 4 h, 8 bar N,, 1 wt.% 2-phenoxy-1-phenylethanol/solvent,
20 wt.% catalyst loading.

(protic solvents) were not necessary for hydrogenolysis by the
Ru/C catalyst under the experimental conditions. In aprotic
solvents (ethyl acetate and 2-butanone), major product selectiv-
ities were phenol (4), acetophenone (5), and PPE=0O (8) with a
small amount of ethylbenzene (2) and styrene (3). The presence
of phenol (4) and acetophenone (5) suggested the p-O-4
cleavage in aprotic solvents. The small amount of ethylbenzene
(2) and styrene (3) suggested the absence of hydrodeoxygena-
tion in aprotic solvents.

Reactions by Ru/C catalyst in dioxane yielded products
similar to those in aprotic solvents. One reason for similar
products was that dioxane has a low donor number; thus
dioxane had behavior similar to aprotic solvents. We monitored
the evolution of reaction products in dioxane for 12 h. The
conversion of PPE-OH (1b) and selectivity to f-O-4 cleavage
increased with time (Figure S8). PPE=O was rapidly formed as
shown by an increase in selectivity of PPE=O and a maximum of
29% at 20% PPE-OH conversion within the first 2 h. The
selectivity of PPE=O was volcano-shaped, which suggested that
PPE=O was an intermediate product. The selectivity of PPE=O
dropped with reaction times >2 h. Moreover, the decrease in
PPE=O corresponded to increased phenol (4) and acetophe-
none (5) selectivities. These results suggested that PPE=O was
an intermediate product and converted to phenol and
acetophenone. These results corroborated our computational
studies and suggested that PPE=O was the keto intermediate
from dehydrogenation of PPE-OH. Moreover, the selectivity
toward the sum of ethylbenzene (2) and styrene (3) was low
(i.e., 22+43= 7%), which suggested that Ru/C catalysis in
dioxane proceeded with minimal side reactions (hydrodeoxyge-
nation and hydrogenation) compared with reactions in protic
solvents.

Reactions by Ru/C catalyst in primary alcohols (ethanol and 1-
propanol) yielded phenol (4), ethylbenzene (2), and PPE (1a).
Interestingly, we did not observe PPE=O as our reaction product.
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To explain the product selectivity, we performed our reaction in 1-
propanol between 230-250°C. We observed an increase in
selectivity of phenol (4) and the sum of ethylbenzene and styrene
(X2 + 3) with increasing reaction temperature from 230 to 250°C.
The selectivity of PPE=O decreased with increasing temperature.
We did not observe PPE=O with a reaction temperature of 280 °C.
However, we observed the saturated aromatic products. These
results suggested that PPE=O was formed in 2-propanol. However,
the elevated temperature (>250°C) facilitated the ether cleavage
of PPE=0 into monomers (Figure S9A). Moreover, reaction temper-
ature >250°C enhanced hydrodeoxygenation and/or hydrogena-
tion of these resulting monomers into saturated phenolic and
aromatic products as evidenced by an increase in HDO selectivity
(Figure S9B).

Among protic solvents, reactions of PPE-OH with the Ru/C
catalyst in 2-propanol and 2-butanol resulted in 100% con-
version of PPE-OH to ethylbenzene (2) and saturated aromatic
products, cyclohexane (9), cyclohexene (10), ethyl cyclohexane
(11), and cyclohexanol (12). The saturated aromatic products
indicated that hydrogenolysis products underwent hydrodeox-
ygenation and hydrogenation. The secondary alcohols, 2-
propanol and 2-butanol, were more effective hydrogen donors
than primary alcohols (ethanol and 1-propanol).***" Hence, we
observed ring saturation products when we used 2-propanol
and 2-butanol.

To explain the solvent effect on the hydrogenolysis activity
of Ru/C catalyst, we plotted the phenolic monomer yield as a
function of solvent properties, such as polarity, donor number,
and acceptor number (Figure S10). The donor number indicates
solvent Lewis basicity, and the acceptor number is a measure of
the Lewis acidity of solvents. We obtained a good linear
relationship between donor number and monomer vyields
(Figure S10C). The high monomer yield from reactions in a
solvent with a high donor number suggested that a solvent
with a high Lewis basicity enhanced the hydrogenolysis
efficiency of PPE-OH by Ru/C catalyst. For example, we obtained
39% monomer yield from the reaction in dioxane (low donor
number), whereas the reaction in 2-butanol yielded 99%
monomers. These results suggested that the Lewis basicity of
the solvents controlled the catalytic activity and product
selectivity of the Ru catalyst. Wang et al.*? showed that solvent
with a high donor number (high Lewis basicity) blocked the
active sites of Raney Ni in hydrogenolysis of diphenyl ether, a
finding that contradicts our results.

Meerwein—Ponndorf—Verley (MPV) reduction initiated
hydrodeoxygenation

Because we expected that the high selectivities of ethylbenzene
(2) and styrene (3) in alcohols (Figure 3) were from the
Meerwein—Ponndorf—Verley (MPV) of the acetophenone (keto
product, 5), a hydrogenolysis product of lignin model com-
pound, we performed similar experiments using Ru/C catalyst
and acetophenone (5) as the reactant in 2-butanone and
ethanol. We selected these solvents as proxies for aprotic and
protic solvents. As expected with 2-butanone, we did not have
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any catalytic activity (<3%) (Table 1). In contrast, we had 24%
acetophenone conversion in ethanol after 0.5 h. We observed
three reaction products, ethylbenzene (2), styrene (3), and 1-
phenylethanol (5%). The presence of ethylbenzene and styrene
suggested that the hydrodeoxygenation of acetophenone
occurred only in protic solvents. The presence of 1-phenyl-
ethanol suggested the occurrence of MPV reduction. Moreover,
we observed a decrease in benzyl alcohol yield and an increase
in ethylbenzene yield with time. These results indicated that 1-
phenylethanol underwent hydrodeoxygenation into styrene
and subsequent hydrogenation into ethylbenzene.

To explain the inactivity of Ru/C catalyst in acetophenone
conversion in 2-butanone, we performed reactions using RuO,
(Table S4). With 2-butanone, we did not observe any products,
whereas we observed 1-phenylethanol (5*) from RuO, in ethanol.
These results suggested the in-situ generation of active sites of
RuO, in ethanol for MPV by reduction. We postulated that these
active sites were oxygen vacancies (RuO,). The Ru catalysts’
oxophilic nature enables the formation of RuO, oxygen vacancies
under a reducing environment, such as alcohols.®”® These RuO,
oxygen vacancies are active sites for MPV reduction. Jae et al.”"
reported that partially oxidized Ru/C and reduced RuO, catalysts
were effective for the MPV reaction of 5-hydroxymethylfurfural to
2,5-bis(hydroxymethyl)furan in propanol, which suggested that
the formation of defects (oxygen vacancies) enabled MPV
reduction. Mironenko et al.”” and Gilkey et al.*® further explained
that RuO, oxygen vacancies catalyzed MPV reduction of furfural to
furfuryl alcohol in 2-propanol, which corroborated DFT calculations
by Jenness etal’” The RuO, catalyzed direct intermolecular
hydride transfer from alcohol to furfural, a finding that agrees with
our results.

To confirm the in-situ generation of oxygen vacancies in Ru/
C catalyst in ethanol, we performed H,-TPR on the used
catalysts after reaction (stored under N, to prevent oxidation).
As a control, our fresh catalyst contained 41% RuO, (Ru/RuO,
ratio=1.4, Table S5). The Ru/Ru0Q, ratio of the used catalyst in
2-butanone was 1.5, a value similar to that of fresh catalyst.
Whereas used catalysts in ethanol had an increased Ru/RuO,
ratio (3.8). Thus, RuO, was reduced in ethanol and formed

Table 1. Acetophenone conversion by Ru/C in ethanol and 2-butanone
o
o + - + 5+

ethylbenzene styrene

=

acetophenone 1-phenylethanol

Solvent Time [h] Conversion [%] Selectivity [%]
2 3 5%

Ethanol 0.5 24 58 4 22
1.0 33 77 5 18
2.0 73 83 4 2
0.5 <5 - - _
1.0 <5

2-butanone 2.0 <5 - - -

Reaction condition: 280°C, 4h, 8 bar N, 1wt.% 2-phenoxy-1-phenyl-
ethanol/solvent, 20 wt.% catalyst loading. HDO extent=sum of 2 and 3
selectivities. MPV extent =the sum of ethylbenzene (2), styrene (3), and 1-
phenylethanol (5%).
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oxygen vacancies. We expected that the oxygen vacancies were
the active sites for the MPV reaction of acetophenone to
styrene. To test this hypothesis, we reduced fresh Ru/C catalyst
in ethanol for 12 h to generate oxygen vacancies prior to
adding acetophenone (Table S6). As a control, the fresh Ru/C
catalyst had 73.1% MPV extent (1.2% 1-phenylethanol, 3.0%
styrene, and 68.9% ethylbenzene yields). The pre-reduced Ru/C
catalyst showed only 25.5% MPV extent. This low MPV extent
was due to a high Ru/Ru0O, (10.5) of pre-reduced Ru/C catalyst,
which resulted in low oxygen vacancies formed during the
reaction. Together, MPV reduction of the keto product
(acetophenone) in a hydrogen donor solvent (ethanol) by the
oxygen vacancies (RuO,) in Ru/C catalyst was a key step that led
to hydrodeoxygenation and hydrogenation products. Hence,
the choice of the solvent in Ru/C catalytic systems could be
used to control product selectivity.>*7*¥

Stability and reusability of the Ru/C catalyst

The ability to reuse catalysts is important for their practical use.
After hydrogenolysis of PPE-OH in ethanol at 280°C for 4 h
(Figure 1), we recovered the Ru/C catalyst by centrifugation and
washing with ethanol to remove the residual products,
intermediates, and unreacted reactant. The catalyst was then
placed in the reactor for reuse under the same hydrogenolysis
condition. We observed a progressive decrease in the con-
version of PPE-OH and changes in product selectivities over
four reuses (Figure S11). One reason was that Ru is oxophilic.
The RuO, species in the Ru/C catalyst was reduced in ethanol
and formed oxygen vacancies, RuO, (Figure S12). As a result,
the used Ru/C catalyst in ethanol contained more metallic Ru
content as the catalyst recycling progressed, which led to a
decrease in conversion and changes in product selectivities.
Another possible cause of the changes in the catalytic perform-
ance of the reused Ru/C catalyst in ethanol might have been
due to metal aggregation, as evidenced by the occurrence of
the (002) and (101) crystal planes of Ru at ~38.7 and 44.1°,7>7¢
respectively (Figure S13).

Validation of hydrogenolysis by internal hydrogen with
technical lignin

To validate the importance of the C,—OH group in (-O-4
cleavage, we applied hydrogenolysis by Ru/C in 2-butanone to
four types of technical lignin: (1) steam-exploded yellow poplar
lignin (YL), (2) organosolv lignin (OL), (3) kraft lignin (KL), and (4)
soda lignin (SL). Hydrogenolysis in ethanol yielded phenolic
monomers from combined alkylguaiacols and alkylsyringols
(Table S7). The YL lignin gave the highest monomer yield of
125 wt.% after 4 h, followed by KL>OL>SL. Interestingly,
reactions in 2-butanone with the Ru/C catalyst for 4 h produced
a total monomer yield similar to that in ethanol (Table S8).
Prolonged reaction time from 4 to 24 h increased the total
monomer yield to 20.2 wt.% in 2-butanone and 27.9 wt.% in
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ethanol (Figure 4), which mirrored the higher monomer yield
from lignin model compounds in ethanol (Figure 3).

To assess the aging of the resulting monomers, we left the
reaction products under the ambient condition and monitored
changes in composition during 24 h (Tables S7 and S8). The
reaction mixture in 2-butanone became darker and had a
decreased total monomer yield. Whereas the reaction product
in ethanol appeared more stable. These results suggested that,
although hydrogen-donor solvent (ethanol) was not necessary
for hydrogenolysis of lignin, a hydrogen-donor solvent stabi-
lized the phenolic monomers. Huang etal.”” reported that
ethanol acted as a capping agent and suppressed char
formation, a finding that agrees with our results.

To identify changes in molecular weight distribution of the
lignin hydrogenolysis products, we performed size exclusion
chromatography (SEC, Figure S14). The SEC chromatogram
revealed a distinct change in molecular weight between kraft
lignin and its hydrogenolysis products. The hydrogenolysis
products of kraft lignin had a high intensity of bands in the
range of 130-800 Da, which corroborated the molecular weight
of identified phenolic monomers (Figure 4).

Because we expected that the foregoing monomer yield of
27.9 wt.% from YL lignin was due to its high C,—OH and C,=0
concentrations, we performed HSQC NMR on technical lignin
samples to determine the C,—OH and C,=O content (Fig-
ure S15). From the HSQC spectra of the technical lignin and the
corresponding integral data (Table S9), the quantity of C,—OH
groups was the highest in the YL, closely followed by the KL
and SL. The OL had the lowest amount of C,—OH. The quantity
of C,=0 groups was the highest in SL, followed by YL and KL.
On the basis of the percent of the sum of the integrals for C,,
YL had the highest total integral, followed by KL, SL, and OL
(see Supporting Information for determination of C.—OH and C,=

HO._O 0
oH OH
°L o " HO. OH o.
/[I + 77 :] + ik +
R OH \O
~ '~
| 2 &l 4 5

24h

30

24h

N
(=]
L
1

Total monomeryield (%)
o
=
x
-

PL OL KL YL YL

2-butanone

PL OL KL YL YL
ethanol

Figure 4. Hydrogenolysis of the technical lignin over Ru/C catalyst in 2-

butanone and ethanol under N, for 4 h. Reaction condition: 280°C, 8 bar N,,

1 wt.% lignin, 20 wt.% catalyst loading, 4 h. R=—H, —CH,, —CH,CH;, and
—CH,CH,CHs.
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O contents in [(-O-4 subunits of technical lignin by NMR
(Tables S9 and S10)).

Interestingly, the ranking of the total C, integral was in the
order of YL>KL>SL>OL, the same order as the order of
hydrogenolysis yield. Because YL had a higher C, integral than
other lignins, YL provided greater monomer yields. These
results substantiated the importance of C,—OH groups in the
cleavage of the (-O-4 bond. Surprisingly, although KL had a
high sulfur content of 0.9 wt.%, the hydrogenolysis yield of KL
in ethanol at 24 h was 24 wt.%, greater than the hydrogenolysis
yields of OL and SL, which had only 0.2-0.3 wt.% sulfur. Sulfur
typically poisons metal catalysts, such as Pt, Co, and Ni."®*”
Thus, the Ru catalyst appeared to be sulfur-tolerant.

Proposed chemical pathway of breaking lignin by Ru/C

Together with computational results, we postulated the chemical
pathway of hydrogenolysis of technical lignin by Ru/C (Figure 5).
The C,—OH enabled the dehydrogenation at the C,—H and then
C.—OH groups by Ru catalysts into the keto intermediate (C,=0)
for subsequent (3-O-4 cleavage to keto and alcohol products; the
reactions occurred without hydrogen-donor solvents and/or
external H, gas. Previous studies showed that the enol intermedi-
ate was important in lignin degradation reactions under
alkaline,®'*? acid,®*®¥ and/or transition metal catalysts.>**>%
Galkin et al®¥ proposed that transfer hydrogenolysis of model
lignin -O-4 compounds by Pd/C in ethanol with base (ethylamine,
diethylamine, ammonia, and polymer-supported amine) and
formic acid as a hydrogen donor solvent, formed keto intermedi-
ate after the dehydrogenation step and followed by the keto-enol
tautomerization before subsequent -O-4 cleavage to monomers.
By quantum calculations, de Andrade et al.®" confirmed the keto-
enol tautomerization in the hydrogenolysis pathway by Pd/C. In
the case of Ru catalysts, Li etal™ used Ru/C catalyst for
hydrogenolysis of model lignin -O-4 compounds in methanol
and base (Cs,CO;, K,CO;, and CaOAc) under 20-30 bar H,. They
found that lignin hydrogenolysis by Ru catalyst proceeded by
deprotonation of C-OH and Cg-H. Moreover, the Ru catalyst
suppressed the formation of enol intermediate, a result that
contradicts our findings. The different hydrogenolysis pathways by

B-O-4 cleavage

OH
Dehydrogenation @
OH
oo oo = o
H

PPE-OH keto tautomer ketone (acetophenone)

1° and 2°alcohol

promoted MPV
OH
O”\ @A B Y
Icohol pr Hydrog Hydrodeoxygenation

rmg saturation

Figure 5. Proposed reaction pathway for conversion of model 3-O-4
compounds with C,—OH group by Ru/C catalyst
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Ru catalyst deduced by Li et al™ might have been due to the
applied external H,, which activated dehydrogenation from differ-
ent locations of the lignin structure. Together, our results further
confirmed that C,.—OH group of lignin facilitated the (-O-4
cleavage.

Conclusion

Selective hydrogenolysis of lignin is important for producing
phenolics for fuels and chemicals. Most current hydrogenolysis
processes use 10-30 bar H, to maximize the yield of phenolic
monomers; the inclusion of H, raises safety concerns and
contributes to capital and operational expenditures. Our findings
advance the understanding of the hydrogenolysis of lignin in
which the internal hydrogen was used to cleave 3-O-4 linkages by
Ru catalyst. Hydrogen donor solvents and external H, enhanced
the hydrogenolysis activity and phenolic monomer yield of Ru
catalysts, but these agents were unnecessary. Moreover, the
mechanistic understanding gained from this work suggested that
increasing the C,—OH in technical lignin’s structure would enhance
the yield of phenolic monomers from hydrogenolysis by Ru
catalyst without relying on external H, sources or hydrogen-donor
solvents. This knowledge could guide development of isolation
and functionalization steps to provide lignin with a high C,—~OH
content for production of phenolic monomers for profitable
biorefineries and the bioeconomy. Upcoming studies will focus on
the effect of oxygen vacancies on the subsequent hydrodeoxyge-
nation of hydrogenolysis products.

Experimental Section

Materials

Model B-O-4 compounds were 2-phenoxy-1-phenylethanol (PPE-
OH),2°%7-%8) 7_phenethyl phenyl ether (PPE),***" and veratrylglycer-
ol-B-guaiacyl ether (VGE).®**? PPE-OH and PPE contained C,OH
and C,—H, respectively. VGE had C,—OH with methoxy substituted
on the ring to represent the actual functional groups of technical
lignin. The Ru/C catalyst was the commercial 5% supported Ru
catalyst on activated carbon from Alfa Aesar (Haverhill, MA, USA)
and stored in the glove box under Ar to avoid exposure to air. The
amounts of metallic Ru and RuO, were determined by integrating
the H, consumption profile with respect to the H, standard. The Ru
and RuO, were 59 and 41 wt.%, respectively. The pre-reduced Ru/C
catalyst was used as a control. All reagents and catalysts were used
as received unless otherwise noted. They were stored in a glove
box to prevent oxidation. The manufacturers, purity, and CAS
numbers are shown in Table S11.

Hydrogenolysis of lignin model 3-O-4 compounds

All reactions were performed in a 25 mL autoclave reactor (Parr
Instrument, Moline, IL, USA). The reactant concentration was
~1wt% of lignin model compounds in organic solvents, unless
otherwise noted. The catalyst loading was 20 wt% (~20mg
catalyst, 2 mol.% Ru) with respect to reactant (100 mg reactant in
10 g solvent solution). Before the reaction, the reactor was purged
three times with N, to remove air. The reactor was then pressurized
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to 8bar N, or H, at ambient temperature to minimize the evolution
of hydrogen and to maintain the consistency of the experiment.
The hydrogenolysis reaction was performed at 280°C for 4 h with a
stirring rate of 600 rpm to minimize mass transfer limitation. The
reaction was stopped by quenching in a cold water bath. The
reaction sample was withdrawn, centrifuged to remove residual
solids, and diluted with ethanol before product analysis.

Reaction product identification and quantification

Changes in reactants and products during the cleavage of 3-O-4
bonds were identified and quantified by the Agilent 7890B GC
(Agilent Technologies, Santa Clara, CA, USA) equipped with Mass
spectrometry (MS) and Flame lonization Detectors (FID). An HP-5MS
column (30 mx0.25 mmx0.25 um, Agilent Technologies, Santa
Clara, CA, USA) was used for product separation with the following
temperature program: injection temperature 275°C and FID
detector temperature 300°C; split ratio 1:50. The temperature
program started at 45°C and increased at 10°C/min to 250 °C, then
held for 20 min. The change in reactant and products was
determined with dodecane as the internal standard (see Supporting
Information for calculations).

Characterization of catalysts

Selected catalysts were characterized by H,-temperature-pro-
grammed reduction (H,-TPR)®? and X-ray diffraction (see Supporting
Information for detail).

Characterization of technical lignin and lignin hydrogenolysis
products

The technical lignin and lignin hydrogenolysis products were
characterized by elemental analysis (CHONS),®***” Nuclear Magnetic
Resonance (NMR),***? and Size Exclusion Chromatography
(SEC)®8"% (see Supporting Information for detail).

Computational methods

To reveal the hydrogenolytic mechanism, we used the density
functional theory (DFT) by creating the model Ru catalyst and lignin
model compounds with the Vienna ab initio simulation package
(VASP) Version 5.4.4.% The detailed information of computa-
tional parameters, model construction of the Ru surface, and
optimized structures of model compounds (Figs.516-S18 and
Table S12), and Gibb free energy (AG) calculations are shown in
Supporting Information.
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