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Catalyti  Hydrogenolysis of Lignin into Phenoli s by 
Internal Hydrogen over Ru Catalyst 
Md. Anw r Hoss in,[ ] Tinn korn S elee,[b] S rttr wut Tul phol,[c] 

Moh mm d Sh hinur R h m n,[ ] Th nh Kho  Phung,[d] Th n  M ihom,[e] 

Piy s n Pr serthd m,[b] Sup re k Pr serthd m,*[b] D niel J. Yelle,*[f]  nd 
Nopp don S thitsuks noh*[ ] 

Lignin is   by-product of biorefineries  nd pulp  nd p per 
m nuf cturers. Lignin is   renew ble source of phenolic 
precursors for fuels  nd chemic ls. Hydrogenolysis of lignin 
cle ves the  bund nt β-O-4 bonds  nd rele ses phenolics. 
However, selective hydrogenolysis of lignin’s β-O-4 bonds is 
ch llenging bec use it requires high-pressure H2. Here we show 
efficient hydrogenolysis of lignin model compounds  nd 
technic l lignin by Ru/C c t lyst  nd intern l hydrogen. The 
 liph tic hydroxyl groups (Cα OH) in lignin en bled Ru-

Introdu tion 

Production of fuels  nd chemic ls from renew ble lignocellu-
lose h s the potenti l to mitig te clim te ch nge  nd promote 
the bioeconomy.[1–3] Lignin  ccounts for 15–30 wt.% of 
lignocellulose.[4] The glob l production of lignin w s 100 million 
tonnes/ye r in 2015  nd is estim ted to re ch 225 million 
tonnes/ye r by 2030.[5] Lignin is   renew ble feedstock for 
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c t lyzed dehydrogen tion of intern l hydrogen  nd the 
form tion of re ctive keto intermedi te, which f cilit ted the β-
O-4 cle v ge into phenolic monomers. Furthermore, solvents 
th t h d   high donor number (Lewis b sicity) enh nced the 
yield of phenolic monomers, equ l to 27.9 wt.% from technic l 
lignin. These findings offer   novel  ppro ch for biorefineries to 
design lignin isol tion processes  nd/or solvent systems to 
m ximize phenolic monomers  nd to control product selectiv-
ity/st bility. 

phenolics,  nd the  bility to v lorize lignin into phenolics would 
promote profit ble biorefineries  nd bioeconomy. However, its 
complex chemic l structure m kes lignin difficult to fr gment. 
Thus, lignin is reg rded  s w ste[6–8] or used in low-v lue 
 pplic tions, such  s low-gr de solid fuel, concrete  dditives, 
 nim l feed pellets,  nd drilling muds.[9–11] Improved c t lytic 
str tegies  re required to upgr de lignin. 

Lignin consists of three m jor phenolic units, p-hydroxy-
phenyl (H), gu i cyl (G),  nd syringyl (S),[12–13] th t  re linked by 
C O bonds (β-O-4)  nd C C bonds (β-β’ nd β-5).[14–15] Cross-
linking of these phenolic units cre tes   rec lcitr nt lignin 
m trix. Among these link ges, β-O-4 link ges  re ~40-60% of 
tot l lignin link ges.[16–17] Therefore, to produce high yields of 
phenolic chemic ls, it is necess ry to efficiently cle ve lignin’s 
β-O-4 link ges to rele se phenolic monomers.[18] 

C t lytic tr nsfer hydrogenolysis of lignin is one of the most 
efficient str tegies to bre k Cβ O bonds of β-O-4 link ges.[19–29] 

This  ppro ch uses hydrogen donor solvents  s hydrogen 
[30–33] Pd,[34–36]sources  nd tr nsition met l c t lysts, such  s 

Mo,[37–38]  nd Ni,[39–42] (T ble S1). For ex mple, W ng et  l.[43] 

reported   low yield of phenolic monomers (10 wt.%) from 
hydrogenolysis of enzym tic lly derived corncob lignin by 
MOF-derived MoC c t lysts in eth nol  t 300 °C for 4 h. 
M ts g r et  l.[44] used  n Rh/C c t lyst to hydrogenolyze 
 lk line lignin in eth nol-w ter  t 250 °C with formic  cid  s 
hydrogen donor; the investig tors obt ined 3 wt.% monomer 
products. Moreover,  dded hydrogen pressure (20–30 b r) 
improved the yield of phenolic monomers. For ex mple, W ng 
et  l.[45] obt ined 44.1 wt.% monomers from hydrogenolysis of 
Euc lyptus lignin with Pd/C in meth nol  t 180 °C  nd 30 b r 
H2. Shu et  l.[46] used Pd/C  nd CrCl3 in meth nol  t 300 °C  nd 
20 b r H2  nd obt ined 26.3 wt.% monomer yield from lignin 
isol ted by  cid hydrolysis of sorghum str w. Li et  l.[47] used 
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Ru/C  nd Cs2CO3 in meth nol to hydrogenolyze enzym tic mild 
 cidolysis lignin (EMAL) from birch wood  t 220 °C  nd 30 b r 
H2  nd obt ined 27.4 wt.% monomer yield. Although  dded H2 

en bled high monomer yields, molecul r hydrogen (H2) poses 
s fety concerns.[48] Moreover, molecul r hydrogen is typic lly 
produced by ste m reforming of fossil fuels with CO2  s   by-
product,[49–50]   contributor to greenhouse g s  nd clim te 
ch nge. As   result, the use of molecul r hydrogen in lignin 
conversion is not   sust in ble pr ctice. Inste d, we should 
develop c t lytic hydrogenolysis systems th t provide   high 
phenolic monomer yield without using extern l H2. 

Lignin molecules  re good sources of hydrogen from their 
b ckbones, hydroxyl,  nd methoxyl groups.[48] The use of 
intern l hydrogen from lignin molecules  s hydrogen sources 
for c t lytic tr nsfer hydrogen tion will simplify the lignin 
conversion process  nd elimin te the use of molecul r hydro-
gen  nd/or hydrogen donor solvents. The result will be  n 
efficient lignin conversion p thw y without side re ctions from 
solvents  nd without greenhouse g s emission. Previous studies 
support c t lytic rele se of lignin’s intern l hydrogen for lignin 
conversion. For ex mple, Zhou et  l.[36] proposed th t lignin  nd 
lignin model compounds underwent direct cle v ge of the β-O-
4 bonds with   Pd/C c t lyst  nd diox ne  s   hydrogen donor 
solvent  t 160–180 ° C. de Andr de et  l.[51] used qu ntum 
c lcul tions  nd showed th t Pd c t lysts c t lyzed hydro-
genolysis of lignin model compounds by dehydrogen tion  nd 
keto-enol t utomeriz tion prior to the β-O-4 bond cle v ge. 
The enol t utomer from lignin model compounds c used 
polymeriz tion into undesired products.[47] Li et  l.[47] reported 
th t Ru c t lysts suppressed the form tion of enol t utomer 
 nd side re ctions (coke). Previously, we showed the hydro-
genolysis  bility of Ru/C on lignin model compounds in eth nol 
 nd diox ne  s hydrogen-donor solvents without extern l H2.

[52] 

Although Ru-derived c t lysts h ve been used for hydro-
genolysis of lignin  nd lignin model compounds,[52–54] the 
mech nism whereby intern l hydrogen promotes Ru-c t lyzed 
hydrogenolysis of lignin’s β-O-4 bonds w s unknown. The l ck 
of this inform tion slows the efficient production of phenolics 
from lignin for biorefineries. 

Here, we report the hydrogenolysis of lignin model 
compounds  nd technic l lignin by  n Ru/C c t lyst in protic 
 nd  protic solvents. We demonstr ted th t the Cα OH groups 
en bled Ru-c t lyzed dehydrogen tion of the lignin model 
compound into   keto intermedi te  nd f cilit ted the β-O-4 
cle v ge  t 280 ° C in both protic  nd  protic solvents. Density 
Function l Theory c lcul tions suggested th t the dehydrogen-
 tion of Cα H  nd Cα OH into the keto intermedi te w s the 
key step for efficient hydrogenolysis. Further, we found th t 
 lcohols  s hydrogen-donor solvents en bled the 
Meerwein Ponndorf Verley reduction of the keto product by 
RuOx in the Ru/C c t lyst  nd f cilit ted subsequent hydro-
deoxygen tion  nd hydrogen tion to hydroc rbons. We used 
this inform tion to hydrogenolyze four technic l lignin s mples. 
Hydrogenolysis of ste m-exploded yellow popl r lignin g ve 
the gre test phenolic yield of 27.9 wt.% in eth nol  t 280 °C 
 fter 24 h. The fund ment l underst nding g ined from this 

work will en ble the design of efficient c t lytic systems to 
m ximize the phenolic yields from lignin for biorefineries. 

Results and Dis ussion 

Effe t of Cα-hydroxyl groups on the  leavage of lignin model 
 ompounds by Ru/C under various hydrogen sour es 

Effect of  α-OH groups on hydrogenolysis activity 

To ev lu te the import nce of Cα-OH, we performed conversion 
of three model β-O-4 compounds, 2-phenyl ethyl phenyl ether 
(PPE, 1 ), 2-phenoxy-1-phenyleth nol (PPE-OH, 1b),  nd ver -
trylglycerol-β-gu i cyl ether (VGE, 1c), with Ru/C c t lyst in 2-
but none under N2 (Figure 1). PPE (1 ) does not h ve Cα-OH, 
where s PPE-OH (1b)  nd VGE (1c) cont in Cα-OH. We chose 2-
but none bec use it w s not   hydrogen-donor solvent. 
He ting these model compounds with Ru/C c t lyst in 2-
but none under N2 differed in re ct nt conversion. With PPE, 
we observed little to no conversion, where s PPE-OH  nd VGE 
showed conversions of ~69-88% with 59%  nd ~99% 
selectivities to  rom tic monomers, respectively. Phenol (4)  nd 
 cetophenone (5) were m jor products from PPE-OH (1b). 
Gu i col (6)  nd 1,2-dimethoxy-4-propenylbenzene (7) were 
m jor products from VGE (1c). These products suggested th t 
PPE-OH (1b)  nd VGE (1c) underwent hydrogenolysis,  nd the 
methoxy groups in VGE (1c) did not hinder the re ctivity to 
hydrogenolysis. Moreover, the unre ctivity of PPE (1 ) sug-
gested th t Cα-OH w s critic l in the enh nced re ctivity of 

Figure 1. Cle v ge of β-O-4 link ges of ver trylglycerol-β-gu i cyl ether (1c), 
2-phenoxy-1-phenyleth nol (1b),  nd 2-phenyl ethyl phenyl ether (1 ) by 
Ru/C in 2-but none under N2. Re ction condition: 280 °C, 8 b r N2, 1 wt.% 
re ct nt/2-but none, 20 wt.% c t lyst lo ding, 4 h. Hydrogenolysis of PPE-
OH (1b) yielded 88 % conversion with <1 % ethylbenzene (2), 5 % styrene 
(3), 30% phenol (4), 23%  cetophenone (5), 14% PPE=O (8),  nd 27 % PPE 
(1 ) selectivities. VGE yielded 69 % conversion with 34 % gu i col (6), 62 % 
1,2-dimethoxy-4-propenylbenzene (7),  nd 4 % 2-ethoxyphenol (9) selectiv-
ities. See Figure S2 for MS tr ce of products 6  nd 7. V lues in the b rs 
indic te product selectivities. 
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model β-O-4 compounds for hydrogenolysis by Ru/C c t lyst 
without hydrogen-donor solvents or  ddition of H2. 

Effect of alcohols on hydrogenolysis activity 

To determine the effect of  lcohols  s hydrogen-donor solvents, 
we conducted hydrogenolysis by Ru/C c t lyst in eth nol under 
N2 with PPE (1 ), PPE-OH (1b),  nd VGE (1c) (Figure S1A). PPE 
(1 ) w s not re ctive to hydrogenolysis by Ru/C c t lyst. 
Previous studies by Zhu et  l.[55] performed hydrogenolysis of 
benzyl phenyl ether,   lignin model compound without Cα-OH, 
using Ru/C c t lyst in meth nol  t 120 °C for 2 h. They observed 
no hydrogenolysis  ctivity. Their findings were in  greement 
with our results on PPE (1 ). However, he ting PPE-OH (1b)  nd 
VGE (1c) with Ru/C c t lyst in eth nol resulted in cle v ge of 
the β-O-4 bond. PPE-OH (1b) yielded 55% conversion with 79% 
selectivities to  rom tic monomers. The ethylbenzene (2)  nd 
styrerne (3) selectivities (34%) in eth nol suggested th t 
eth nol promoted hydrodeoxygen tion  nd hydrogen tion 
re ctions. Hydrogenolysis of VGE (1c) by Ru/C in eth nol yielded 
99% conversion with 90% selectivities to  rom tic monomers. 
These results suggested th t (1) Cα-OH h d   cruci l function in 
the hydrogenolysis of the β-O-4 bond,  nd (2) the hydrogen-
donor solvent (eth nol) w s not necess ry. 

Effect of molecular hydrogen on hydrogenolysis activity 

Next, we performed the s me hydrogenolysis of PPE (1 )  nd 
PPE-OH (1b) in H2 by the Ru/C c t lyst (Figure S1B). Under H2, 
we obt ined 89 % PPE-OH conversion under H2 with 68 % 
selectivities to  rom tic monomers,   gre ter conversion th n 
under N2 (55%). These results suggested th t  dded H2 

enh nced the r tes of β-O-4 bond hydrogenolysis by Ru/C. 
Interestingly, under H2, we obt ined 51 % conversion of PPE (1 , 
without Cα-OH) with 25% selectivities to  rom tic monomers, 
comp red with no  ctivity under N2. Previous studies showed 
hydrogenolysis  ctivity of benzyl phenyl ether,   lignin model 
compound without Cα-OH, by Ru-b sed c t lysts under H2. For 
ex mple, C o et  l.[54] performed hydrogenolysis of benzyl 
phenyl ether in meth nol with Ru/C  t 160 ° C. They found th t 
 dded H2 (5–15 b r) enh nced conversion of benzyl phenyl 
ether  nd  rom tic monomer yields. Simil rly, Ji et  l.[56] 

observed  n enh nced yield of  rom tic monomers from 
incre sing H2 pressure (from 1 to 7 b r) using Ru W/C c t lysts. 
Ji ng et  l.[57] reported  n incre se in  rom tic monomer yield 
by Ru@ZIF-8 c t lyzed hydrogenolysis of benzyl phenyl ether 
with incre sing H2 pressure (1–10 b r). Results from previous 
studies  greed well with our enh nced hydrogenolysis  ctivity 
of PPE (1 , without Cα-OH) by Ru/C c t lyst under H2. Together, 
our results confirmed th t the Cα OH group w s import nt in 
 ctiv ting the hydrogenolysis of the β-O-4 bond without 
molecul r H2. 

Bec use Ru c t lysts  re oxophilic  nd en ble the form tion 
of RuO2, we performed hydrogenolysis of these three model β-
O-4 compounds with RuO2 c t lyst in 2-but none  nd eth nol 

under N2  s   control (Figure S3, see Supporting Information for 
det il). RuO2 in eth nol w s  ctive for hydrogenolysis of the β-
O-4 bond, where s the RuO2 c t lyst w s not  ctive in 2-
but none. Together, our results suggested th t both met llic 
Ru  nd the Cα-OH were import nt in hydrogenolysis of the β-O-
4 bond without extern l hydrogen sources (molecul r H2  nd/or 
hydrogen-donor solvents). 

Charge analysis and adsorption energy of rea tant on 
Ru(0001) surfa e and stability of intermediates 

To determine how the Cα OH group promoted β-O-4 hydro-
genolysis, we performed   ch rge  n lysis using ch rge density 
differences (CDD)  nd the B der ch rge  n lysis to investig te 
the  dsorption st bility of PPE  nd PPE-OH on the Ru(0001) 
surf ce (Figure S4). We constructed the model Ru surf ce b sed 
on the hex gon l close-p cked structure (Ru(0001) surf ce) 
bec use it h d the lowest surf ce energy,[58–59] which suggested 
th t the Ru(0001) surf ce w s thermodyn mic lly st ble. More-
over, the Ru(0001) surf ce w s reported  s  n  ctive f cet th t 
strongly inter cted with hydrogen species,[59–61] f cilit ting the 
hydrogenolysis, hydrogen tion,  nd dehydrogen tion steps. 
The positive  nd neg tive B der ch rge ch nge v lues (1) 
describe electron g in  nd loss during  n  dsorption process. 
During PPE  nd PPE-OH  dsorption, the electron depletion from 
the top Ru(0001) surf ce  nd electron  ccumul tion  round 
c rbon  toms of the benzene rings suggested th t strong 
 dsorption of PPE  nd PPE-OH took pl ce by electron tr nsfer 
from the Ru(0001) surf ce to the two benzene rings of PPE  nd 
PPE-OH. Moreover, in the c se of PPE,   shorter  tomic dist nce 
between O1 of PPE  nd the Ru(0001) surf ce indic ted  nother 
cont ct point between PPE  nd the Ru(0001) surf ce  p rt from 
the benzene rings, which resulted in stronger  dsorption 
between the PPE molecule  nd the Ru(0001) surf ce (T ble S2). 

Comp red with PPE  dsorption on Ru(0001), PPE-OH  dsorp-
tion incre sed the dist nce between the O1  tom  nd the 
Ru(0001) surf ce  nd decre sed the dist nce between H1  nd 
Ru(0001). These ch nges suggested th t the -OH reduced the O1-
Ru(0001) inter ction  nd promoted the H1-Ru(0001) inter ction 
(which w s we ker th n the O1-Ru inter ction).[62] Furthermore, 
the B der ch rge  n lysis suggested th t the Ru(0001) surf ce 
 cted  s  n electron donor to the  dsorbed PPE  nd PPE-OH. A 
higher electron g in of the PPE-OH molecule (+2.17 je j) indic ted 
th t the PPE-OH w s more  ctive th n PPE. Interestingly, most 
electron g in on the PPE-OH w s loc ted  round the H1  tom, 
where s the electron g ins were dispersed throughout the PPE 
molecule. Thus, we postul ted th t the electron  ccumul tion  t 
the H1  tom of PPE-OH promoted the dehydrogen tion of the 
PPE-OH molecule. This dehydrogen tion step of H1 in PPE-OH w s 
essenti l to the O1-C1 bond  ctiv tion (β-O-4 cle v ge),  nd this 
step corrobor ted previous findings.[63–65] We specul te th t the 
undetected O1-C1 bond cle v ge in PPE w s due to the l ck of 
this dehydrogen tion step. 

To test the  fores id hypothesis, we investig ted the O1-C1 
 ctiv tion (β-O-4) mech nism in PPE  nd PPE-OH using their 
st ble configur tions  nd c lcul ted the  dsorption energy of 
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the proposed re ction step ( ee Supporting Information and 
Figure S5 for detail). The results suggested th t the Cα-OH group 
in PPE-OH promoted the dehydrogen tion of H1  nd formed  n 
intermedi te (Int B) before hydrogenolysis of β-O-4 bonds into 
keto product ( cetophenone)  nd phenol. These c lcul tions 
 greed well with the hydrogenolysis results of lignin model 
compounds (Figure 1). To confirm the dehydrogen tion of PPE-
OH into Int B intermedi te, we performed B der ch rge  n lysis 
of PPE-OH on the Ru(0001) surf ce (Figure S6). The results 
suggested th t the hydroxyl group  t Cα induced electron 
 ccumul tion  t the H1  nd cre ted the  ctive H1 during 
 dsorption on Ru(0001) surf ce (Int B). The electron  ccumu-
l tion w s  round the H(O)  tom of Int B (Figure 2), the H  tom 
 t the hydroxyl group, which suggested th t (1) this H  tom 
w s  ctive  nd (2) potenti l dehydrogen tion of Int B into other 
intermedi tes. Bec use we expected the dehydrogen tion of 
Int B intermedi te into keto  nd enol t utomers, we c lcul ted 
the  dsorption energies of intermedi tes on the Ru(0001) 
surf ce (Figure S7). Their  dsorption energy (E ds) on the 
Ru(0001) surf ce w s 4.93 eV for enol, 5.18 eV for keto,  nd 
4.95 eV for Int B. These results disproved our hypothesis  nd 

suggested th t either (1) both Int B  nd enol intermedi tes 
were not thermodyn mic lly st ble  nd converted to keto, or 
(2) the Ru-c t lyzed hydrogenolysis p thw y did not involve 
keto-enol t utomeriz tion. Over ll, our qu ntum c lcul tion 
indic ted th t the Cα OH group of PPE-OH  ctiv ted its initi l 
dehydrogen tion  nd promoted electron  ccumul tion  t the 
H(O)  tom of the hydroxyl groups to form keto-enol intermedi-
 tes  nd f cilit te the subsequent β-O-4 cle v ge. 

Effe t of solvent on the formation of keto intermediate and 
β-O-4bond  leavage of lignin model  ompounds 

To ev lu te the effect of the re ction solvent on β-O-4 cle v ge, 
we performed hydrogenolysis of PPE-OH by the Ru/C c t lyst 
under N2 in (1)  protic solvents (ethyl  cet te,  nd 2-but none) 
 nd (2) protic solvents (diox ne, eth nol, 1-prop nol, 2-
prop nol,  nd 2-but nol) (Figure 3). The Ru/C c t lyst w s 
 ctive for hydrogenolysis of PPE-OH (1b) in both  protic  nd 
protic solvents  t 280 °C for 4 h, with the conversion of PPE-OH 
gre ter th n 50 % in  ll solvents. Thus, hydrogen donor solvents 

Figure 2. The  tomic B der ch rge of  dsorption of (A) PPE-OH (ISB)  nd (B) 
intermedi te B (Int B) st tes. The positive  nd neg tive signs represent 
electron g in  nd loss, respectively. 

Figure 3. Cle v ge of the β-O-4 bond of 2-phenoxy-1-phenyleth nol (PPE-
OH, 1b) by Ru/C in selected protic  nd  protic pol r solvents. Re ction 
condition: 280 °C, 4 h, 8 b r N2, 1 wt.% 2-phenoxy-1-phenyleth nol/solvent, 
20 wt.% c t lyst lo ding. 

(protic solvents) were not necess ry for hydrogenolysis by the 
Ru/C c t lyst under the experiment l conditions. In  protic 
solvents (ethyl  cet te  nd 2-but none), m jor product selectiv-
ities were phenol (4),  cetophenone (5),  nd PPE=O (8) with   
sm ll  mount of ethylbenzene (2)  nd styrene (3). The presence 
of phenol (4)  nd  cetophenone (5) suggested the β-O-4 
cle v ge in  protic solvents. The sm ll  mount of ethylbenzene 
(2)  nd styrene (3) suggested the  bsence of hydrodeoxygen -
tion in  protic solvents. 

Re ctions by Ru/C c t lyst in diox ne yielded products 
simil r to those in  protic solvents. One re son for simil r 
products w s th t diox ne h s   low donor number; thus 
diox ne h d beh vior simil r to  protic solvents. We monitored 
the evolution of re ction products in diox ne for 12 h. The 
conversion of PPE-OH (1b)  nd selectivity to β-O-4 cle v ge 
incre sed with time (Figure S8). PPE=O w s r pidly formed  s 
shown by  n incre se in selectivity of PPE=O  nd   m ximum of 
29%  t 20% PPE-OH conversion within the first 2 h. The 
selectivity of PPE=O w s volc no-sh ped, which suggested th t 
PPE=O w s  n intermedi te product. The selectivity of PPE=O 
dropped with re ction times >2 h. Moreover, the decre se in 
PPE=O corresponded to incre sed phenol (4)  nd  cetophe-
none (5) selectivities. These results suggested th t PPE=O w s 
 n intermedi te product  nd converted to phenol  nd 
 cetophenone. These results corrobor ted our comput tion l 
studies  nd suggested th t PPE=O w s the keto intermedi te 
from dehydrogen tion of PPE-OH. Moreover, the selectivity 
tow rd the sum of ethylbenzene (2)  nd styrene (3) w s low 
(i. e., Σ2 + 3 = 7%), which suggested th t Ru/C c t lysis in 
diox ne proceeded with minim l side re ctions (hydrodeoxyge-
n tion  nd hydrogen tion) comp red with re ctions in protic 
solvents. 

Re ctions by Ru/C c t lyst in prim ry  lcohols (eth nol  nd 1-
prop nol) yielded phenol (4), ethylbenzene (2),  nd PPE (1 ). 
Interestingly, we did not observe PPE=O  s our re ction product. 

ChemCatChem 2022, 14, e202200549 (4 of 9) © 2022 Wiley-VCH GmbH 



Wiley VCH Freitag, 07.10.2022

2220 / 267252 [S. 259/263] 1

ChemCatChem
Researc  Article 
doi.org 10.1002 cctc.202200549 

To expl in the product selectivity, we performed our re ction in 1-
prop nol between 230–250°C. We observed  n incre se in 
selectivity of phenol (4)  nd the sum of ethylbenzene  nd styrene 
(Σ2+3) with incre sing re ction temper ture from 230 to 250 °C. 
The selectivity of PPE=O decre sed with incre sing temper ture. 
We did not observe PPE=O with   re ction temper ture of 280 °C. 
However, we observed the s tur ted  rom tic products. These 
results suggested th t PPE=O w s formed in 2-prop nol. However, 
the elev ted temper ture (>250 °C) f cilit ted the ether cle v ge 
of PPE=O into monomers (Figure S9A). Moreover, re ction temper-
 ture >250 °C enh nced hydrodeoxygen tion  nd/or hydrogen -
tion of these resulting monomers into s tur ted phenolic  nd 
 rom tic products  s evidenced by  n incre se in HDO selectivity 
(Figure S9B). 

Among protic solvents, re ctions of PPE-OH with the Ru/C 
c t lyst in 2-prop nol  nd 2-but nol resulted in 100 % con-
version of PPE-OH to ethylbenzene (2)  nd s tur ted  rom tic 
products, cyclohex ne (9), cyclohexene (10), ethyl cyclohex ne 
(11),  nd cyclohex nol (12). The s tur ted  rom tic products 
indic ted th t hydrogenolysis products underwent hydrodeox-
ygen tion  nd hydrogen tion. The second ry  lcohols, 2-
prop nol  nd 2-but nol, were more effective hydrogen donors 
th n prim ry  lcohols (eth nol  nd 1-prop nol).[66–67] Hence, we 
observed ring s tur tion products when we used 2-prop nol 
 nd 2-but nol. 

To expl in the solvent effect on the hydrogenolysis  ctivity 
of Ru/C c t lyst, we plotted the phenolic monomer yield  s   
function of solvent properties, such  s pol rity, donor number, 
 nd  cceptor number (Figure S10). The donor number indic tes 
solvent Lewis b sicity,  nd the  cceptor number is   me sure of 
the Lewis  cidity of solvents. We obt ined   good line r 
rel tionship between donor number  nd monomer yields 
(Figure S10C). The high monomer yield from re ctions in   
solvent with   high donor number suggested th t   solvent 
with   high Lewis b sicity enh nced the hydrogenolysis 
efficiency of PPE-OH by Ru/C c t lyst. For ex mple, we obt ined 
39% monomer yield from the re ction in diox ne (low donor 
number), where s the re ction in 2-but nol yielded 99 % 
monomers. These results suggested th t the Lewis b sicity of 
the solvents controlled the c t lytic  ctivity  nd product 
selectivity of the Ru c t lyst. W ng et  l.[42] showed th t solvent 
with   high donor number (high Lewis b sicity) blocked the 
 ctive sites of R ney Ni in hydrogenolysis of diphenyl ether,   
finding th t contr dicts our results. 

Meerwein Ponndorf Verley (MPV) redu tion initiated 
hydrodeoxygenation 

Bec use we expected th t the high selectivities of ethylbenzene 
(2)  nd styrene (3) in  lcohols (Figure 3) were from the 
Meerwein Ponndorf Verley (MPV) of the  cetophenone (keto 
product, 5),   hydrogenolysis product of lignin model com-
pound, we performed simil r experiments using Ru/C c t lyst 
 nd  cetophenone (5)  s the re ct nt in 2-but none  nd 
eth nol. We selected these solvents  s proxies for  protic  nd 
protic solvents. As expected with 2-but none, we did not h ve 

 ny c t lytic  ctivity (<3%) (T ble 1). In contr st, we h d 24% 
 cetophenone conversion in eth nol  fter 0.5 h. We observed 
three re ction products, ethylbenzene (2), styrene (3),  nd 1-
phenyleth nol (5*). The presence of ethylbenzene  nd styrene 
suggested th t the hydrodeoxygen tion of  cetophenone 
occurred only in protic solvents. The presence of 1-phenyl-
eth nol suggested the occurrence of MPV reduction. Moreover, 
we observed   decre se in benzyl  lcohol yield  nd  n incre se 
in ethylbenzene yield with time. These results indic ted th t 1-
phenyleth nol underwent hydrodeoxygen tion into styrene 
 nd subsequent hydrogen tion into ethylbenzene. 

To expl in the in ctivity of Ru/C c t lyst in  cetophenone 
conversion in 2-but none, we performed re ctions using RuO2 

(T ble S4). With 2-but none, we did not observe  ny products, 
where s we observed 1-phenyleth nol (5*) from RuO2 in eth nol. 
These results suggested the in-situ gener tion of  ctive sites of 
RuO2 in eth nol for MPV by reduction. We postul ted th t these 
 ctive sites were oxygen v c ncies (RuOx). The Ru c t lysts’ 
oxophilic n ture en bles the form tion of RuOx oxygen v c ncies 
under   reducing environment, such  s  lcohols.[68–70] These RuOx 

oxygen v c ncies  re  ctive sites for MPV reduction. J e et  l.[71] 

reported th t p rti lly oxidized Ru/C  nd reduced RuO2 c t lysts 
were effective for the MPV re ction of 5-hydroxymethylfurfur l to 
2,5-bis(hydroxymethyl)fur n in prop nol, which suggested th t 
the form tion of defects (oxygen v c ncies) en bled MPV 
reduction. Mironenko et  l.[70]  nd Gilkey et  l.[68] further expl ined 
th t RuOx oxygen v c ncies c t lyzed MPV reduction of furfur l to 
furfuryl  lcohol in 2-prop nol, which corrobor ted DFT c lcul tions 
by Jenness et  l.[72] The RuOx c t lyzed direct intermolecul r 
hydride tr nsfer from  lcohol to furfur l,   finding th t  grees with 
our results. 

To confirm the in-situ gener tion of oxygen v c ncies in Ru/ 
C c t lyst in eth nol, we performed H2-TPR on the used 
c t lysts  fter re ction (stored under N2 to prevent oxid tion). 
As   control, our fresh c t lyst cont ined 41 % RuO2 (Ru/RuO2 

r tio = 1.4, T ble S5). The Ru/RuO2 r tio of the used c t lyst in 
2-but none w s 1.5,   v lue simil r to th t of fresh c t lyst. 
Where s used c t lysts in eth nol h d  n incre sed Ru/RuO2 

r tio (3.8). Thus, RuO2 w s reduced in eth nol  nd formed 

Table 1. Acetophenone conversion by Ru/C in eth nol  nd 2-but none 
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1-phenylethanol 

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

Eth nol 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-but none 2.0 <5 – – – 

Re ction condition: 280 °C, 4 h, 8 b r N2, 1 wt.% 2-phenoxy-1-phenyl-
eth nol/solvent, 20 wt.% c t lyst lo ding. HDO extent = sum of 2  nd 3 
selectivities. MPV extent = the sum of ethylbenzene (2), styrene (3),  nd 1-
phenyleth nol (5*). 
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oxygen v c ncies. We expected th t the oxygen v c ncies were 
the  ctive sites for the MPV re ction of  cetophenone to 
styrene. To test this hypothesis, we reduced fresh Ru/C c t lyst 
in eth nol for 12 h to gener te oxygen v c ncies prior to 
 dding  cetophenone (T ble S6). As   control, the fresh Ru/C 
c t lyst h d 73.1% MPV extent (1.2% 1-phenyleth nol, 3.0% 
styrene,  nd 68.9% ethylbenzene yields). The pre-reduced Ru/C 
c t lyst showed only 25.5% MPV extent. This low MPV extent 
w s due to   high Ru/RuO2 (10.5) of pre-reduced Ru/C c t lyst, 
which resulted in low oxygen v c ncies formed during the 
re ction. Together, MPV reduction of the keto product 
( cetophenone) in   hydrogen donor solvent (eth nol) by the 
oxygen v c ncies (RuOx) in Ru/C c t lyst w s   key step th t led 
to hydrodeoxygen tion  nd hydrogen tion products. Hence, 
the choice of the solvent in Ru/C c t lytic systems could be 
used to control product selectivity.[54,73–74] 

Stability and reusability of the Ru/C  atalyst 

The  bility to reuse c t lysts is import nt for their pr ctic l use. 
After hydrogenolysis of PPE-OH in eth nol  t 280 °C for 4 h 
(Figure 1), we recovered the Ru/C c t lyst by centrifug tion  nd 
w shing with eth nol to remove the residu l products, 
intermedi tes,  nd unre cted re ct nt. The c t lyst w s then 
pl ced in the re ctor for reuse under the s me hydrogenolysis 
condition. We observed   progressive decre se in the con-
version of PPE-OH  nd ch nges in product selectivities over 
four reuses (Figure S11). One re son w s th t Ru is oxophilic. 
The RuO2 species in the Ru/C c t lyst w s reduced in eth nol 
 nd formed oxygen v c ncies, RuOx (Figure S12). As   result, 
the used Ru/C c t lyst in eth nol cont ined more met llic Ru 
content  s the c t lyst recycling progressed, which led to   
decre se in conversion  nd ch nges in product selectivities. 
Another possible c use of the ch nges in the c t lytic perform-
 nce of the reused Ru/C c t lyst in eth nol might h ve been 
due to met l  ggreg tion,  s evidenced by the occurrence of 

[75–76]the (002)  nd (101) cryst l pl nes of Ru  t ~ 38.7  nd 44.1° , 
respectively (Figure S13). 

Validation of hydrogenolysis by internal hydrogen with 
te hni al lignin 

To v lid te the import nce of the Cα OH group in β-O-4 
cle v ge, we  pplied hydrogenolysis by Ru/C in 2-but none to 
four types of technic l lignin: (1) ste m-exploded yellow popl r 
lignin (YL), (2) org nosolv lignin (OL), (3) kr ft lignin (KL),  nd (4) 
sod  lignin (SL). Hydrogenolysis in eth nol yielded phenolic 
monomers from combined  lkylgu i cols  nd  lkylsyringols 
(T ble S7). The YL lignin g ve the highest monomer yield of 
12.5 wt.%  fter 4 h, followed by KL >OL >SL. Interestingly, 
re ctions in 2-but none with the Ru/C c t lyst for 4 h produced 
  tot l monomer yield simil r to th t in eth nol (T ble S8). 
Prolonged re ction time from 4 to 24 h incre sed the tot l 
monomer yield to 20.2 wt.% in 2-but none  nd 27.9 wt.% in 

eth nol (Figure 4), which mirrored the higher monomer yield 
from lignin model compounds in eth nol (Figure 3). 

To  ssess the  ging of the resulting monomers, we left the 
re ction products under the  mbient condition  nd monitored 
ch nges in composition during 24 h (T bles S7  nd S8). The 
re ction mixture in 2-but none bec me d rker  nd h d   
decre sed tot l monomer yield. Where s the re ction product 
in eth nol  ppe red more st ble. These results suggested th t, 
 lthough hydrogen-donor solvent (eth nol) w s not necess ry 
for hydrogenolysis of lignin,   hydrogen-donor solvent st bi-
lized the phenolic monomers. Hu ng et  l.[77] reported th t 
eth nol  cted  s   c pping  gent  nd suppressed ch r 
form tion,   finding th t  grees with our results. 

To identify ch nges in molecul r weight distribution of the 
lignin hydrogenolysis products, we performed size exclusion 
chrom togr phy (SEC, Figure S14). The SEC chrom togr m 
reve led   distinct ch nge in molecul r weight between kr ft 
lignin  nd its hydrogenolysis products. The hydrogenolysis 
products of kr ft lignin h d   high intensity of b nds in the 
r nge of 130–800 D , which corrobor ted the molecul r weight 
of identified phenolic monomers (Figure 4). 

Bec use we expected th t the foregoing monomer yield of 
27.9 wt.% from YL lignin w s due to its high Cα OH  nd Cα = O 
concentr tions, we performed HSQC NMR on technic l lignin 
s mples to determine the Cα OH  nd Cα = O content (Fig-
ure S15). From the HSQC spectr  of the technic l lignin  nd the 
corresponding integr l d t  (T ble S9), the qu ntity of Cα OH 
groups w s the highest in the YL, closely followed by the KL 
 nd SL. The OL h d the lowest  mount of Cα OH. The qu ntity 
of Cα = O groups w s the highest in SL, followed by YL  nd KL. 
On the b sis of the percent of the sum of the integr ls for Cα, 
YL h d the highest tot l integr l, followed by KL, SL,  nd OL 
( ee Supporting Information for determination of Cα OH and Cα = 

Figure 4. Hydrogenolysis of the technic l lignin over Ru/C c t lyst in 2-
but none  nd eth nol under N2 for 4 h. Re ction condition: 280 °C, 8 b r N2, 
1 wt.% lignin, 20 wt.% c t lyst lo ding, 4 h. R = H, CH3, CH2CH3,  nd 
CH2CH2CH3. 
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O content  in β-O-4  ubunit  of technical lignin by NMR 
(T bles S9  nd S10)). 

Interestingly, the r nking of the tot l Cα integr l w s in the 
order of YL >KL >SL >OL, the s me order  s the order of 
hydrogenolysis yield. Bec use YL h d   higher Cα integr l th n 
other lignins, YL provided gre ter monomer yields. These 
results subst nti ted the import nce of Cα OH groups in the 
cle v ge of the β-O-4 bond. Surprisingly,  lthough KL h d   
high sulfur content of 0.9 wt.%, the hydrogenolysis yield of KL 
in eth nol  t 24 h w s 24 wt.%, gre ter th n the hydrogenolysis 
yields of OL  nd SL, which h d only 0.2-0.3 wt.% sulfur. Sulfur 
typic lly poisons met l c t lysts, such  s Pt, Co,  nd Ni.[78–80] 

Thus, the Ru c t lyst  ppe red to be sulfur-toler nt. 

Proposed  hemi al pathway of breaking lignin by Ru/C 

Together with comput tion l results, we postul ted the chemic l 
p thw y of hydrogenolysis of technic l lignin by Ru/C (Figure 5). 
The Cα OH en bled the dehydrogen tion  t the Cα H  nd then 
Cα OH groups by Ru c t lysts into the keto intermedi te (Cα = O) 
for subsequent β-O-4 cle v ge to keto  nd  lcohol products; the 
re ctions occurred without hydrogen-donor solvents  nd/or 
extern l H2 g s. Previous studies showed th t the enol intermedi-
 te w s import nt in lignin degr d tion re ctions under 

 cid,[83–84] c t lysts.[34,85–86] lk line,[81–82]  nd/or tr nsition met l 
G lkin et  l.[34] proposed th t tr nsfer hydrogenolysis of model 
lignin β-O-4 compounds by Pd/C in eth nol with b se (ethyl mine, 
diethyl mine,  mmoni ,  nd polymer-supported  mine)  nd 
formic  cid  s   hydrogen donor solvent, formed keto intermedi-
 te  fter the dehydrogen tion step  nd followed by the keto-enol 
t utomeriz tion before subsequent β-O-4 cle v ge to monomers. 
By qu ntum c lcul tions, de Andr de et  l.[51] confirmed the keto-
enol t utomeriz tion in the hydrogenolysis p thw y by Pd/C. In 
the c se of Ru c t lysts, Li et  l.[47] used Ru/C c t lyst for 
hydrogenolysis of model lignin β-O-4 compounds in meth nol 
 nd b se (Cs2CO3, K2CO3,  nd C OAc) under 20–30 b r H2. They 
found th t lignin hydrogenolysis by Ru c t lyst proceeded by 
deproton tion of Cγ-OH  nd Cβ-H. Moreover, the Ru c t lyst 
suppressed the form tion of enol intermedi te,   result th t 
contr dicts our findings. The different hydrogenolysis p thw ys by 

Figure 5. Proposed re ction p thw y for conversion of model β-O-4 
compounds with Cα OH group by Ru/C c t lyst 

Ru c t lyst deduced by Li et  l.[47] might h ve been due to the 
 pplied extern l H2, which  ctiv ted dehydrogen tion from differ-
ent loc tions of the lignin structure. Together, our results further 
confirmed th t Cα OH group of lignin f cilit ted the β-O-4 
cle v ge. 

Con lusion 

Selective hydrogenolysis of lignin is import nt for producing 
phenolics for fuels  nd chemic ls. Most current hydrogenolysis 
processes use 10–30 b r H2 to m ximize the yield of phenolic 
monomers; the inclusion of H2 r ises s fety concerns  nd 
contributes to c pit l  nd oper tion l expenditures. Our findings 
 dv nce the underst nding of the hydrogenolysis of lignin in 
which the intern l hydrogen w s used to cle ve β-O-4 link ges by 
Ru c t lyst. Hydrogen donor solvents  nd extern l H2 enh nced 
the hydrogenolysis  ctivity  nd phenolic monomer yield of Ru 
c t lysts, but these  gents were unnecess ry. Moreover, the 
mech nistic underst nding g ined from this work suggested th t 
incre sing the Cα OH in technic l lignin’s structure would enh nce 
the yield of phenolic monomers from hydrogenolysis by Ru 
c t lyst without relying on extern l H2 sources or hydrogen-donor 
solvents. This knowledge could guide development of isol tion 
 nd function liz tion steps to provide lignin with   high Cα OH 
content for production of phenolic monomers for profit ble 
biorefineries  nd the bioeconomy. Upcoming studies will focus on 
the effect of oxygen v c ncies on the subsequent hydrodeoxyge-
n tion of hydrogenolysis products. 

Experimental Se tion 

Materials 

Model β-O-4 compounds were 2-phenoxy-1-phenyleth nol (PPE-
OH),[20,87–88] 2-phenethyl phenyl ether (PPE),[89–91]  nd ver trylglycer-
ol-β-gu i cyl ether (VGE).[92–94] PPE-OH  nd PPE cont ined Cα OH 
 nd Cα H, respectively. VGE h d Cα OH with methoxy substituted 
on the ring to represent the  ctu l function l groups of technic l 
lignin. The Ru/C c t lyst w s the commerci l 5 % supported Ru 
c t lyst on  ctiv ted c rbon from Alf  Aes r (H verhill, MA, USA) 
 nd stored in the glove box under Ar to  void exposure to  ir. The 
 mounts of met llic Ru  nd RuOx were determined by integr ting 
the H2 consumption profile with respect to the H2 st nd rd. The Ru 
 nd RuO2 were 59  nd 41 wt.%, respectively. The pre-reduced Ru/C 
c t lyst w s used  s   control. All re gents  nd c t lysts were used 
 s received unless otherwise noted. They were stored in   glove 
box to prevent oxid tion. The m nuf cturers, purity,  nd CAS 
numbers  re shown in T ble S11. 

Hydrogenolysis of lignin model β-O-4  ompounds 

All re ctions were performed in   25 mL  utocl ve re ctor (P rr 
Instrument, Moline, IL, USA). The re ct nt concentr tion w s 
~1 wt.% of lignin model compounds in org nic solvents, unless 
otherwise noted. The c t lyst lo ding w s 20 wt.% (~ 20 mg 
c t lyst, 2 mol.% Ru) with respect to re ct nt (100 mg re ct nt in 
10 g solvent solution). Before the re ction, the re ctor w s purged 
three times with N2 to remove  ir. The re ctor w s then pressurized 
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to 8b r N2 or H2  t  mbient temper ture to minimize the evolution 
of hydrogen  nd to m int in the consistency of the experiment. 
The hydrogenolysis re ction w s performed  t 280 °C for 4 h with   
stirring r te of 600 rpm to minimize m ss tr nsfer limit tion. The 
re ction w s stopped by quenching in   cold w ter b th. The 
re ction s mple w s withdr wn, centrifuged to remove residu l 
solids,  nd diluted with eth nol before product  n lysis. 

Rea tion produ t identifi ation and quantifi ation 

Ch nges in re ct nts  nd products during the cle v ge of β-O-4 
bonds were identified  nd qu ntified by the Agilent 7890B GC 
(Agilent Technologies, S nt  Cl r , CA, USA) equipped with M ss 
spectrometry (MS)  nd Fl me Ioniz tion Detectors (FID). An HP-5MS 
column (30 m×0.25 mm×0.25 μm, Agilent Technologies, S nt  
Cl r , CA, USA) w s used for product sep r tion with the following 
temper ture progr m: injection temper ture 275 °C  nd FID 
detector temper ture 300 °C; split r tio 1 : 50. The temper ture 
progr m st rted  t 45 °C  nd incre sed  t 10 °C/min to 250 °C, then 
held for 20 min. The ch nge in re ct nt  nd products w s 
determined with dodec ne  s the intern l st nd rd ( ee Supporting 
Information for calculation ). 

Chara terization of  atalysts 

Selected c t lysts were ch r cterized by H2-temper ture-pro-
gr mmed reduction (H2-TPR)

[52]  nd X-r y diffr ction ( ee Supporting 
Information for detail). 

Chara terization of te hni al lignin and lignin hydrogenolysis 
produ ts 

The technic l lignin  nd lignin hydrogenolysis products were 
ch r cterized by element l  n lysis (CHONS),[95–97] Nucle r M gnetic 

(NMR),[98–99]Reson nce  nd Size Exclusion Chrom togr phy 
(SEC)[98–100] ( ee Supporting Information for detail). 

Computational methods 

To reve l the hydrogenolytic mech nism, we used the density 
function l theory (DFT) by cre ting the model Ru c t lyst  nd lignin 
model compounds with the Vienn   b initio simul tion p ck ge 
(VASP) Version 5.4.4.[101–104] The det iled inform tion of comput -
tion l p r meters, model construction of the Ru surf ce,  nd 
optimized structures of model compounds (Figs. S16–S18  nd 
T ble S12),  nd Gibb free energy (ΔG) c lcul tions  re shown in 
Supporting Information. 
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