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  Cellobiose	was	used	as	a	model	feedstock	to	probe	the	reaction	pathways	of	cellulose	to	ethylene	
glycol	(EG).	 Its	reactivity	was	compared	with	that	of	glucose	using	a	catalyst	composed	of	H2WO4

and	Ru/C.	EG	 can	be	produced	by	both	 the	direct	 retro‐aldol	 condensation	of	 cellobiose	 and	 the	
retro‐aldol	condensation	of	glucose	derived	from	cellobiose	hydrolysis.	The	direct	retro‐aldol	con‐
densation	of	cellobiose	further	promoted	the	hydrolysis	of	cellobiose.	Cellobiose	has	a	lower	reac‐
tivity	for	retro‐aldol	condensation	than	glucose,	which	decreased	the	formation	rate	of	glycolalde‐
hyde	and	made	it	more	matched	with	the	subsequent	hydrogenation	rate,	thus	leading	to	increased	
yield	of	EG	from	cellobiose.	
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1.	 	 Introduction	

Lignocellulose	 is	 the	most	abundant	non‐edible	biomass	 in	
nature,	 and	 can	 be	 a	 renewable	 hydrocarbon	 source	 for	 the	
production	of	liquid	fuels	and	chemicals,	which	is	important	for	
a	 sustainable	 society	 [1–22].	 Among	 the	 various	 chemical	
transformation	routes	of	cellulose,	 the	one‐pot	catalytic	trans‐
formation	of	cellulose	and	hemicellulose	to	ethylene	glycol	(EG)	
and	propylene	glycol	(PG)	has	attracted	considerable	attention	
from	both	academic	and	 industrial	communities	because	both	
EG	and	PG	are	commodity	chemicals	widely	applied	in	the	pol‐
yester	industry	[22–36].	Since	the	first	report	by	our	group	on	
cellulose	conversion	to	EG	[23],	much	progress	has	been	made	
in	 catalyst	 design	 and	 mechanistic	 understanding	 both	 from	
our	 groups	 [24–31]	 and	 other	 groups	 [21,36].	 The	 original	
Ni‐W2C/AC	catalyst	has	now	been	replaced	by	a	more	durable	

and	 versatile	 dual	 component	 catalyst	 composed	 of	 tungstic	
acid	and	Ru/C	[30]	or	Raney	Ni	[31],	which	resulted	in	the	sig‐
nificant	 increase	 in	 recyclable	 times	 from	 less	 than	3	 to	more	
than	30.	On	the	other	hand,	the	understanding	of	the	reaction	
mechanism	is	approaching	knowledge	of	the	nature	of	the	ac‐
tive	 sites.	 In	 particular,	 the	 interplay	 between	 the	 tungstic	
compound	and	cellulose	is	now	believed	to	be	by	homogeneous	
catalysis	 instead	 of	 heterogeneous	 catalysis	 and	 the	 selective	
C‐C	 cleavage	of	 cellulose	or	 glucose	 follows	a	 retro‐aldol	 con‐
densation	pathway	[30–35].	

In	 spite	 of	 these	 advances,	 the	 elucidation	 of	 the	 reaction	
mechanism	 on	 the	molecular	 level	 has	 not	 been	 attained	 yet.	
For	example,	the	production	of	EG	from	cellulose	is	believed	to	
involve	three	consecutive	reactions:	(1)	hydrolysis	of	cellulose	
to	glucose,	 (2)	retro‐aldol	condensation	of	glucose	to	glycolal‐
dehyde	(GA),	and	(3)	hydrogenation	of	GA	to	EG.	However,	it	is	
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known	that	the	hydrolysis	of	cellulose	to	glucose	proceeds	very	
slowly	 and	 many	 soluble	 celloligosaccharides	 are	 formed	 as	
intermediates	during	the	hydrolysis	[37,38].	In	this	case,	it	will	
be	 interesting	 to	 know	 whether	 these	 celloligosaccharide	 in‐
termediates	also	undergo	retro‐aldol	condensation	to	produce	
GA	as	glucose	does,	and	if	they	do,	to	what	extent	do	these	reac‐
tions	contribute	to	the	total	production	of	EG	from	cellulose.	

To	address	 these	questions,	we	made	a	comparative	study	
of	cellobiose	and	glucose	conversion	in	the	present	work.	Cel‐
lobiose	 is	 a	 glucose	 dimer	 connected	 with	 a	 β‐1,4‐glycosidic	
bond.	 It	 is	 the	 simplest	molecule	 that	 resembles	 the	 cellulose	
structure	 [39–42].	 When	 cellobiose	 is	 used	 as	 the	 feedstock,	
almost	 all	 the	 intermediates	 can	 be	 identified	 and	 quantified,	
which	overcomes	the	difficulty	in	identifying	the	intermediates	
in	 cellulose	 conversion.	 Furthermore,	 cellobiose	 has	 one	
β‐1,4‐glycosidic	bond	and	therefore	all	the	reactions	that	occur	
on	 cellulose,	 namely,	 hydrolysis,	 C–C	 bond	 cleavage,	 and	 hy‐
drogenation,	 also	 occur	 on	 cellobiose.	 Therefore,	 cellobiose	 is	
an	ideal	probe	molecule	for	the	mechanistic	study	of	cellulose	
conversion.	

2.	 	 Experimental	

In	all	experiments,	tungstic	acid	(H2WO4,	Sinopharm	Chem‐
ical	Reagent	Co.,	Ltd.),	cellobiose	(J	&	K	Chemical)	and	glucose	(J	
&	 K	 Chemical)	 were	 used	 as	 received.	 Catalytic	 reactions	 of	
glucose	 and	 cellobiose	 were	 performed	 in	 a	 semi‐continuous	
stainless	 steel	 autoclave	 (Parr	 Instrument	Company,	 300	mL)	
equipped	with	 sampling	 tube,	 stirring	 impeller,	 and	 tempera‐
ture	and	pressure	 control	 systems.	 In	a	 typical	 reaction,	0.1	g	
H2WO4,	0.3	g	Ru/C,	 and	90	mL	water	were	put	 into	 the	auto‐
clave.	The	autoclave	was	flushed	with	H2	for	five	times	and	then	
sealed.	The	autoclave	was	then	heated	to	the	desired	tempera‐
ture,	and	10	mL	of	an	aqueous	solution	of	glucose	or	cellobiose	
at	a	concentration	of	1.63	molcarbon/L	was	fed	in	by	a	Shimadzu	
LC	pump	(LC‐20A)	at	a	flow	rate	of	10	mL/min.	It	took	1	min	to	
finish	 the	 feeding	 process.	 Then,	 pure	 H2	 gas	was	 charged	 in	
until	 a	 pressure	 of	 6	 MPa,	 and	 the	 reaction	 was	 started	 by	
strong	agitation	at	1000	r/min,	and	this	point	was	considered	
as	the	initial	time	(t	=	0).	Samples	were	taken	from	the	reactor	
at	fixed	time	intervals	for	analysis.	 	

After	 filtration	 through	 a	 0.45	 µm	 PTFE	 filter,	 the	 liquid	
samples	 were	 analyzed	 by	 a	 high	 performance	 liquid	 chro‐
matograph	 (HPLC,	 Aglient	 1200)	 in	 combination	 with	 mass	
spectroscopy	 (MS),	with	water	as	 the	mobile	phase	and	RI	 as	
the	 detector.	 For	 the	 separation	 of	 polyols,	 a	 Shodex	 SC100	
column	was	 used	with	 a	 water	 flow	 rate	 of	 0.6	mL/min	 and	
column	temperature	of	348	K.	For	the	separation	of	unsaturat‐
ed	intermediates,	a	CARBOSep	CHO‐620	column	was	used	with	
a	water	 flow	 rate	 of	 0.4	mL/min	 and	 column	 temperature	 of	
348	K.	The	qualitative	analysis	of	the	intermediates	and	prod‐
ucts	was	made	by	HPLC‐MS.	The	quantitative	analysis	was	by	
an	external	standard	method.	The	yields	of	 intermediates	and	
products	were	calculated	as:	yield	(%)	=	(mass	of	intermediates	
or	products)/(mass	of	sugar	put	into	the	reactor)		100%.	

The	Gibbs	free	energy	of	the	reactions	was	calculated	with	a	
full	electron	density	functional	theory	(DFT)	calculation	by	the	

program	package	DMol3	in	the	Materials	Studio	of	Accelrys	Inc.	
[43,44].	 Localized	 double‐numerical	 basis	 sets	 with	 polariza‐
tion	functions	(DNP)	were	used,	which	are	more	accurate	than	
but	comparable	in	size	to	the	Gaussian	basis	sets	6‐31G**.	The	
non‐local	 exchange‐correlation	 functional	 of	 BLYP	 was	 em‐
ployed.	The	convergences	of	energy	and	gradient	used	1		10–5	

hartree	and	2		10–3	hartree/Å,	respectively.	

3.	 	 Results	and	discussion	

3.1.	 	 Reaction	pathway	

To	understand	the	reaction	pathways	for	the	conversion	of	
cellobiose	 to	 ethylene	 glycol,	 liquid	 samples	were	 taken	 from	
the	reactor	at	 fixed	 time	 intervals	 for	analysis.	Fig.	1	presents	
the	 typical	 HPLC	 chromatograph	 of	 the	 liquid	 products	 from	
cellobiose	conversion	catalyzed	by	H2WO4	and	Ru/C	at	453	K	
for	20	min.	At	least	15	compounds	were	present	in	the	process	
of	 cellobiose	 conversion	 and	 of	 these,	 14	 compounds	 were	
identified.	 Among	 these,	 glucosyl‐erythrose	 (GE)	 and	 gluco‐
syl‐erythritol	(GER)	were	particularly	interesting	because	they	
came	from	the	direct	C–C	bond	cleavage	of	cellobiose	and	not	
glucose	by	a	retro‐aldol	reaction	pathway.	The	formation	of	GE	
in	cellobiose	conversion	was	also	observed	by	Arai	group	un‐
der	 sub‐	 and	 super‐critical	water	 conditions	 [39,40].	 The	 for‐
mation	 of	 GER	 resulted	 from	 the	 hydrogenation	 of	 GE	 over	
Ru/C,	 similarly	 to	 the	 formation	 of	 3‐β‐D‐glucopyranosyl‐	
D‐glucitol	from	cellobiose	hydrogenation	[41,42].	In	addition	to	
the	 C10	 and	 C12	 sugar	 and	 sugar	 alcohols,	 there	 were	 also	
C2–C6	 sugars	 (GA,	 glucose,	mannose,	 and	 fructose),	 sugar	 al‐
cohols	 (sorbitol,	 mannitol,	 and	 erythritol),	 and	 polyols	 (EG,	
hydroxyacetone).	 In	cellulose	conversion	to	EG,	most	workers	
believe	that	cellulose	is	first	hydrolyzed	to	glucose	and	the	re‐
sultant	glucose	undergoes	retro‐aldol	condensation	to	produce	
GA.	However,	in	the	present	work,	the	detection	of	GE	and	GER	
unequivocally	 indicated	that	GA	can	also	be	produced	directly	
from	the	retro‐aldol	condensation	of	cellobiose.	By	extrapolat‐
ing	 this	 result	 to	 cellulose	 conversion,	we	concluded	 that	 glu‐
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Fig.	1.	Typical	HPLC	analysis	for	the	products	of	cellobiose	conversion	
catalyzed	 by	 H2WO4	 and	 Ru/C.	 Reaction	 conditions:	 0.10	 g	 H2WO4,	
0.30	 g	 Ru/AC,	 453	 K,	 6	 MPa	 H2,	 20	 min,	 1000	 r/min.	 1—Acids;	
2—Cellobiose;	 3—Glucosyl‐erythrose;	 4—Glucosyl‐erythritol;	
5—Glucopyranosyl‐D‐glucitol;	 6—Glucose;	 7—Mannose;	 8—Fructose;	
9—Erythritol;	 10—Glycolaldehyde;	 11—Mannitol;	 12—Ethylene	 gly‐
col;	13—Sorbitol;	14—Hydroxyacetone;	15—Unknown.	
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cose	would	not	be	the	only	intermediate	sugar	during	cellulose	
conversion	 to	 EG:	 other	 soluble	 celloligosaccharides	 derived	
from	 the	 partial	 hydrolysis	 of	 cellulose	 can	 also	 undergo	 C–C	
bond	cleavage	to	form	GA.	Therefore,	 from	the	product	distri‐
bution,	we	propose	the	reaction	pathway	illustrated	in	Schemes	
1–4.	The	primary	reactions	(Scheme	1)	are	three	parallel	reac‐
tions	occurring	simultaneously:	(1)	hydrolysis	of	cellobiose	to	
form	two	molecules	of	glucose,	(2)	retro‐aldol	condensation	of	
cellobiose	to	form	equal‐molar	GE	and	GA,	and	(3)	hydrogena‐
tion	of	cellobiose	to	3‐β‐D‐glucopyranosyl‐D‐glucitol.	Then,	the	
products	from	the	primary	reactions	undergo	secondary	reac‐
tions.	 In	 the	 secondary	 reactions,	 glucose,	 GE,	 and	
3‐β‐D‐glucopyranosyl‐D‐glucitol	 further	 undergo	 the	 several	
parallel	 and	 consecutive	 reactions	 shown	 in	 Schemes	 2–4.	
Clearly,	even	with	the	simplest	unit	of	cellulose	containing	only	
one	β‐1,4‐glycosidic	bond,	the	reaction	network	is	rather	com‐
plex,	so	this	will	pose	a	significant	challenge	for	selectivity	con‐
trol	for	desired	products.	

On	the	other	hand,	from	comparing	the	structure	of	cellobi‐
ose,	 GE	 and	 glycosyl‐glycolaldehyde	 (GG),	 one	 can	 clearly	 see	
that	 the	 accessibility	 to	 the	 β‐1,4‐glycosidic	 bond	 follows	 the	
order	 GG	 >	 GE	 >	 cellobiose,	 which	 suggested	 that	 the	 ret‐
ro‐aldol	condensation	of	aldose	at	the	reducing	end	will	further	
promote	 the	hydrolysis	of	 the	β‐1,4‐glycosidic	bond.	The	DFT	
calculation	of	the	Gibbs	free	energies	for	the	hydrolysis	of	these	
three	aldoses	confirmed	our	expectation,	as	shown	in	Table	1.	

3.2.	 	 Comparison	of	glucose	and	cellobiose	transformation	

Glucose	is	the	basic	unit	of	cellulose	and	it	 is	 formed	as	an	
intermediate	 in	cellulose	conversion	 to	EG,	while	cellobiose	 is	
the	 smallest	molecule	possessing	a	β‐1,4‐glycosidic	bond.	Cel‐
lobiose	can	be	considered	to	represent	soluble	celloligosaccha‐
rides	 that	 are	 also	 formed	 as	 intermediates	 during	 cellulose	
conversion	 to	 EG.	 Therefore,	 the	 comparison	 of	 glucose	 and	
cellobiose	 reactivity	 will	 provide	mechanistic	 information	 for	
the	cellulose	conversion	to	EG.	First,	we	conducted	reactions	at	
a	relatively	low	temperature	(393	K)	for	2	h	with	a	dual	com‐
ponent	catalyst	of	H2WO4	and	1%	Ru/C.	As	shown	in	Table	2,	
both	 the	 conversion	 and	 product	 distribution	 were	 different	
when	the	feedstock	was	changed	from	glucose	to	cellobiose.	At	
this	low	temperature,	the	cellobiose	conversion	was	only	6.0%	
while	 the	 glucose	 conversion	 reached	 11.1%,	 indicating	 that	
the	 intrinsic	 reactivity	 of	 cellobiose	was	 low	due	 to	 the	 pres‐
ence	 of	 the	 β‐1,4‐glycosidic	 bond.	 In	 the	 case	 of	 cellobiose,	
3‐β‐D‐glucopyranosyl‐D‐glucitol	was	the	major	product	result‐
ing	from	the	direct	hydrogenation	of	cellobiose.	The	production	
of	a	very	small	amount	of	sorbitol	(0.16%)	suggested	that	hy‐
drogenation	predominated	over	the	hydrolysis	of	cellobiose	at	
temperatures	 lower	than	393	K.	Similarly,	hydrogenation	also	
occurred	with	glucose	to	produce	sorbitol	(9.74%)	and	manni‐
tol	 (0.08%).	 No	 C–C	 bond	 cleavage	 took	 place	 at	 393	 K.	 Ac‐

O
OH

OH

O
OH

CH2OH

OH

OH

OH
O

O
CH2OH

OH

OH

OH
HO

H
H

H
H

O
OH

OH

OH

O
OH

CH2OH CH2OH

OH

OH

H

OH

CH2OH
OH

O
OH O

OH
O OH

OH
HO

CH2OH
Retro-aldol

Hydrogenation

Hydrolysis

GE GA

+

3-β-D-glucopyranosyl-D-glucitol

Glucose

Scheme	1.	 Primary	 reaction	 network	 for	 cellobiose	 conversion	 cata‐
lyzed	by	H2WO4	and	Ru/C.	

O

OHO
OH O OH

OH
HO

CH2OH

OH
OO

CH2OH
OH

OH

OH
HO

H
H

H
H

HO
OH

O
OH O

OH
HO

CH2OH

H2C C

O

H

O
CH2OH

OH

OH

OH
HO

H
H

H
H

OHH
OHH

CH2OH

CH2OH

OH
O

OHH
OHH

CH2OH

CH2OH

O
CH2OH

OH2

OH

OH
HO

H
H

H
H O

H

OH
H

HO

H

OH

H

H

O
OH OH

OH
O

OHOH
HO

CH2OH

Retro-aldol

Hydrolysis
+

+

+

Side products

Hydrogenation

Scheme	2.	Reaction	network	of	glucosyl‐erythrose	catalyzed	by	H2WO4
and	Ru/C.	

O
OH

OH

O
OH

CH2OH

OH

OH
O

CH2OH
OH

OH

OH
HO

H
H

H
H

H

OH

CH2OH
OH

CH2OH
OHH
HHO
OHH
OHH

CH2OHHydrolysis

	
Scheme	3.	 Reaction	 network	 of	 3‐β‐D‐glucopyranosyl‐D‐glucitol	 cata‐
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Table	1	
Gibbs	 free	 energy	 for	 the	 hydrolysis	 of	 cellobiose,	 glucosyl‐erythrose	
(GE),	and	glycosyl‐glycolaldehyde	(GG).	

Reaction	 ᇞG	(kcal/mol)	

Cellobiose+H2O→2Glucose	 	 5.276	
GE+H2O→Glucose+Erythrose	 0.805	
GG+H2O→Glucose+GA	 0.981	
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cording	 to	 our	 kinetic	 studies	 [45,46],	 C–C	 bond	 cleavage	 of	
glucose	requires	an	activation	energy	of	141.3	kJ/mol	while	the	
hydrogenation	reaction	has	a	much	lower	barrier	(49.6	kJ/mol).	It	
should	also	be	pointed	out	 that	 the	presence	of	H2WO4	 in	 the	
reaction	system	suppressed	the	hydrogenation	of	both	cellobi‐
ose	and	glucose	leading	to	their	low	conversion	even	after	2	h	
for	the	reaction	at	393	K.	

Subsequently,	 we	 investigated	 the	 reactivities	 of	 cellobiose	
and	 glucose	 at	 higher	 temperatures	 from	 418	 to	 513	 K.	 Fig.	 2	
illustrates	 the	product	distributions	 from	cellobiose	 conversion	
at	 four	different	 temperatures.	When	 the	 reaction	of	 cellobiose	
proceeded	 at	 418	 K,	 the	main	 products	 in	 the	 initial	 240	min	
were	 3‐β‐D‐glucopyranosyl‐D‐glucitol	 and	 glucose,	 while	 the	
other	two	minor	products	were	sorbitol	and	EG,	 indicating	that	
the	direct	hydrogenation	and	hydrolysis	of	cellobiose	dominated	
although	the	C–C	bond	cleavage	reaction	had	occurred	to	a	small	
extent	 at	 this	 temperature.	 However,	 with	 increasing	 reaction	
time,	both	sorbitol	and	EG	increased	in	their	yields	at	the	expense	
of	 both	 3‐β‐D‐glucopyranosyl‐D‐glucitol	 and	 glucose.	When	 the	
cellobiose	 was	 converted	 completely	 at	 840	 min,	 the	
3‐β‐D‐glucopyranosyl‐D‐glucitol	 amount	 was	 almost	 negligible	
while	the	sorbitol	and	EG	yields	were	42.8%	and	21.7%,	respec‐
tively.	The	sorbitol	came	from	the	hydrolysis	of	cellobiose	as	well	

as	 of	 3‐β‐D‐glucopyranosyl‐D‐glucitol	 followed	 by	 the	 hydro‐
genation	of	 glucose,	while	 the	EG	 resulted	 from	 the	 retro‐aldol	
condensation	of	both	cellobiose	and	glucose	followed	by	the	hy‐
drogenation	of	glycolaldehyde,	as	shown	in	Schemes	1	to	4.	

When	the	cellobiose	reaction	was	performed	at	higher	tem‐
peratures	 (433–473	K),	 the	 reaction	 rate	was	 remarkably	 en‐
hanced.	For	example,	cellobiose	was	completely	converted	 for	
360,	50,	 and	15	min	at	 the	 reaction	 temperature	of	433,	453,	
and	473	K,	respectively.	At	the	same	time,	the	product	distribu‐
tion	changed	with	increasing	temperature.	EG	rather	than	sor‐
bitol	became	the	main	product	at	T ≥	433	K,	indicating	the	C–C	
bond	cleavage	reaction	prevailed	over	hydrogenation	at	higher	
temperatures.	Nevertheless,	 in	the	beginning	period	of	the	re‐
action,	 one	 can	 still	 observe	 the	 formation	 of	 3‐β‐D‐gluco‐
pyranosyl‐D‐glucitol	 and	 glucose,	 and	 the	 latter	 became	more	
dominant	 with	 increasing	 temperature,	 suggesting	 that	 the	
hydrolysis	 of	 cellobiose	 was	 more	 promoted	 at	 an	 increased	
temperature.	It	is	also	interesting	to	notice	that	GA	appeared	in	
the	 products	 of	 the	 cellobiose	 reaction	 at	 453	 and	 473	 K.	 In	
previous	 studies	 of	 cellulose	 conversion	 [24–31],	 GA	 was	 al‐
ways	 rapidly	 hydrogenated	 to	 EG	 upon	 its	 formation.	 In	 con‐
trast,	GA	was	not	instantly	hydrogenated	into	EG	in	the	present	
cellobiose	 reaction,	 which	 gave	 the	 decreased	 EG	 yield.	 The	

Table	2	
Reactivity	of	cellobiose	and	glucose	catalyzed	by	H2WO4	and	1%	Ru/C.	

Reactant	 Conversion	(%)	
Yield	(%)	

3‐β‐D‐glucopyranosyl‐D‐glucitol	 Sorbitol	 Mannitol	 EG	 1,2‐PG	
Cellobiose	 	 6.0	 4.83	 0.16	 0	 0	 0	
Glucose	 11.1	 0	 9.74	 0.08	 0	 0	
Reaction	conditions:	0.1	g	H2WO4,	0.3	g	1%Ru/C,	6	MPa	H2,	1000	r/min,	393	K,	2	h.	
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Fig.	2.	Product	distribution	versus	time	for	cellobiose	conversion	at	different	temperatures.	Reaction	conditions:	0.10	g	H2WO4,	0.30	g	Ru/AC,	6	MPa	
H2,	1000	r/min.	
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underlying	reason	may	lie	in	that	the	retro‐aldol	condensation	
rate	of	 cellobiose	and	 its	derived	glucose	 is	much	higher	 than	
that	of	cellulose,	which	led	to	the	production	of	excess	GA.	Since	
GA	 hydrogenation	 involves	 heterogeneous	 catalysis	 over	 Ru,	
the	gas‐liquid	and	liquid‐solid	mass	transfer	rate	may	lower	the	
apparent	hydrogenation	rate	although	the	activation	energy	of	
GA	hydrogenation	was	 only	 42.6	 kJ/mol.	 Increasing	 the	Ru/C	
catalyst	 amount	 or	 by	 removing	 the	 possible	 mass	 transfer	
limitation	 is	 an	 effective	way	 to	 accelerate	 GA	 hydrogenation	
and	increasing	the	EG	yield.	

Fig.	3	presents	the	glucose	conversion	at	different	tempera‐

tures.	 Similar	 to	 the	 cellobiose	 conversion,	 the	 direct	 hydro‐
genation	 of	 glucose	 also	 significantly	 prevailed	 over	 the	 C–C	
bond	cleavage	reaction	at	a	relatively	 low	temperature	of	418	
K,	 leading	 to	 the	major	production	of	 sorbitol	and	minor	pro‐
duction	of	 EG.	With	 the	 increase	of	 the	 reaction	 temperature,	
the	C–C	bond	cleavage	reaction	of	glucose	gradually	dominated	
the	hydrogenation	leading	to	the	major	production	of	EG,	simi‐
lar	 to	 the	 case	 of	 cellobiose.	 However,	 on	 comparing	 the	 EG	
yields	in	the	glucose	and	cellobiose	reactions	at	the	same	con‐
ditions	(Fig.	4.),	we	can	find	that	the	former	is	much	faster	than	
the	 latter	 in	the	 initial	periods	of	the	reaction,	suggesting	that	
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Fig.	3.	Product	distribution	versus	time	for	glucose	conversion	at	different	temperatures.	Reaction	conditions:	0.10	g	H2WO4,	0.30	g	Ru/AC,	6	MPa	H2,	
1000	r/min.	
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the	C–C	bond	cleavage	reaction	of	glucose	is	much	easier	than	
that	of	cellobiose.	Nevertheless,	with	the	increasing	of	reaction	
time,	 the	EG	yield	 from	cellobiose	 conversion	 surpassesed	 that	
from	glucose.	Moreover,	with	an	increase	of	the	reaction	temper‐
ature,	the	intersecting	point	of	the	EG	yields	of	glucose	and	cello‐
biose	shifted	to	a	shorter	reaction	time	(Fig.	4(b)–(f)),	suggesting	
that	 a	higher	 temperature	 is	more	 favorable	 for	 the	 retro‐aldol	
condensation	of	cellobiose	in	comparison	with	that	of	glucose.	At	
each	temperature,	the	final	EG	yield	at	100%	conversion	of	cello‐
biose	was	always	higher	than	that	of	glucose,	and	the	difference	
became	 larger	 at	 higher	 temperature	 (Fig.	 5.).	 This	 can	 be	 ex‐
plained	by	the	slow	retro‐aldol	condensation	of	cellobiose	as	well	
as	 slow	 release	 of	 glucose	 from	 the	 hydrolysis	 of	 cellobiose,	
which	 is	better	matched	with	 the	subsequent	hydrogenation	of	
GA.	 On	 extrapolating	 this	 to	 cellulose	 conversion,	 this	 trend	
would	hold	 if	 the	hydrolysis	of	 cellulose	 is	much	more	difficult	
than	 cellobiose	 and	 the	 resulting	 glucose	 concentration	 in	 the	
solution	is	much	lower,	i.e.,	the	EG	yield	would	follow	the	order	of	
cellulose	 >	 celloligosaccharides	 >	 glucose.	 However,	 this	 trend	
can	be	changed	by	tuning	the	ratio	of	H2WO4	to	Ru/C	as	well	as	
by	optimizing	the	reaction	conditions	[34].	

4.	 	 Conclusions	

From	an	investigation	of	the	hydrogenolysis	of	cellobiose	to	
EG,	we	elucidated	the	reaction	pathways	in	which	hydrogena‐
tion,	 hydrolysis	 and	 retro‐aldol	 condensation	 occurred	 simul‐
taneously.	DFT	calculations	suggested	that	the	retro‐aldol	con‐
densation	of	aldoses	at	the	reducing	end	promoted	the	hydrol‐
ysis	of	the	β‐1,4‐glycosidic	bond.	The	comparison	of	the	cello‐
biose	 and	 glucose	 reactions	 showed	 that	 the	 retro‐aldol	 con‐
densation	 of	 cellobiose	 is	 more	 difficult	 than	 that	 of	 glucose,	
which	lowered	the	formation	rate	of	glycolaldehyde	and	made	
it	more	matched	with	the	subsequent	hydrogenation	rate,	thus	
leading	to	increased	yield	of	EG	from	cellobiose.	This	trend	can	
be	extrapolated	 to	cellulose.	This	study	provided	useful	 infor‐
mation	for	the	mechanistic	understanding	of	cellulose	conver‐
sion	to	EG	and	will	guide	the	design	of	more	efficient	and	selec‐
tive	catalyst	formulations.	
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A	new	reaction	pathway	was	proposed	for	cellobiose	conversion.	The	retro‐aldol	condensation	of	cellobiose	is	more	difficult	than	that	of	
glucose,	leading	to	increased	yield	of	EG	from	cellobiose.	
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