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Introduction
Biomass	 upgrading	 conveys	 the	 production	 of	 fuel	 and/or	
chemicals	 from	bioresources.	To	 improve	the	economics	of	any	
biomass	conversion	process,	it	is	crucial	to	convert	all	the	three	
fractions,	 i.e.,	 convert	 the	 cellulose,	 hemicellulose	 and	 lignin	
fractions.	 Cellulose	 is	 by	 far	 the	 most	 used	 biomass	 fraction	
either	 as	 it	 is	 by	 the	 pulp/paper	 industry	 or	 in	 the	 chemicals	
and	biofuel	 synthesis.	The	hemicellulose	 sugar	content	 is	often	
fermented	to	produce	bioethanol.	However,	 the	 fermentation's	
economic	 viability	 requires	 conversion	 of	 both	 pentoses	
(the	 most	 abundant	 units)	 and	 hexoses	 units.	 Fermentation	
microorganisms	can	convert	easily	hexose	units,	such	as	glucose,	
but	the	bioconversion	of	pentoses	remains	relatively	inefficient.	
Additionally,	 while	 sugar	 fermentation	 to	 bioethanol	 can	 be	
considered	a	carbon	neutral	process	since	the	plants	 reuse	the	
CO2	produced,	it	is	not	atom	efficient	because	a	molecule	of	CO2 
is	generated	per	molecule	of	ethanol	produced.

Catalytic	hydrogenation	of	sugar	units	with	molecular	hydrogen	is	
an	atom	efficient	transformation,	with	potential	to	generate	high	
value	 sugar	 alcohols,	 such	 as	 xylitol	 from	xylose	pentose	 sugar	
unit.	 Xylose	 is	 safe	 for	 use	 in	 foods,	 with	 known	 antibacterial,	
antifungal	 and	 healing	 properties	 [1].	 Xylitol	 and	 arabitol	 are	
considered	 safe	 sweeteners	 [1]	 and	 with	 reported	 benefits	 to	
dental	health	[2].	Consumers	increasing	consciousness	to	health	
and	weight,	advocates	for	an	increase	in	the	demand	for	xylitol	

and	arabitol	in	the	upcoming	decades,	following	the	trend	of	all	
sugar-free	and	low-calorie	food	products.	The	global	market	for	
xylitol	is	expected	to	reach	242	thousand	metric	tons	valued	at	just	
above	US$1	billion	by	2020	[3,4].	Additionally,	xylitol	has	positive	
affects	in	the	digestive	process,	with	some	studies	showing	that	
it	 can	prevent	 cancer	of	 the	digestive	 tract	 [1].	 Xylitol	 is	 also	a	
big	component	 in	fighting	middle	ear	 infections	 in	children	and	
increase	of	bone	density	in	elderly	people	[1].

Currently,	 xylitol	 is	 manufactured	 via	 chemical	 hydrogenation	
of	 xylose	 in	 a	 three-phase	 slurry	 batch	 reactor	 with	 Raney	
nickel	 catalyst	 [5,6].	 The	 use	 of	 nickel	 as	 catalyst	 has	 some	
major	 disadvantages,	 such	 as	 relatively	 fast	 deactivation	 due	
to	 organic	 impurities	 and	metal	 leaching.	 The	 latter	 is	 a	major	
concern	 due	 to	 nickel's	 toxicity,	 which	 precludes	 large-scale	
application	by	 the	 food	or	 pharmaceutical	 industries.	 Research	
in alternatives	 based	 on	 noble	metal	 catalysts	 (Pd,	 Pt,	 Ru)	has 
increased	in	the	past	years	[7].	Special	attention	has	been	given	
to	Ru	based	catalysts,	 tested	primarily	 in	a	slurry	batch	reactor	
[8-10].	From	green,	economical	and	industrial	perspectives	flow	
processes	 are	 desirable	 [1],	 which	 requires	 development	 of	
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novel	and	ready-to-use	catalysts	with	suitable	nominal	sizes	for	
flow	applications,	 i.e.,	 to	prevent	 reactor	 clogging.	Herein,	 it	 is	
reported	the	catalytic	continuous-flow	hydrogenation	of	D-xylose	
to	 xylitol	 with	 a	 ruthenium	 catalyst	 on	 micrometric	 alumina	
(Scheme 1).	The	catalyst	has	been	prepared	for	its	direct	use	in	
flow	 hydrogenation	 reactions.	 Activity,	 selectivity	 and	 stability	
were	modified	by	in situ	post-synthetic	modification	of	the	parent	
catalyst	with	silver.	This	preparation	can	be	effortlessly	adapted	
and	applied	for	the	deposition	of	other	metals/metal-complexes	
bringing	benefits	 for	 those	 who	 are	 looking	 into	 changing	 the	
steric	and	electronic	properties	of	parent	catalysts.

Experimental Procedures
Catalyst synthesis of ruthenium on micrometric 
alumina
Ruthenium	on	micrometric	 alumina	 (Ru/Al2O3)	was	 synthesized	
by	 an	 impregnation-reduction	 method	 similar	 with	 the	 one	
reported	by	Mishra	et	al.	[11].	In	order	to	deposit	Ru	(3	wt%)	on	
Al2O3	(granule	size>250	µm),	RuCl3·xH2O	(0.02	M)	was	dissolved	
in	 40	 ml	 dry	 ethanol	 in	 a	 two	 neck	 round	 bottle	 flask	 with	 a	
mechanical	stirrer	and	a	nitrogen	inlet.	The	mixture	was	stirred	
at	room	temperature	under	N2	for	24	h.	Then,	0.2	M	solution	of	
NaBH4	 in	ethanol	was	added	drop	wise,	while	 the	solution	was	
continuously	 stirred	 under	 nitrogen.	 The	 solution	 turned	 dark	
grey	within	minutes	and	was	 left	to	stir	for	additionally	24	h	at	
room	 temperature.	 Finally,	 the	 solvent	 was	 removed	 with	 a	
rotary	evaporator	and	the	catalyst	was	washed	with	fresh	ethanol	
several	times.	Upon	drying	at	room	temperature	a	grey	catalyst	
was	obtained.

Modification of the parent catalyst with silver
Post-synthetic	modification	of	the	ruthenium	catalyst	with	silver	
(Ag@Ru/Al2O3)	 was	 performed	 by	 a	 new	 and	 easy	 method,	
in	 a	 continuous-flow	 in	 the	 H-Cube	 apparatus.	 Basically,	 the	
ruthenium	parent	catalyst	was	loaded	into	the	cartridge-reactor,	
and a AgNO3	 water	 solution	 (1.5	mM;	 calculated	 for	 the	 ratio	
Ag:Ru=0.6)	was	flown	(0.3	ml/min)	through	the	catalyst	under	H2 
pressure	(10	bar),	at	80°C	for	100	min.	By	changing	the	synthesis	
procedure	from	batch	to	continuous	flow,	sample	homogeneity	
was	 dramatically	 improved.	 Deposition	 was	 monitored	 by	 UV-
vis	absorption	spectra	of	the	solutions	at	the	exit	of	the	reactor	
(Supplementary Information (SI); Figures S1 and S2).	 The	
absorption	 spectrum	 of	 the	 silver	 nitrate	 precursor	 had	 two	
peaks	 (223	 nm	 and	 296	 nm)	 in	 accordance	with	 the	 literature	
[12].	However,	upon	passing	through	the	catalyst,	in	the	reaction	
conditions,	the	peak	at	296	nm	disappeared	and	the	peak	at	223	
nm	decreased	 in	 intensity.	No	other	peaks	were	formed,	which	
supports	our	presumption	that	silver	is	deposited	in situ,	further	
confirmed	by	XPS	analysis.

X-ray photoelectron spectroscopy
X-ray	 Photoelectron	 Spectroscopy	 (XPS)	 was	 performed	 on	
a	 Physical	 electronics	 Quantum	 2000	 spectrometer,	 using	
monochromatic	 Al	 Kα	 radiation	 (hν=1486.7	 eV).	 Both	 survey	
and	 higher	 resolution	 spectra	 of	 selected	 spectral	 regions	
were	 attained	 using	 an	 analysis	 spot	 with	 a	 diameter	 of	 200	

µm.	All	measurements	were	performed	under	 constant	 charge	
neutralisation	 from	 very	 low	 energy	 electrons	 and	 Ar+ ions, 
ensuring	stable	measurement	conditions	[13].

XPS	data	was	fitted	using	CasaXPS	package.	Charge	 referencing	
was	performed	setting	the	binding	energy	Al	2p3/2 to	74.2	eV	[14]	
using	a	double	separation	(DS)	of	0.41	eV	[15],	and	constrains	for	
area	and	 full	width	half	maximum	(fwhm).	 It	was	opted	 to	use	
the Al 2p3/2 because	the	advantageous	carbon	is	overlapped	with	
Ru	3d	signals.	Ru	3p signals	were	fitted	constraining	the	doublet	
area	 intensity	 ratio	 (A3p1/2/A3p3/2=0.5),	DS=22.1	eV	 [16,17]	and	
same	fwhm.	Ag	3d signals	were	fitted	constraining	 the	doublet	
area	intensity	ratio	(A3d3/2/A3d5/2=0.67),	DS=6.0	eV	[18]	and	same	
fwhm.

Catalytic flow-hydrogenation
The	reactions	were	performed	in	a	continuous-flow	flooded-bed	
micro-reactor	 (ThalesNano	 H-Cube	 Mini™).	 Typically,	 the	 so-
called	CatCart	(30	mm	length)	was	filled	with	250	mg	of	catalyst.	
At	room	temperature	and	ambient	pressure	a	solution	of	xylose	
(0.1	M)	was	passed	 through	 the	catalyst	with	a	2	ml/min	flow,	
until	the	concentration	at	exit	of	the	reactor	matched	the	initial	
xylose	concentration	(according	to	Raman	spectroscopy	signal).	
Typical	reaction	conditions	were:	flow	of	0.2	ml/min	solution	of	
xylose	 (0.1	M),	100°C	and	80	bar	H2.	After	 the	 system	 reached	
stability	 with	 the	 reaction	 condition	 (within	 10	min),	 fractions	
were	collected	at	regular	time	intervals	and	analyzed	by	Raman	
spectroscopy.	 Blank	 reactions	 entail	 reactions	 with	 empty	
CatCart or loaded with Al2O3	and	identical	reaction	conditions.

Substrate	 and	 product	 concentration	were	 analyzed	 with	 fiber	
optic	Raman	spectroscopy	setup	equipped	with	a	785	nm	laser,	
a	stainless	steel	RPS	probe	(probe	length	76	mm,	probe	diameter

12.7	 mm)	 and	 a	 QE-Pro	 detector,	 from	 Ocean	 Optics.	 Spectra	
were	recorded	at	room	temperature	in	a	standard	quartz	cuvette	
placed	 in	a	homemade	cardboard	box,	recorded	between	250–
2000	cm-1	Raman	shift	using	5	s	acquisitions	with	10	accumulations	
for	all	measurements.	The	laser	power	for	all	measurements	was	
approximately	650	mW.	Calibration	and	Raman	signal	dependence	
in	respect	to	concentration	are	presented	in	SI Figures S3-S6.

Results and Discussion
XPS	 survey	 scans	 were	 used	 to	 estimate	 the	 metal	 ratios	 and	
the	 changes	 induced	 by	 300	 min	 of	 reaction.	 The	 results	 are	
summarized	 in	 Table 1. Table 2	 shows	 the	 corrected	 binding	
energies	for	the	metals	of	interest	before	and	after	reaction.

The	 fresh	 ruthenium	 parent	 catalyst	 had	 a	 high	 Ru/Al	 ratio	
(ca.	 1.7),	 suggesting	 high	 metal	 dispersion.	 XPS	 analysis	 of	 Ru	
3p3/2	 region	shows	a	single	 feature	with	binding	energy	around	
462.2	eV,	which	was	 assigned	 to	metallic	 ruthenium	 (Figure 1) 
[19].	 The	 value	 is	 a	 bit	 higher	 in	 energy	 than	most	 commonly	
reported	 values	 (Ru0 between	 461.1-461.6	 eV	 [20])	 but	 below	
the	values	expected	for	RuO2	(462.4-462.5eV	[21]).	The	observed	
binding	energy	allied	to	the	small	peak	asymmetry	observed	at	
high	 binding	 energy	 and	 Ru/Al	 ratio	 suggests	 the	 presence	 of	
ruthenium	as	nanoparticles	[22-25].	This	is	further	corroborated	
by	 the	absence	of	diffraction	peaks	associated	 to	 ruthenium	 in	
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X-ray	diffraction,	suggesting	crystallite	sizes	below	4	nm	[24-25].	
The	Ru/Al2O3	catalyst	was	used	directly	in	the	flow	hydrogenation	
of	D-xylose	to	xylitol.	The	size	of	the	alumina	particles	(>250	µm)	
ensured	 that	 there	were	no	problems	associated	with	 clogging	
or	 liquid	flowing	 through	 the	catalyst	bed.	As	 it	 can	be	seen	 in	
Figure 2,	despite	the	low	residence	times	in	the	reactor	(Approx.	
70	 s)	 good	 steady	 state	 conversions	 of	 xylose	 were	 recorded	
(Approx.	40%),	equating	to	an	average	activity	of	about	0.04	mol/
min.	Xylitol	formationrate	was	found	to	be	on	average	0.03	mol/
min,	equating	to	an	average	selectivity	about	70%.	It	should	be	
mentioned	that	the	alumina	support	was	completely	inactive	in	
this	hydrogenation.

Reaction	 catalytic	 profile	 has	 an	 oscillatory	 behavior	 for	 both	
xylose	 conversion	 and	 xylitol	 selectivity	 as	 reaction	 progresses	
in	 time.	 XPS	 analysis	 of	 the	 catalyst	 post-reaction	 (Tables 1 
and 2)	 suggests	 ruthenium	 particles	 aggregation	 and	 possibly	
some	metal	 leaching	 since	 the	 XPS	 shows	 a	 decrease	 in	 Ru/Al	
ratio	 and	 a	 shift	 to	 lower	 binding	 energy	 of	 the	 Ru	 3p3/2	peak.	
The	 shift	 in	 binding	 energy	 suggests	 less	 contact	 between	
ruthenium	 and	 alumina	 support	 consistent	 with	 formation	 of	
larger	 particles.	 Additionally,	 the	 catalytic	 results	 suggest	 that	
there	is	a	competition	between	substrate	adsorption	and	product	
desorption,	resulting	in	a	characteristic	oscillatory	behavior	of	the	
reaction	profiles	as	observed.	This	also	justifies	why	in	some	cases	
the	amount	of	xylitol	produced	is	larger	than	xylose	consumed.	It	
is	known	that	during	xylose	hydrogenation	small	amounts	of	by-
products	can	also	be	 formed.	However,	 the	reaction	conditions	
in	 which	 we	 are	 operating	 the	 reactor	 (low	 temperature	 and	
high	 hydrogen	 pressure)	 would	 prevent	 the	 formation	 of	 such	
by-products	on	a	ruthenium	catalyst	according	to	literature	[11].	
Thus,	by-product	formation	is	not	the	reason	for	the	oscillatory	
behavior.

In	 order	 to	 diminish	 the	 competitive	 effect	 between	 xylose	
adsorption	 and	 xylitol	 desorption,	 a	 second	metal,	 in	 this	 case	
silver,	was	added	to	the	catalyst.	The	hope	was	that	the	added	
second	 metal	 could	 alter	 the	 electronic	 and/or	 geometric	
structure	 of	 the	 parent	 catalyst.	 Metallic	 silver	 has	 a	 4d10 

electronic	structure,	which	should	donate	electron	density	to	the	

metallic	ruthenium	(4d7).	According	to	Nørskov’s	model,	catalysis	
is	 fundamentally	 controlled	 by	 the	 catalyst	 electron	occupancy	
and	 energy	 of	 valence	 shell	 orbitals	 [26-30],	 i.e.,	 filling	 of	 the	
d-band.

Cheng	 et	 al.	 [31]	 doped	 a	 ruthenium	 catalyst	 with	 SnOx	 and	
reported	an	electronic	 interaction	between	Ru-SnOx	due	 to	an	
electron	 transfer	 from	 the	 Ru	 nanoparticles	 to	 SnOx,	 inducing	
an	 electron	 deficit	 state	 of	 ruthenium	 nanoparticles,	 which	
was	 favorable	 for	 the	adsorption	of	 the	electropositive	N-atom	
belonging	to	the	reactant	nitro	group.	The	electron	deficient	state	
of	ruthenium	can	also	be	favorable	for	the	hydrogen	adsorption,	
resulting	in	the	production	of	more	active	hydrogen	species.

Silver	was	deposited	directly	on	the	catalyst	placed	 in	the	CatCart	
holder,	 which	 would	 be	 subsequently	 used	 in	 the	 hydrogenation	
reaction.	The	concentration	of	the	silver	could	be	easily	varied	by	the	
initial	AgNO3	precursor	concentration,	and	the	conditions	used	for	
deposition	were	mild,	so	that	no	other	changes	could	be	introduced	
in	the	parent	catalyst.	It	should	be	noted	that	this	procedure	could	be	
adapted	for	the	deposition	of	any	other	element	by	simply	choosing	
a	reducible	salt	or	complex	of	the	element	of	interest	[30].

XPS	analysis	was	performed	to	determine	 if	 the	procedure	was	
successful.	Table 1	 shows	a	clear	drop	 in	Ru/Al	 ratio	 in	 respect	
to	the	fresh	parent	catalyst	and	the	appearance	of	a	significant	

Figure 1 XPS Ru	3p3/2	region	of	Ru/Al2O3	freshly	prepared.
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Figure 2 Activity	and	product	formation	for	Ru/Al2O3	as	a	function	
of	time	on	stream.

Table 1 Area	ratio	estimated	from	XPS survey	scan.

Sample A(Ru3p3/2)/A(Al2p) A(Ag3d5/2)/A(Al2p)
Ru/Al2O3 fresh 1.7 -
Ru/Al2O3	used 0.4 -

Ag@Ru/Al2O3 fresh 0.3 3.5
Ag@Ru/Al2O3	used 1.2 3.7

Sample Binding energy Ru3p3/2 (eV) Binding energy 
Ag3d5/2 (eV)

Ru/Al2O3 fresh 462.2 -
Ru/Al2O3	used 462.0 -

Ag@Ru/Al2O3 fresh 461.7 368.3
Ag@Ru/Al2O3	used 461.8 368.1

Table 2 XPS	corrected	binding	energy	for	the	species	of	interest.
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contribution	of	 silver,	 i.e.,	high	Ag/Al	 ratio.	This	 result	 suggests	
that	silver	is	deposited	on	top	of	the	ruthenium	particles,	which	
diminishes	the	exposed	ruthenium	surface.	Table 2, Figure 3 and 
4 show	 the	 effect	 of	 adding	 silver	 to	 the	 ruthenium	electronic	
structure.	Silver	addition	 led	to	a	downward	shift	of	ruthenium	
binding	 energy	 by	 ca.	 0.5	 eV.	 This	 shift	 suggests	 that	 silver	
electronic	 structure	 affected	 ruthenium	 electronic	 structure	
by	 donating	 electron	density	 to	 it,	 as	 expected	 from	 tabulated	
electro	 negativities	 for	 Ru	 (2.20)	 and	 Ag	 (1.93).	 The	 observed	
binding	energy	of	Ag	3d5/2	 is	assigned	to	silver	 in	metallic	 state	
(Ag0	3d5/2=368.1-368.3	eV	[31]).

Figure 5	 shows	 the	 effect	 in	 the	 catalysis	 when	 the	 parent	
ruthenium	catalyst	was	modified	with	silver.	Both	conversion	and	
selectivity	were	effected.	Blank	reaction	with	Ag/Al2O3 revealed 
that	silver	is	not	active	in	this	reaction,	at	least	with	the	conditions	
used.	 Hence,	 the	 drop	 in	 activity	 by	 addition	 of	 silver	 is	 easily	
justified	as	a	geometric	blocking	of	 the	active	catalytic	surface,	
i.e.,	 decrease	 of	 ruthenium-exposed	 area	 where	 the	 reaction 

takes	place.	The	product	 formation	displays	 for	 the	first	half	of	
the	reaction	time	a	very	similar	oscillatory	behavior	as	with	the	
parent	system;	even	if	in	this	case	the	oscillation	periodicity	has	
a	lower	frequency.

XPS	 analysis	 of	 the	 catalysts	 post-reaction	 showed	 an	 increase	 in	
Ru/Al	ratio	but	almost	the	same	Ag/Al	ratio	(Table 1).	This	suggests	
aggregation	of	silver	atoms	and	formation	of	small	silver	nanoparticles	
on	ruthenium	surface.	This	is	corroborated	by	antagonistic	binding	
energy	shift	of	Ru	3p3/2	and	Ag	3d5/2	peaks	after	reaction	(Table 2), 
suggesting	 a	weaker	 interaction	 between	 the	 two	metals.	 This	 is	
assumed	to	happen	in	the	first	part	of	the	reaction	since	after	240	
min	on	stream	the	oscillatory	behavior	of	reaction	profile	decreased	
(Figure 5),	resulting	in	an	almost	constant	product	formation	of	ca.	
0.012	mol/min	and	substrate	consumption	at	0.028	mol/min.	Since	
there	were	no	other	products	detected	in	the	Raman	spectra,	one	
suspect	 that	 the	missing	 carbon	 content	 is	 on	 the	 catalyst	 in	 the	
form	of	coke	or	simply	deposited	carbon	but	further	studies	must	be	
performed	to	reveal	that.

Figure 3 XPS Ru	3p3/2	region	of	Ag@Ru/Al2O3	freshly	prepared.

Figure 4 XPS Ag	3d	region	of	Ag@Ru/Al2O3	freshly	prepared.

Figure 5 Activity	 and	 product	 formation	 for	 Ag@Ru/Al2O3 as a 
function	of	time	on	stream.	

 

Scheme 1 Illustration	 of	 the	 catalytic	 flow	 hydrogenation	 of	
D-xylose	 to	 xylitol	 with	 molecular	 hydrogen	 on	
ruthenium	supported	on	micrometric	alumina.
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The	 addition	 of	 silver	 was	 not	 dramatic	 but	 suggests	 that	
electronic	modification	of	 ruthenium	holds	 the	 key	 to	 improve	
its	performance,	namely	by	promoting	product	desorption.	Filling	
of the d-band	 of	 ruthenium	 softens	 both	 reagent	 and	 product	
adsorption,	 which	 should	 minimize	 competitive	 adsorption	
[32-36].	 It	 is	 clear	 from	 post-reaction	 XPS	 analysis	 that	 very	
little	amount	of	silver	remains	on	ruthenium	surface	but	that	is	
sufficient	to	change	the	electronics	of	the	metal.

Conclusion
In	 conclusion,	 a	 ruthenium	 ready-to-use	 in	 flow	hydrogenation	
was	prepared	and	successfully	tested	in	D-xylose	hydrogenation	
to	xylitol	with	molecular	hydrogen	as	reducing	agent.	The	parent	
catalyst	was	efficaciously	modified	with	 silver	metal,	modifying 

modifying	the	surface	and	electronic	structure	of	ruthenium	The	
catalysts	show	a	competitive	effect	between	substrate	adsorption	
and	 product	 desorption.	 Filling	 ruthenium	 d-band	 by	 silver	
doping	seems	to	improve	the	process	by	softening	the	adsorption	
of	the	reagent	and	product.	While	there	is	a	significant	amount	
of	work	to	be	carried	out	to	attain	a	catalyst	with	desired	activity	
and	product	formation,	such	as	establishing	the	best	metal	to	use	
in	the	doping	and	its	correct	concentration,	the	presented	work	
paved	the	way	for	the	flow	hydrogenation	of	D-xylose	with	ready-
to-use	catalysts	that	can	be	modified	easily	in situ.
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