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Catalytic	Deep	Eutectic	Solvents	for	Highly	Efficient	Conversion	of	
Cellulose	to	Gluconic	Acid	with	Gluconic	Acid	Self-Precipitation	
Separation	
	Feijie	Liu1,	Zhimin	Xue2*,	Xinhui	Zhao1,	Hongyu	Mou1,	Jing	He3,	Tiancheng	Mu1*	

	

A	family	of	FeCl3·6H2O	based	catalytic	deep	eutectic	solvents	(CDESs)	
were	formed	and	used	for	the	conversion	of	cellulose	to	gluconic	
acid	with	high	efficiency.	More	importantly,	gluconic	acid	could	be	
separated	from	the	reaction	system	by	self-precipitation.	

Transformation	 of	 renewable	 lignocellulosic	 biomass	 into	
valuable	 chemicals	 has	 gained	 increasing	 attention	 in	 recent	
years	 along	with	 the	 pursuit	 of	 alternatives	 for	 the	 gradually	
exhausting	fossil	resources.1,	2	In	this	context,	great	efforts	have	
been	devoted	to	the	conversion	of	cellulose,	which	is	the	most	
abundant	 component	 in	 lignocellulosic	 biomass.	 For	 cellulose	
conversion,	 oxidation	 of	 cellulose	 to	 produce	 gluconic	 acid	 is	
one	of	the	most	promising	routes	because	gluconic	acid	can	be	
widely	 used	 as	 a	 fine	 chemical	 in	 pharmaceutical	 and	 food	
industries.3-5	 Generally,	 cellulose	 can	 be	 oxidized	 to	 gluconic	
acid	 over	 supported	 noble	metals	 (e.g.,	 Au,	 Pt,	 Pd)	 under	 O2	
atmosphere.6-8	 However,	 these	 developed	 noble	metal-based	
catalytic	systems	suffered	from	some	drawbacks,	including	the	
high	cost	of	noble	metals	and	the	necessary	use	of	strong	base,	
which	hinder	their	scalability	in	industries.9,	10	In	another	aspect,	
gluconic	acid	is	very	difficult	to	be	separated	from	the	reaction	
systems	since	 it	 is	usually	mixed	with	the	unreacted	reactants	
and	solvents.	Therefore,	development	of	energy-saving	routes	
over	non-noble	metal	catalysts	with	high	reaction	efficiency	and	
easy	 separation	 of	 product	 is	 still	 a	 highly	 desired	 but	
challenging	 task	 for	 the	 production	 of	 gluconic	 acid	 from	
cellulose	oxidation.	

As	 an	 attractive	 alternative	 solvent	 to	 ionic	 liquids	 and	
conventional	organic	solvents,	deep	eutectic	solvents	(DESs)	are	

now	 used	 in	 a	 plethora	 of	 different	 application,	 for	 example,	
nanotechnology,11	 separation	 processes,12	 transition	 metal	
catalyzed	 reactions,13	 stabilization	 of	 DNA,14	 and	 main-group	
chemistry.15	 Generally,	 DESs	 have	 ionic	 liquid-like	
physiochemical	properties	and	can	be	formed	by	simply	heating	
the	mixture	 of	 two	 cheap	 components	while	 ionic	 liquids	 are	
generally	 synthesized	 through	 several	 steps	 using	 some	
expensive	 and	 toxic	 reagents	 and	 large	 amounts	 of	 organic	
solvents.16,	 17	More	 importantly,	 some	 low-cost,	 nontoxic	 and	
abundant	hydrated	 transition	metal	halides	are	considered	 to	
be	technically	and	economically	promising	components	to	form	
DESs.18,	19	For	example,	FeCl3-choline	chloride	eutectic	mixtures	
have	 been	 previously	 reported	 by	 Abbott	 et	 al.18	 Therefore,	
some	catalytic	deep	eutectic	solvents	(CDESs)	could	be	achieved	
on	 the	 basis	 of	 the	 catalytic	 ability	 of	 these	 transition	 metal	
halides	for	various	reactions.	The	advantage	of	CDESs	lies	in	that	
they	can	change	a	heterogeneous	reaction	into	homogeneous	
one	by	 dissolving	 reactants,	which	 can	 improve	 the	 reactivity	
significantly.20		

It	 has	 reported	 that	 high	 concentration	 FeCl3	 aqueous	
solution	 (60%)	 could	 catalyze	 the	 oxidation	 of	 cellulose	 to	
gluconic	 acid	 with	 a	 yield	 of	 about	 50%,21	 however,	 the	
separation	of	gluconic	acid	and	the	reuse	of	FeCl3	were	still	two	
problems	to	be	solved.	Moreover,	a	variety	of	DESs	have	been	
successfully	applied	as	both	catalysts	and	solvents	 in	different	
chemical	transformation.22-25	Herein,	novel	CDESs	composed	of	
FeCl3·6H2O	and	amide,	polyalcohol	or	amino	acid	were	designed	
and	used	as	both	solvent	and	catalyst	for	the	direct	oxidation	of	
cellulose	to	gluconic	acid	with	high	efficiency.	More	surprisingly,	
the	produced	gluconic	acid	could	be	self-precipitated	from	the	
reaction	system,	which	avoided	the	complex	separating	steps.	
Additionally,	 the	used	CDESs	 could	be	easily	 recycled	without	
decreasing	its	activity.	

The	Fe-based	CDESs	were	prepared	by	heating	the	mixture	of	
FeCl3·6H2O	and	eight	hydrogen	bond	donors	(HBDs,	Figure	1D)	
with	 different	 molar	 ratio	 at	 40	 oC,	 and	 the	 prepared	 CDESs	
were	stable	at	room	temperature	and	reaction	conditions.	The	
melting	points	of	the	obtained	CDESs	were	much	lower	than	
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Figure	 1.	 FTIR	 spectroscopy	 of	 FeCl3·6H2O/ethylene	 glycol	 (a)	
and	ethylene	glycol	(b)	(A);	viscosity	and	density	of	FeCl3·6H2O/	
ethylene	 glycol	 as	 a	 function	 of	 temperature	 (B);	 DSC	 of	
FeCl3·6H2O/ethylene	glycol	(C);	composition	of	all	CDESs	(D).	

that	of	the	individual	components,	indicating	the	formation	of	
DESs.	The	interactions	between	FeCl3·6H2O	and	the	HBDs	were	
characterized	by	FT-IR	spectroscopy	(Figure	1A	and	Figure	S1).	
As	 shown	 in	 Figure	 1B,	 the	C-O	 stretching	 characteristic	 peak	
appeared	at	1084	cm-1	for	pure	ethylene	glycol,	which	shifted	to	
the	red	area	(1054	cm-1)	in	the	DES	formed	between	FeCl3·6H2O	
and	 ethylene	 glycol.	 Meanwhile,	 the	 interactions	 between	
FeCl3·6H2O	 with	 other	 HBDs	 were	 also	 investigated	 by	 FT-IR	
spectroscopy	 (see	 ESI,	 Figure	 S1).	 For	 example,	 the	 C=O	
stretching	 characteristic	 peaks	was	 1610	 cm-1	 for	 pure	 serine	
(Figure	S1A),	which	 showed	a	 red	 shift	 to	1605	cm-1	 in	CDESs	
formed	between	FeCl3·6H2O/serine.	Additionally,	the	stretching	
peak	of	N-H	at	3460	cm-1	for	serine	appeared	a	red	shift	to	3342	
cm-1	in	CDES	FeCl3·6H2O/serine.	These	FT-IR	results	verified	the	
intermolecular	 interaction	 between	 FeCl3·6H2O	 and	 the	
examined	HBDs,	which	was	helpful	for	the	formation	of	DESs.	

Generally,	 the	 fundamental	 physicochemical	 properties,	
especially	transport	properties	(viscosity	and	conductivity)	and	
glass-transition	temperature	are	very	important	parameters	for	
the	 applications	 of	 novel	 solvents.	 Herein,	 the	 viscosities,	
conductivities,	densities,	and	glass-transition	 temperature	 (Tg)	
of	 the	 CDESs	 systems	 were	 investigated,	 and	 the	 results	 are	
showed	in	Table	S1.	The	viscosities	of	FeCl3·6H2O	based	CDESs	
were	 usually	 lower	 than	 that	 of	 most	 commonly	 used	 ionic	
liquids.26	 For	 example,	 the	 viscosities	 of	 [BMIM][PF6]	 and	
[BMIM][BF4]	were	273	mPa·s	and	110	mPa·s	at	298.15	K,27	while	
the	 viscosities	 of	 CDESs	 generated	 between	 FeCl3·6H2O	 and	
ethylene	glycol,	glycerol	or	malonic	acid	were	below	100	mPa·s	
at	298.15	K	(Table	S1).	It	was	also	found	that	the	viscosities	and	
densities	decreased	with	the	increasing	of	temperature	(Figure	
1C,	 S2,	 and	 S3).	 Meanwhile,	 the	 as-prepared	 CDESs	 had	
relatively	 high	 conductivity	 compared	 with	 other	 DESs28	 and	
ionic	 liquids,29	 which	 provided	 the	 potential	 applications	 of	
these	 CDESs	 in	 electrochemistry.	 Additionally,	 differential	
scanning	 calorimetry	 indicated	 that	 the	 Tg	 of	 the	 FeCl3·6H2O	

based	CDESs	were	very	 low	(Table	S1).	For	example,	 the	Tg	of	
FeCl3·6H2O/ethylene	 glycol	 was	 around	 -64	

oC	 (Figure	 1D).	
These	 results	 suggested	 the	 good	 transport	 properties	 of	 the	
formed	FeCl3·6H2O	based	CDESs,	which	was	beneficial	 for	 the	
FeCl3·6H2O	 based	 CDESs	 to	 being	 used	 as	 good	 solvents	 for	
reaction	and	separation.	

Considering	the	good	transport	properties	of	the	FeCl3·6H2O	
based	CDESs	and	the	catalytic	functions	of	FeCl3,	we	attempted	
to	 apply	 the	 as-prepared	 FeCl3·6H2O	 based	 CDESs	 as	 both	
solvent	 and	 catalyst	 for	 the	 transformation	 of	 cellulose	 to	
produce	gluconic	acid	(Figure	2).	The	effect	of	the	as-prepared	
FeCl3-based	CDESs	was	initially	examined	for	the	conversion	of	
cellulose	(Table	1).	In	all	of	the	examined	CDESs,	cellulose	could	
be	 completely	 consumed,	 and	 FeCl3·6H2O/ethylene	 glycol	
provided	 the	 highest	 yield	 (52.7%)	 of	 gluconic	 acid	 (Table	 1,	
entry	1),	which	was	higher	than	that	obtained	from	the	reported	
catalytic	system	consisted	by	high	concentration	FeCl3	aqueous	
solution	in	the	similar	conditions	(Figure	3A).	It	was	found	that	
the	 rate	 for	 cellulose	 transformation	 was	 faster	 in	
FeCl3·6H2O/malonic	 acid,	 FeCl3·6H2O/serine,	
FeCl3·6H2O/alanine,	and	FeCl3·6H2O/glycine	(Table	1,	entries	2-
5)	than	that	in	FeCl3·6H2O/ethylene	glycol	due	to	the	relatively	
high	acidity	of	these	four	systems	(pH,	see	Table	S2).	However,	
higher	acidity	could	also	enhance	some	side-reactions,	such	as	
the	 decomposition	 of	 the	 generated	 gluconic	 acid,	 the	
dehydration	 of	 the	 in-situ	 formed	 glucose	 to	 5-
hydroxymethylfurfural,	and	the	formation	of	humins	(Figure	4),	
which	 is	 a	 similar	 process	 described	 by	 König,30	 and	 thus	
FeCl3·6H2O/ethylene	glycol	provided	 the	highest	gluconic	acid	
yield.	 Meanwhile,	 the	 higher	 viscosity	 of	 FeCl3·6H2O/glycerol	
(99	 mPa·s),	 FeCl3·6H2O/xylitol	 (446.54	 mPa·s)	 and	
FeCl3·6H2O/pentaerythritol	(176.49	mPa·s)	resulted	in	the	lower	
conversion	of	 the	 in-situ	 formed	glucose	although	cellulose	 in	
these	catalytic	systems	could	be	completely	transformed,	and	
thus	 the	 gluconic	 acid	 yield	 was	 lower	 (Table	 1,	 entries	 6-8).	
Control	 experiments	 using	 glucose	 as	 the	 reactant	 indicated	
that	 the	 conversion	 of	 glucose	 in	 FeCl3·6H2O/glycerol,	
FeCl3·6H2O/xylitol	 and	 FeCl3·6H2O/pentaerythritol	 was	 indeed	
lower	than	that	in	FeCl3·6H2O/ethylene	glycol	(Table	1,	entries	
9-12).	 These	 results	 in	 Table	 1	 indicated	 that	
FeCl3·6H2O/ethylene	glycol	was	the	best	solvent/catalyst.	

	

Figure	2.	Schematic	illustration	of	the	reaction	process.                                                                          	

Table	 1.	 Conversion	 of	 cellulose	 in	 various	 FeCl3·6H2O-based	
CDESs.	
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Entry HBD Temperature     
 (oC) 

Time 
(min) 

Conversion     
 (%) 

Yield      
 (%) 

1 ethylene 
glycol 120 60 100 52.7 

2 malonic acid 120 30 100 29.7 
3 serine 120 35 100 29.3 
4 alanine 120 35 100 27.8 
5 glycine 120 30 100 25.7 
6 glycerol 120 40 100 33.4 
7 xylitol 120 60 100 24.9 
8 pentaerythritol 120 60 100 28.5 

9a ethylene 
glycol 110 50 95.1 65.2 

10a glycerol 110 50 86.5 51.6 
11a xylitol 110 50 66.6 24.1 
12a pentaerythritol 110 50 75.3 27.0 

13a,b -- 110 240 83.8 52.3 
14c -- 120 120 100 50.0 

aThe substrate was glucose. bThe reaction was conducted in 
concentrated FeCl3 aqueous solution (40 wt%), and the data were 
obtained from reference 31. cThe reaction was conducted in concentrated 
FeCl3 aqueous solution (60 wt% and 40 wt%), and the data were 
obtained from reference 21. 

The	effect	of	various	 reaction	parameters	on	 the	oxidation	of	
cellulose	 was	 subsequently	 examined	 in	 FeCl3·6H2O/ethylene	
glycol	(Figure	3).	Reaction	temperature	played	the	key	role	on	
the	 reactivity	 of	 cellulose	 conversion	 (Figure	 3A).	 When	 the	
reaction	temperature	increased	from	90	oC	to	120	oC,	the	yield	
of	 gluconic	 acid	 was	 enhanced	 from	 12.8%	 to	 52.7%	 at	 the	
cellulose	 concentration	 of	 5%	 (w/v)	 (details	 see	 Table	 S3).	
However,	when	the	reaction	temperature	was	further	increased	
to	130	oC,	the	yield	of	gluconic	acid	decreased	to	39.5%,	which	
may	be	resulted	 from	that	higher	 reaction	 temperature	could	
also	 increase	 the	 decomposition	 of	 gluconic	 acid	 (Figure	 4).	
Reaction	 time	 was	 another	 parameter	 to	 affect	 the	
performance	of	the	cellulose	transformation	(Figure	3B).	When	
the	 reaction	 was	 conducted	 at	 the	 optimal	 reaction	
temperature	(120	oC),	the	maximum	yield	(52.7%)	appeared	at	
60	minutes	with	a	cellulose	concentration	of	5%	(w/v).	However,	
the	yield	decreased	with	longer	reaction	time	than	60	minutes	
because	longer	reaction	time	caused	side	reactions	of	gluconic	
acid.	It	suggested	that	120	oC	and	60	minutes	were	the	optimal	
reaction	temperature	and	time	for	the	cellulose	conversion	 in	
FeCl3·6H2O/ethylene	glycol.	 In	addition,	 the	effect	of	cellulose	
concentration	 in	 FeCl3·6H2O/ethylene	 glycol	 on	 gluconic	 acid	
yield	was	studied	at	the	optimal	conditions.	As	shown	in	Figure	
3C,	lower	yield	of	product	could	be	detected	at	a	low	cellulose	
concentration,	 which	 was	 probable	 caused	 by	 the	 further	
degradation	of	 the	generated	gluconic	acid.	 The	gluconic	acid	
yield	 increased	 from	 24.5%	 to	 52.7%	 when	 the	 cellulose	
concentration	increased	from	2.5%	to	5%.	When	the	cellulose	
concentration	was	more	than	5%,	the	product	yield	decreased	
sharply	 from	52.7%	 to	 21.6%	 (Table	 S4),	 presumably	 because	
the	 FeCl3·6H2O/ethylene	 glycol	 became	 insufficient	 when	
cellulose	 loading	 was	 larger	 than	 5%.	 Compared	 to	 Xie’s	
experimental	results,	our	catalytic	system	greatly	reduced	the	
reaction	time	and	increased	the	yield	for	the	oxidation	of	both	
cellulose	and	glucose	(Table	1,	entries	13	and	14).	Except	for	the				

	

Figure	3.	The	effect	of	reaction	time	(A)	(▲	is	from	Ref.	21	and	
the	gluconic	acid	yield	is	50%);	temperature	(B);	and	substrate	
concentration	 (C);	 on	 product	 yield	 in	 the	 conversion	 of	
cellulose;	 (D)	 reuse	 of	 FeCl3·6H2O/ethylene	 glycol	 without	
treatment	 or	 treated	with	 O2	 after	 each	 cycle:	 cellulose	 (500	
mg),	CDESs	(10	mL).	

good	 performance,	 another	 interesting	 finding	 in	 FeCl3·6H2O/	
ethylene	glycol	was	that	the	product	gluconic	acid	could	be	self-
precipitated	 from	 the	 reaction	 system	without	 any	 additional	
extraction	 solvent	 because	 the	 gluconic	 acid	was	 insoluble	 in	
FeCl3·6H2O/ethylene	 glycol	 while	 the	 reactants	 and	 some	 by-
products	were	soluble.	Pure	gluconic	acid	could	be	obtained	by	
recrystallization	 in	 ethyl	 acetate	 to	 remove	 small	 amount	 of	
FeCl3	 and	 by-products	 contamination.	 Additionally,	 in	 the	
reaction	process,	FeCl3	as	the	oxidant	would	be	partly	reduced	
into	 FeCl2.	 Therefore,	 the	 oxidative	 ability	 of	
FeCl3·6H2O/ethylene	glycol	 suffered	 from	some	decrease	with	
the	repeated	cycles	(Figure	3D).	However,	the	oxidative	ability	
could	 be	 easily	 regained	 by	 treating	 the	 used	
FeCl3·6H2O/ethylene	 glycol	 in	 O2	 atmosphere	 at	 room	
temperature	 overnight	 (Figure	 3D).	 From	 this	 point,	 we	
considered	 that	 FeCl3·6H2O/ethylene	 glycol	 could	 be	 easily	
reused	with	no	loss	of	activity	(Figure	3D)	due	to	the	could	be	
self-precipitated	from	the	reaction	system.	
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Figure	4.	The	process	of	cellulose	oxidation	to	gluconic	acid	in	
FeCl3·6H2O/ethylene	glycol.	

The	 above	 results	 demonstrated	 that	 cellulose	 could	
successfully	 be	 transformed	 to	 gluconic	 acid	 in	 FeCl3·6H2O/	
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ethylene	glycol.	It	is	well	known	that	FeCl3	has	strong	acidity	and	
its	 acidity	 increased	 with	 concentration.32,	 33	 So	 FeCl3·6H2O/	
ethylene	glycol	(molar	ratio	2:1)	has	strong	acidity,	which	was	
helpful	for	catalyzing	the	hydrolysis	of	cellulose,	an	key	step	for	
cellulose	 oxidation.	 On	 the	 other	 hand,	 FeCl3	 has	 oxidative	
power	(E=0.77V	for	Fe3+/Fe2+),	and	experimental	results	showed	
that	glucose	could	be	oxidized	into	gluconic	acid	by	FeCl3.

31	On	
the	basis	of	the	above	experimental	results	and	discussions,	the	
pathway	 for	 the	 oxidation	 of	 cellulose	 to	 gluconic	 acid	 in	
FeCl3·6H2O/ethylene	 glycol	 were	 described	 as	 follows.	 First,	
cellulose	 was	 dissolved	 rapidly	 in	 FeCl3·6H2O/ethylene	 glycol,	
resulting	 in	 a	 shift	 from	 heterogeneous	 reaction	 to	
homogeneous	 one	 compared	 with	 the	 aqueous	 system,	 and	
thus	a	high	reaction	efficiency	could	be	achieved	in	FeCl3·6H2O/	
ethylene	 glycol.	 Subsequently,	 the	 dissolved	 cellulose	 was	
hydrolyzed	 into	glucose	because	of	 the	acidity	of	 FeCl3·6H2O/	
ethylene	glycol.	Then,	glucose	was	oxidized	 into	gluconic	acid	
using	the	oxidative	power	of	the	solvent,	and	FeCl3	was	partly	
reduced	 to	 FeCl2,	 which	 could	 be	 re-oxidatized	 to	 FeCl3,	 and	
thus	 the	 oxidative	 ability	 of	 the	 solvent	 would	 be	 regained	
completely.	 Additionally,	 some	 side-reactions	 could	 be	
happened	 in	 FeCl3·6H2O/ethylene	 glycol	 due	 to	 the	 catalytic	
function	of	FeCl3.	

In	summary,	a	family	of	FeCl3-based	CDESs	were	formed,	and	
most	of	the	CDESs	had	low	viscosity,	high	conductivity,	and	low	
melting	 point.	 These	 CDESs	 could	 be	 used	 as	 solvent	 and	
catalyst	 simultaneously	 for	 transformation	 of	 cellulose	 to	
gluconic	acid	because	of	the	catalytic	action	of	ferric	chloride,	
and	FeCl3·6H2O/ethylene	glycol	showed	the	best	performance	
with	a	complete	cellulose	conversion	and	a	gluconic	acid	yield	
of	52.7%.	More	importantly,	the	product	gluconic	acid	could	be	
self-precipitated	from	the	reaction	system,	so	the	process	of	the	
product	 separation	 could	 be	 omitted.	 The	 present	 method	
achieved	 the	 integration	 of	 solvent	 and	 catalyst	 as	 well	 as	
reaction	 and	 separation,	 which	 is	 a	 green	 and	 sustainable	
process,	and	has	great	potential	in	industrial	application.	

Conflicts	of	interest	
There	are	no	conflicts	to	declare.	

Acknowledgements	
This	 work	 was	 supported	 by	 the	 National	 Natural	 Science	
Foundation	 of	 China	 (21773307,	 21473252)	 and	 State	 Key	
Laboratory	of	Chemical	Resource	Engineering,	Beijing	University	
of	Chemical	Technology.	

Notes	and	references	
1.	 S.	Gillet,	M.	Aguedo,	L.	Petitjean,	A.	R.	C.	Morais,	A.	M.	da	

Costa	Lopes,	R.	M.	Łukasik	and	P.	T.	Anastas,	Green	Chem.,	
2017,	19,	4200-4233.	

2.	 J.	C.	Serrano-Ruiz	and	J.	A.	Dumesic,	Energy	Environ.	Sci.,	
2011,	4,	83-99.	

3.	 S.	 B.	 Bankar,	 M.	 V.	 Bule,	 R.	 S.	 Singhal	 and	 L.	
Ananthanarayan,	Biotechnol.	Adv.,	2009,	27,	489-501.	

4.	 C.	Della	Pina,	E.	Falletta,	L.	Prati	and	M.	Rossi,	Chem.	Soc.	
Rev.,	2008,	37,	2077-2095.	

5.	 S.	Ramachandran,	P.	Fontanille,	A.	Pandey	and	C.	Larroche,	
Food	Technol.	Biotechnol.,	2006,	44,	185-195.	

6.	 P.	 N.	 Amaniampong,	 X.	 Jia,	 B.	 Wang,	 S.	 H.	 Mushrif,	 A.	
Borgna	and	Y.	Yang,	Catal.	Sci.	Technol.,	2015,	5,	2393-2405.	

7.	 D.	An,	A.	Ye,	W.	Deng,	Q.	Zhang	and	Y.	Wang,	Chem.	-	Eur.	
J.,	2012,	18,	2938-2947.	

8.															X.	Tan,	W.	Deng,	M.	Liu,	Q.	Zhang	and	Y.	Wang,	Chem.	
Commun.,	2009,	0,	7179-7181.	

9.	 T.	Moreno,	G.	Kouzaki,	M.	Sasaki,	M.	Goto	and	M.	J.	Cocero,	
Carbohydr.	Res.,	2012,	349,	33-38.	

10.	 D.	Rinsant,	G.	Chatel	and	F.	Jérôme,	ChemCatChem,	2014,	
6,	3355-3359.	

11.	 A.	Abo-Hamad,	M.	Hayyan,	M.	A.	AlSaadi	and	M.	A.	Hashim,	
Chem.	Eng.	J.,	2015,	273,	551-567.	

12.	 B.	Tang,	H.	Zhang	and	K.	H.	Row,	J.	Sep.	Sci.,	2015,	38,	1053-
1064.	

13.	 J.	García-Álvarez,	Eur.	J.	Inorg.	Chem.,	2015,	5147-5157.	
14.	 H.	Zhao,	J.	Chem.	Technol.	Biotechnol.,	2015,	90,	19-25.	
15.	 C.	Vidal,	J.	García‐Álvarez,	A.	Hernán‐Gómez	and	A.	R.	K.	

P.	E.	Hevia,	Angew.	Chem.	Int.	Ed,	2016,	128,	16379-16382.	
16.	 Z.	 Chen,	 T.	 L.	 Greaves,	 G.	 G.	 Warr	 and	 R.	 Atkin,	 Chem.	

Commun.,	2017,	53,	2375-2377.	
17.	 M.	 Francisco,	 A.	 van	 den	 Bruinhorst	 and	 M.	 C.	 Kroon,	

Angew.	Chem.	Int.	Ed.,	2013,	52,	3074-3085.	
18.	 A.	P.	Abbott,	G.	Capper,	D.	L.	Davies	and	R.	Rasheed,	Inorg.	

Chem.,	2004,	43,	3447-3452.	
19.	 Y.	Wang	and	H.	Zhou,	Energy	Environ.	Sci.,	2016,	9,	2267-

2272.	
20.	 N.	 Guajardo,	 C.	 Carlesi,	 R.	 Schrebler	 and	 J.	 Morales,	

ChemPlusChem,	2017,	82,	165-176.	
21.	 H.	Zhang,	N.	Li,	X.	Pan,	S.	Wu	and	J.	Xie,	ACS	Sustainable	

Chem.	Eng.,	2017,	5,	4066-4072.	
22.	 A.	P.	Abbott,	T.	 J.	Bell,	S.	Handa	and	B.	Stoddartb,	Green	

Chem.,	2005,	7,	705-707.	
23.	 S.	T.	Disale,	S.	R.	Kale,	S.	S.	Kahandal,	T.	G.	Srinivasan	and	R.	

V.	Jayaram,	Tetrahedron	Lett.,	2012,	53,	2277-2279.	
24.	 A.	R.	Hajipour,	S.	H.	Nazemzadeh	and	F.	Mohammadsaleh,	

Tetrahedron	Lett.,	2014,	55,	654-656.	
25.	 B.	König,	S.	Baskaran,	M.	Obst	and	A.	Srivastava,	Synlett,	

2017,	29,	185-188.	
26.	 Héctor	Rodríguez	and	J.	F.	Brennecke,	J.	Chem.	Eng.	Data,	

2006,	51,	2145-2155.	
27.	 J.	 Jiang,	 W.	 Zhao,	 Z.	 Xue,	 Q.	 Li,	 C.	 Yan	 and	 T.	 Mu,	 ACS	

Sustainable	Chem.	Eng.,	2016,	4,	5814-5819.	
28.	 Q.	 Zhang,	 K.	 De	 Oliveira	 Vigier,	 S.	 Royer	 and	 F.	 Jerome,	

Chem.	Soc.	Rev.,	2012,	41,	7108-7146.	
29.	 M.	Galiński,	A.	Lewandowski	and	I.	Stępniak,	Electrochim.	

Acta,	2006,	51,	5567-5580.	
30.	 F.	 Ilgen,	D.	Ott,	D.	Kralisch,	C.	Reil,	A.	Palmberger	and	B.	

König,	Green	Chem.,	2009,	11,	1948.	
31.	 H.	Zhang,	N.	Li,	X.	Pan,	S.	Wu	and	J.	Xie,	Green	Chem.,	2016,	

18,	2308-2312.	
32.	 K.-i.	 Shimizu,	 T.	 Higuchi,	 E.	 Takasugi,	 T.	 Hatamachi,	 T.	

Kodama	and	A.	Satsuma,	J.	Mol.	Catal.	A:	Chem.,	2008,	284,	
89-96.	

33.	 			Shū	Kobayashi,	Tsuyoshi	Busujima	and	S.	Nagayama,	Chem.	
-	Eur.	J.,	2000,	6,	3491-3494.	

	

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
w

ic
k 

on
 1

9/
05

/2
01

8 
03

:1
4:

33
. 

View Article Online
DOI: 10.1039/C8CC03798A

http://dx.doi.org/10.1039/c8cc03798a

