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  We	 have	 designed	 and	 prepared	 β‐cyclodextrin	 (β‐CD)‐functionalized	 multi‐walled	 nanotubes	
(MWCNTs‐g‐CD)	for	the	oxidation	of	cinnamon	oil	to	natural	benzaldehyde	under	aqueous	condi‐
tions.	The	synergistic	effect	of	combining	MWCNTs	with	β‐CD	led	to	a	remarkable	increase	in	the	
performance	of	 the	MWCNTs‐g‐CD	for	the	catalytic	oxidation	of	cinnamaldehyde,	which	exhibited	
95%	cinnamaldehyde	conversion	and	85%	selectivity	to	natural	benzaldehyde	with	a	short	reaction	
time	 of	 10	 min.	 The	 MWCNTs‐g‐CD	 also	 exhibited	 outstanding	 recyclability	 with	 good	 stability,	
showing	no	discernible	decrease	in	their	catalytic	activity	over	five	reaction	cycles.	
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1.	 	 Introduction	

Benzaldehyde	 (BzH)	 is	 the	 second	 most	 commonly	 used	
flavor	compound	in	the	world,	with	a	wide	range	of	important	
applications	 in	 the	 food	and	drink,	cosmetics	and	pharmaceu‐
tical	 industries	 [1–5].	 Increasing	 concerns	 surrounding	 food	
quality	has	led	to	a	growing	demand	for	natural	benzaldehyde.	
The	 natural	 benzaldehyde	 used	 in	 commercial	 applications	 is	
mainly	 obtained	 by	 the	 aqueous	 hydrolysis	 of	 natural	 cinna‐
mon	oil,	which	contains	more	than	80%	cinnamaldehyde	[6,7].	
However,	the	widespread	application	of	this	process	has	been	
limited	by	the	poor	aqueous	solubility	of	cinnamon	oil	and	the	

low	 selectivity	 of	 this	 transformation	 towards	natural	 benzal‐
dehyde	[8–10].	The	oxidation	of	cinnamaldehyde	 in	the	 liquid	
phase	therefore	represents	a	promising	route	for	the	manufac‐
ture	 of	 natural	 benzaldehyde	 under	 mild	 conditions	 [11].	
However,	the	biggest	challenge	to	realizing	this	approach	is	the	
availability	of	an	effective	catalyst,	especially	economically	via‐
ble	noble	metal‐free	catalysts.	

Cyclodextrins	 (CDs)	 are	 an	 important	 class	 of	 cyclic	 oligo‐
saccharides	that	contain	6–8	D‐glucose	units	linked	together	by	
α‐1,4‐glucose	bonds,	which	are	called	α‐,	β‐	and	γ‐CDs,	respec‐
tively.	The	central	cavity	of	a	CD	system	provides	a	hydropho‐
bic	space	in	which	a	suitable	guest	molecule	can	be	sequestered	
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under	 aqueous	 conditions.	 CDs	 are	 known	 to	 form	 inclusion	
complexes	 with	 a	 wide	 range	 of	 compounds,	 especially	 aro‐
matic	compounds	[12–14].	Considerable	research	efforts	have	
been	 directed	 towards	 the	 development	 of	 CDs	 capable	 of	
mimicking	 natural	 enzymes	 with	 high	 catalytic	 activity	 and	
substrate	selectivity	during	the	last	decade.	Among	them,	β‐CD	
has	 been	 widely	 used	 to	 mediate	 a	 broad	 range	 of	 organic	
transformation	under	aqueous	conditions,	including	oxidation,	
reduction,	 ring	 opening	 and	 hydrolysis	 reactions	 [15–20].	
However,	β‐CD	is	soluble	in	water	and	must	be	immobilized	on	
an	appropriate	solid	support	so	that	it	can	be	readily	recycled.	
β‐CD	was	recently	 immobilized	on	cellulose	and	chitosan,	and	
the	 resulting	 supported	 systems	were	 applied	 to	 the	 catalytic	
oxidation	 of	 cinnamaldehyde	 under	 aqueous	 conditions	
[21–24].	 The	 results	 revealed	 that	 β‐CD	 and	 the	 functional	
groups	of	the	support	acted	synergistically	to	allow	for	the	oxi‐
dation	 of	 cinnamaldehyde.	 However,	 from	 an	 industrial	 pro‐
duction	perspective,	the	application	of	these	catalysts	could	be	
limited	 by	 their	 low	mechanical	 strength	 and	 poor	 durability	
towards	successive	reaction	cycles.	

Carbon	 nanotubes	 (CNTs)	 have	 also	 been	 studied	 exten‐
sively	 as	 catalysts	 (or	 supports)	 and	 adsorbent	materials	 for	
liquid	 phase	 reaction‐adsorption	 systems	 because	 of	 their	
unique	 properties,	 including	 their	 excellent	 electrical	 and	
thermal	conductivity,	good	chemical	stability	and	recyclability,	
environmental	 acceptability	 and	 low	 cost	 [25–28].	 Several	
studies	 have	 shown	 that	 CNTs	 are	 effective	 adsorbents	 than	
activated	 carbon	 for	 the	 removal	 of	 organic	 pollutants	 from	
aqueous	solutions	because	of	their	excellent	adsorption	capac‐
ity	[29,30].	CNTs	have	also	been	used	as	metal‐free	catalysts	in	
numerous	 reactions,	 including	 the	 oxidative	 dehydrogenation	
of	aromatic	hydrocarbons	and	alkanes,	the	reduction	of	oxygen,	
the	oxidation	of	hydrocarbons	and	phenols,	and	the	decompo‐
sition	of	ammonia	[31–34].	Furthermore,	CNTs	have	been	used	
to	 catalyze	 the	 oxidation	 of	 benzyl	 alcohol	 to	 benzaldehyde	
using	molecular	oxygen	as	an	oxidant	[35,36].	There	have	been	
numerous	reports	in	the	literature	aimed	at	modifying	the	sur‐
faces	of	CNTs	by	the	introduction	of	specific	functional	groups	
to	 improve	 their	 performance	 as	 catalysts	 and	 adsorbents	
[37–39].	As	part	of	our	ongoing	interest	 in	such	materials,	we	
report	herein	the	development	of	surface‐modified	CNT	system	
bearing	β‐CDs	as	a	high	performance	catalyst	for	the	oxidation	
of	 cinnamaldehyde.	 To	 the	 best	 of	 our	 knowledge,	 this	 study	
represents	the	first	reported	example	of	the	systematic	evalua‐
tion	of	β‐CD‐functionalized	multi‐walled	CNTs	(MWCNTs)	as	a	
recyclable	 heterogeneous	 catalyst	 for	 the	 oxidation	 of	 cinna‐
mon	oil	for	industrial	application.	

The	 main	 goal	 of	 this	 work	 was	 to	 design	 β‐CD	 grafted	
MWCNTs	(MWCNTs‐g‐CD)	for	the	oxidation	of	cinnamon	oil	to	
natural	benzaldehyde	under	aqueous	conditions	(Scheme	1).	It	
was	 investigated	 that	 the	MWCNTs‐g‐CD	would	 allow	 for	 the	
supramolecular	 recognition	 of	 β‐CD,	 as	well	 as	 showing	 good	
adsorption	 and	 chemical	 stability	 properties.	 The	 resulting	
catalyst	was	 initially	 evaluated	 for	 the	 oxidation	 of	 cinnamal‐
dehyde	using	hydrogen	peroxide	as	the	terminal	oxidant	under	
the	mild	reaction	conditions.	A	plausible	mechanism	was	pro‐
posed	for	the	oxidation	of	cinnamaldehyde.	The	MWCNTs‐g‐CD	
exhibited	 enhanced	 catalytic	 activity	 comparison	 with	 the	
MWCNTs	 and	 β‐CD	 in	 isolation,	 which	 was	 attributed	 to	 the	
occurrence	 of	 a	 synergistic	 effect	 between	 β‐CD	 and	 the	
MWCNTs.	 	

2.	 	 Experimental	

2.1.	 	 Materials	

MWCNTs	 were	 purchased	 from	 Shenzhen	 Nanotech	 Port	
Co.,	Ltd	 (Shenzhen,	China).	‐CD	(>99%)	was	purchased	 from	
Shanghai	 Boao	 Biotechnology	 (Shanghai,	 China).	 Cinnamalde‐
hyde	(>99%)	was	obtained	from	Sinopharmacy	Chemical	Rea‐
gent	 (Shanghai,	China).	All	of	 the	other	chemicals	used	 in	 this	
study	were	purchased	as	the	analytical	grade	and	used	without	
further	purification.	All	of	the	aqueous	solutions	were	prepared	
using	Milli‐Q	water	under	ambient	conditions.	

2.2.	 	 Preparation	of	MWNTs‐g‐CD	

MWNTs	 were	 purified	 and	 oxidized	 according	 to	 a	 previ‐
ously	 reported	 procedure	 [40].	 Briefly,	 MWCNTs	 (200	 mg)	
were	 added	 to	 a	 solution	of	HNO3	 (3	mol/L,	 20	mL),	 and	 the	
resulting	mixture	was	 agitated	under	ultrasonic	 irradiation	at	
25	°C	for	30	min.	The	mixture	was	then	heated	at	120	°C	with	
an	agitation	speed	of	120	r/min	for	24	h.	Upon	completion	of	
the	reaction,	the	mixture	was	cooled	to	room	temperature	and	
the	solids	were	separated	by	centrifugation	(1	min),	washed	to	
neutral	pH	with	distilled	water	and	dried	under	vacuum	to	give	
MWNTs‐COOH.	 A	 small	 portion	 of	 this	material	 (60	mg)	was	
dispersed	in	SOCl2	(25	mL)	under	sonication	conditions	for	30	
min	 in	 the	 presence	 of	 DMF	 (1	 mL).	 The	 mixture	 was	 then	
heated	at	80	°C	under	nitrogen	overnight.	Upon	completion	of	
the	reaction,	the	solvent	and	excess	SOCl2	were	removed	under	
reduced	 pressure	 to	 give	 the	 acyl	 chloride‐functionalized	
MWNTs	 (MWNTs‐COCl).	 This	 material	 was	 immediately	 dis‐
persed	in	DMF	(10	mL)	under	sonication	conditions	for	5	min	

 

Scheme	1.	Schematic	diagram	of	the	MWCNTs‐g‐CD	preparation	process.	
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before	 being	 treated	 with	 ‐CD	 (1	 mmol)	 and	 triethylamine	
(0.5	mL).	The	resulting	mixture	was	heated	in	an	oil	bath	at	80	
°C	for	96	h.	The	product	of	this	reaction	was	washed	repeatedly	
with	 deionized	 water	 to	 remove	 all	 of	 the	 free	 ‐CD.	 The	
washed	product	was	then	dried	in	an	oven	at	80	°C	for	24	h	to	
give	the	MWCNTs‐g‐CD.	

2.3.	 	 Catalyst	characterization	

Fourier	transform	infrared	(FTIR)	spectra	were	recorded	on	
a	TENSOR	37	FTIR	spectrometer	(Bruker,	Ettlingen,	Germany)	
as	KBr	disks	 for	wavelengths	 in	 the	 range	of	 4000–400	 cm–1.	
Thermogravimetric	 analysis	 (TGA)	 was	 performed	 on	 a	
STA‐449C	 thermal	 analysis	 system	 (Netzsch,	 Selb,	 Germany).	
The	 TGA	measurements	 (weight	 loss)	 were	 performed	 using	
dried	 samples	 under	 N2	 with	 a	 flow	 rate	 of	 50	mL/min.	 The	
temperature	 of	 each	measurement	was	 increased	 from	 room	
temperature	to	800	°C	at	a	rate	of	10	°C/min.	The	X‐ray	crystal	
structure	 of	 the	 catalyst	 was	 measured	 by	 X‐ray	 diffraction	
(XRD)	 analysis	 using	 a	 D/max‐2200/PC	 X‐ray	 diffractometer	
(Rigaku,	Tokyo,	Japan)	equipped	with	a	Cu	Kα	radiation	source	
(λ	 =	 1.54056	 Å).	 Raman	 spectra	 were	 recorded	 using	 a	
Lab‐RAM	 Aramaic	micro	 Raman	 spectrometer	 (Renishaw	 Di‐
agnostics,	 Gloucestershire,	 UK)	with	 an	 excitation	wavelength	
of	 514.5	 nm	 to	 investigate	 the	 surface	 structures	 of	 the	
MWCNTs	 and	 MWCNTs‐g‐CD.	 Transmission	 electron	 micros‐
copy	(TEM,	S‐520,	JEOL,	Tokyo,	Japan)	was	used	to	determine	
the	surface	morphology	and	the	particle	size	characteristics	of	
the	 catalysts.	 The	 BET	 specific	 surface	 areas	 were	 measured	
using	an	ASAP	2020	accelerated	surface	area	and	porosimetry	
analyzer	(Micromeritics,	Norcross,	GA,	USA).	

2.4.	 	 Selective	oxidation	of	cinnamaldehyde	

The	 catalytic	 oxidation	 of	 cinnamaldehyde	was	 performed	
according	to	a	previously	reported	procedure	[41].	Typically,	a	
mixture	of	the	catalyst	(60	mg)	and	cinnamaldehyde	(1	mmol)	
in	deionized	water	was	added	to	a	100	mL	three	necked	flask	
fitted	with	 a	 reflux	 condenser	 and	magnetic	 stirrer.	 The	mix‐
ture	was	 then	 heated	 at	 60	 °C	 for	 0.5	 h,	 before	being	 treated	
with	a	solution	of	H2O2	(2.5	mL,	30	wt%)	containing	NaHCO3	(2	
mmol),	which	was	added	to	the	reaction	mixture	in	a	dropwise	
manner	 under	 stirring.	 Samples	 were	 taken	 at	 appropriate	
intervals	and	extracted	with	ethyl	acetate	(5	mL)	before	being	
centrifuged.	The	supernatants	were	analyzed	and	identified	by	
gas	 chromatography‐mass	 spectrometry	 (GC‐MS)	 using	 an	
Agilent	 7890B	 gas	 chromatograph	 (Agilent,	 Santa	 Clara,	 CA,	
USA)	equipped	with	a	HP‐5	column	(30	m	×	0.25	mm	id,	0.25	
μm),	 which	 was	 coupled	 to	 an	 Agilent	 HP5977A	 mass	 spec‐
trometer.	The	reproducibilities	for	these	data	were	determined	
to	be	within	5%.	

2.5.	 	 Computational	chemistry	calculations	

All	 of	 the	 calculations	 were	 performed	 using	 the	 DMol3	
method	in	version	8.0	of	the	Materials	Studio	software	(Accel‐
rys	 Inc.,	 San	 Diego,	 CA,	 USA)	 [42].	 The	 geometries	 and	 com‐

plexation	 energies	 of	 the	 host,	 guest	 and	 host‐guest	 inclusion	
complex	were	 optimized	 using	 a	 local	 density	 approximation	
(LDA)	in	the	Perden‐Wang	(PWC)	form	at	the	Double	Numeri‐
cal	plus	d‐functions	(DND)	basis	set	level	[23,41].	Each	complex	
was	 minimized	 in	 energy	 in	 an	 aqueous	 environment.	 The	
binding	energy	(BE)	values	were	expressed	as	follows:	

BE	 =	 EC	 	 EG	 	 EH	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (1)	 	
where	EC	is	the	total	energy	of	the	inclusion	complex,	EG	is	the	
sum	total	energy	of	the	guest,	and	EH	is	the	total	energy	of	the	
host.	The	MWCNTs	and	cinnamaldehyde	were	 selected	as	 the	
host	and	model	guest	molecules,	respectively.	

3.	 	 Results	and	discussion	

3.1.	 	 Catalyst	characterization	

3.1.1.	 	 Raman	analysis	 	
The	Raman	spectra	of	the	MWCNTs	and	MWCNTs‐g‐CD	are	

shown	 in	 Fig.	 1.	 The	main	 peaks	 in	 the	 spectra	 at	 1350	 and	
1590	cm–1	were	attributed	to	the	disordered	(D	mode)	and	the	
graphite	(G	mode)	structures	of	the	MWCNTs,	respectively.	The	
G	 and	 D	 bands	 usually	 represent	 the	 E2g	 phonons	 of	 the	 sp2	
atoms	and	the	breathing	mode	of	the	k‐point	phonons	with	A1g	
symmetry,	respectively.	The	intensity	ratio	(ID/IG)	of	the	D	and	
G	bands	in	graphitic	materials	can	be	used	to	evaluate	the	size	
of	 sp2	 domains	 [43].	 The	 ID/IG	 ratios	 of	 the	 MWCNTs	 and	
MWCNTs‐g‐CD	were	determined	 to	 be	0.96	 and	 1.21,	 respec‐
tively,	indicating	that	the	sp2	domains	were	larger	in	the	latter	
of	these	two	systems.	These	results	therefore	indicated	that	the	
degree	 of	 disorder	 on	 the	 surfaces	 of	 the	MWCNTs	 increased	
after	the	grating	of	the	‐CD	molecules.	 	

3.1.2.	 	 TEM	analysis	 	
TEM	 images	 of	 the	 MWCNTs	 and	 MWCNTs‐g‐CD	 are	 pre‐

sented	 in	Fig.	 2.	 It	 showed	 that	 the	MWCNTs	were	 tubular	 in	
shape	with	a	smooth	surface,	vertical	sidewalls	and	a	diameter	
in	the	range	of	10–30	nm.	The	MWCNTs‐g‐CD	exhibited	a	more	
compact	 stacking	 morphology.	 The	 diameters	 of	 the	
MWCNTs‐g‐CD	were	in	the	range	of	20–40	nm,	which	is	larger	
than	that	of	the	MWCNTs.	This	difference	in	the	diameters	was	
attributed	to	the	grafting	of	the	‐CD	molecules	to	the	surfaces	
of	 the	 MWCNTs,	 which	 is	 consistent	 with	 previous	 studies	
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Fig.	1.	Raman	spectra	of	MWCNTs	and	MWCNTs‐g‐CD.	
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[44,45].	 Furthermore,	 several	 porous	 interspaces	 were	 ob‐
served	on	 the	surfaces	of	 the	MWCNTs‐g‐CD,	which	could	en‐
hance	the	catalytic	activity	of	this	system.	 	

3.1.3.	 	 FTIR	analysis	
The	FTIR	spectra	of	the	MWCNTs,	β‐CD	and	MWCNTs‐g‐CD	

are	 shown	 in	 Fig.	 3.	 The	 MWCNTs	 contained	 two	 prominent	
absorption	bands	at	3400	and	1630	cm–1,	which	were	attribut‐
ed	to	the	stretching	vibrations	of	the	water	molecules	adsorbed	
on	the	surfaces	of	the	MWCNTs	and	the	C=O	stretching	vibra‐
tions	 of	 the	quinone	 groups	 on	 the	 surface,	 respectively	 [46].	
The	FTIR	spectrum	of	β‐CD	contained	major	absorption	bands	
at	 3400	 cm–1	 (–OH	 stretching	 vibrations),	 2910	 cm–1	 (–CH2	
stretching	vibrations),	1630	cm–1	(H–O–H	bending),	1164	cm–1	
(C–O	 stretching	 vibrations)	 and	 1030	 cm–1	 (C–O–C	 stretching	
vibrations).	 The	 FTIR	 spectrum	 of	 the	 MWCNTs‐g‐CD	 clearly	
showed	several	functional	groups	belonging	to	β‐CD,	including	
–CH2	 (2910	 cm–1),	 C–O	 (1164	 cm–1)	 and	 C–O–C	 (1030	 cm–1)	
groups,	 which	 indicated	 that	 the	 grafting	 of	 β‐CD	 to	 the	
MWCNTs	 was	 successful.	 Notably,	 the	 intensity	 of	 the	 peak	
observed	at	3400	cm–1	for	the	MWCNTs‐g‐CD	was	greater	than	
that	of	the	MWCNTs,	which	could	be	attributed	to	there	being	
more	hydroxyl	 groups	 in	 the	 former	of	 these	 two	 species	be‐
cause	 of	 the	β‐CD	molecules.	Moreover,	 the	 peak	observed	 at	
950	 cm−1	 in	 the	MWCNTs‐g‐CD	 is	 characteristic	 of	 an	 α‐(1,4)	
glucopyranose	 [47].	 The	 new	 peak	 at	 1735	 cm−1	 was	 due	 to	
ester	 groups,	 indicating	 that	 the	 carboxylic	 acid	 groups	 in	
MWCNTs‐COOH	reacted	with	hydroxyl	 groups	of	β‐CD	during	

the	grafting	process	[48].	Therefore,	the	results	clearly	suggest	
that	 β‐CD	 is	 successfully	 immobilized	 on	 the	 surface	 of	
MWCNTs.	

3.1.4.	 	 XRD	and	BET	analysis	
The	XRD	 patterns	 of	 the	MWCNTs	 and	MWCNTs‐g‐CD	 are	

shown	in	Fig.	4.	Both	of	these	materials	gave	peaks	at	26°,	44°	
and	 54°,	which	 are	 characteristic	 of	MWCNTs	 [49].	 These	 re‐
sults	 indicated	that	the	β‐CD	molecules	had	been	grafted	onto	
the	surfaces	of	the	MWCNTs	in	a	way	that	did	not	interfere	with	
their	structural	 framework.	Similar	results	to	these	have	been	
reported	elsewhere	in	the	literature	[50].	The	grafting	of	β‐CD	
onto	the	surface	of	 the	MWCNTs	 led	to	a	decrease	 in	the	BET	
surface	 area	 from	 101	 m2/g	 (MWCNTs)	 to	 22	 m2/g	
(MWCNTs‐g‐CD),	as	well	as	a	decrease	in	the	pore	volume	from	
0.4806	to	0.1284	cm3/g.	Similar	results	were	also	observed	in	
our	 previous	 study	 [51].	 The	 average	 pore	 diameters	 of	 the	
MWCNTs	and	MWCNTs‐g‐CD	were	determined	to	be	23.2	and	
19.2	nm,	respectively.	

3.1.5.	 	 TG	analysis	
TG	 curves	 for	 the	 MWCNTs,	 β‐CD	 and	 MWCNTs‐g‐CD	 are	

shown	 in	 Fig.	 5.	 The	 TG	 curve	 for	 the	MWCNTs	 showed	 two	
separate	 weight	 loss	 steps.	 The	 first	 weight	 loss	 occurred	 at	
100	°C,	which	was	caused	by	dehydration,	whereas	the	second	

Fig.	2.	TEM	images	of	MWCNTs	(a)	and	MWCNTs‐g‐CD	(b).	
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weight	 loss	 occurred	 at	 450–700	 °C,	which	was	 attributed	 to	
the	 decomposition	 of	 the	 MWCNTs.	 The	 TG	 curve	 of	 β‐CD	
showed	 three	 degradation	 stages,	 including	 two	 weight	 loss	
steps	at	50–110	and	320–450	°C,	which	were	attributed	to	the	
evaporation	 of	 water	 adsorbed	 by	 β‐CD	 and	 the	 thermal	 de‐
composition	 of	 β‐CD,	 respectively.	 The	 third	weight	 loss	 step	
occurred	at	temperatures	above	450	°C	and	was	attributed	to	a	
carbonization	 process.	 The	 MWCNTs‐g‐CD	 showed	 a	 weight	
loss	at	100	°C,	which	was	attributed	to	the	loss	of	moisture	and	
solvents	 incorporated	 in	 the	 polymer.	 The	 TG	 curve	 of	
MWCNTs‐g‐CD	 also	 showed	 weight	 losses	 at	 280–450	 and	
450–700	 °C	 corresponding	 to	 the	 decomposition	 of	 β‐CD	 and	
the	 oxidation	 of	 the	MWCNTs	 and	 the	 β‐CD	 residues,	 respec‐
tively.	 Based	 on	 these	 TGA	 results,	 the	 weight	 percentage	 of	
surface	 grafted	 β‐CD	was	 estimated	 to	 be	 around	40%	 in	 the	
MWCNTs‐g‐CD.	 This	 result	 is	 consistent	with	 previously	 find‐
ings	[52].	

3.2.	 	 Catalytic	performance	of	MWCNTs‐g‐CD	

A	comparison	of	the	catalytic	performances	of	the	MWCNTs,	
‐CD	and	MWCNTs‐g‐CD	for	the	oxidation	of	cinnamaldehyde	is	
shown	 in	Fig.	6.	A	blank	reaction	was	also	conducted	without	
any	catalyst,	which	gave	a	low	benzaldehyde	yield	of	only	16%	
after	3	h.	MWCNTs	alone	cannot	effectively	promote	the	oxida‐
tion	of	cinnamaldehyde.	The	addition	of	‐CD	was	beneficial	for	
the	 reaction,	 affording	 a	 cinnamaldehyde	 conversion	 of	 72%	
after	3	h	with	a	benzaldehyde	selectivity	of	62%,	which	is	con‐
sistent	 with	 previous	 results	 from	 the	 literature	 [21,23,41].	
Among	 these	 catalysts,	 MWCNTs‐g‐CD	 was	 found	 to	 be	 the	
most	effective,	achieving	a	cinnamaldehyde	conversion	of	95%	
with	a	benzaldehyde	selectivity	of	85%	after	a	reaction	time	of	
10	 min.	 These	 results	 clearly	 show	 that	 ‐CD	 and	 MWCNTs	
were	acting	synergistically	to	allow	for	the	efficient	oxidation	of	
cinnamaldehyde.	

Fig.	7	 shows	 the	effects	of	 several	different	parameters	on	

the	outcome	of	the	oxidation	of	cinnamaldehyde,	including	the	
reaction	time,	reaction	temperature,	amount	of	MWCNTs‐g‐CD,	
amount	of	H2O2	and	amount	of	NaHCO3.	 It	 is	noteworthy	 that	
the	 agitation	 speed	 also	 had	 an	 impact	 on	 this	 reaction	 (Fig.	
7(a)).	 Cinnamaldehyde	 conversions	 of	 19.7%,	 58.5%	 and	
74.2%	were	achieved	in	the	solution	phase	for	agitation	speeds	
of	0,	100,	and	200	r/min,	respectively,	after	a	reaction	time	of	
12	min.	At	a	 low	agitation	speed,	 the	conversion	of	 cinnamal‐
dehyde	 would	 be	 dependent	 on	 the	 low	 transfer	 rate	 of	 the	
oxidant	 from	 the	 aqueous	 phase	 into	 the	 solid‐liquid	 phase.	
Higher	agitation	speeds	would	enhance	 the	extent	of	 the	con‐
tact	between	the	two	phases	and	the	performance	of	the	cata‐
lyst.	 Agitation	 speeds	 of	 300	 and	 400	 r/min	 resulted	 in	 cin‐
namaldehyde	 conversions	 of	 93.0%	 and	 98.2%,	 respectively,	
after	12	min.	However,	further	increases	in	the	agitation	speed	
did	not	result	in	further	increases	in	the	cinnamaldehyde	con‐
version,	indicating	that	the	mass	transfer	was	no	longer	driving	
this	 process.	 An	 agitation	 speed	 of	 400	 r/min	 was	 therefore	
selected	as	the	optimum	agitation	speed	to	eliminate	the	effects	
of	the	liquid‐solid	mass	transfer.	This	value	was	used	to	evalu‐
ate	 the	 other	 parameters.	 The	 conversion	 of	 cinnamaldehyde	
over	 the	 MWCNTs‐g‐CD	 increased	 with	 increasing	 reaction	
time	and	reached	95%	after	a	reaction	time	of	10	min.	The	se‐
lectivity	 to	benzaldehyde	 for	 this	reaction	remained	 in	the	re‐
gion	of	85%	from	1	to	10	min.	A	slight	decrease	was	observed	
in	 the	 selectivity	when	 the	 reaction	 time	was	 increased	 to	12	
min	most	likely	because	of	the	deep	oxidation	of	benzaldehyde.	
These	results	demonstrated	that	the	optimal	reaction	time	for	
this	 transformation	was	 10	min,	 which	 is	much	 shorter	 than	
those	 reported	 for	 other	 cinnamaldehyde	 oxidation	 systems	
[21–23,41],	 thereby	highlighting	 the	 excellent	 performance	of	
MWCNTs‐g‐CD.	The	cinnamaldehyde	conversion	and	selectivity	
to	benzaldehyde	increased	from	38%	and	53%	in	the	absence	
of	MWCNTs‐g‐CD	to	95%	and	85%,	respectively,	following	the	
addition	 of	 100	mg	 of	MWCNTs‐g‐CD	 at	 60	 °C	 over	 3	 h	 (Fig.	
7(c)).	 This	 result	 indicated	 that	 the	MWCNTs‐g‐CD	 played	 an	
important	 role	 in	 the	 oxidation	 of	 cinnamaldehyde.	However,	
the	 addition	of	 an	 excess	of	 the	MWCNTs‐g‐CD	 (e.g.,	 120	mg)	
led	 to	 a	decrease	 in	 the	benzaldehyde	 selectivity,	which	 is	 at‐
tributed	 to	 the	 oxidation	 of	 benzaldehyde	 to	 benzoic	 acid	
[21,23].	

The	effect	of	the	amount	of	H2O2	on	the	performance	of	the	
MWCNTs‐g‐CD	 for	 the	 oxidation	 of	 cinnamaldehyde	was	 also	
evaluated	(Fig.	7(d)).	The	cinnamaldehyde	conversion	and	se‐
lectivity	to	benzaldehyde	increased	from	14%	and	45.7%	in	the	
absence	 of	H2O2	 to	 95%	and	85%,	 respectively,	 following	 the	
addition	 of	 2.5	mL	H2O2	 at	 60	 °C	 over	 3	 h.	 However,	 further	
increasing	the	amount	of	H2O2	to	3	mL	led	to	a	decrease	in	the	
benzaldehyde	 selectivity	 to	 80%.	Based	on	 the	 stoichiometry,	
the	molar	ratio	of	H2O2	to	cinnamaldehyde	was	1:1.	In	practice,	
a	 small	 excess	of	H2O2	was	used	 in	 this	 reaction	 to	overcome	
the	losses	encountered	as	a	consequence	of	the	decomposition	
of	 H2O2	 at	 high	 temperatures.	 Notably,	 the	 oxygen	 released	
during	the	decomposition	of	H2O2	would	have	no	impact	on	the	
oxidation	 of	 cinnamaldehyde	 [22,23].	 Based	 on	 these	 results,	
2.5	mL	of	H2O2	was	 selected	 as	 the	optimum	amount	 for	 this	
reaction.	 Although	 H2O2	 is	 an	 oxygen‐rich,	 environmentally	
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Fig.	6.	Performance	comparison	over	various	catalysts.	 (a)	Blank	test,	
30	wt%	H2O2	(2.5	mL),	NaHCO3	(2	mmol),	3	h;	(b)	MWNTs	(100	mg),	30
wt%	H2O2	(2.5	mL),	NaHCO3	(2	mmol),	3	h;	(c)	β‐CD	(1	mmol),	30	wt%	
H2O2	(4	mL),	NaHCO3	(2.5	mmol),	3	h;	(d)	MWCNTs‐g‐CD	(100	mg),	30
wt%	H2O2	 (2.5	mL),	 NaHCO3	 (2	mmol),	 10	min.	 Reaction	 conditions:	
cinnamaldehyde	(1	mmol),	H2O	(25	mL),	60	C.	
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friendly	oxidant,	which	generates	water	as	its	only	byproduct,	it	
is	a	slow‐acting	oxidant	in	the	absence	of	activation.	Richardson	
et	al.	[53–55]	reported	a	new	method	for	activating	H2O2	with	
bicarbonate	ions.	The	treatment	of	H2O2	with	bicarbonate	ions	
resulted	 in	 the	 formation	 of	 peroxymonocarbonate	 ions	
(HCO4−),	which	effectively	oxidized	cinnamaldehyde	to	produce	
benzaldehyde	 [22,23].	 As	 shown	 in	 Fig.	 7(e),	 the	 cinnamalde‐

hyde	 conversion	 and	 benzaldehyde	 selectivity	 were	 7%	 and	
57%,	 respectively,	 when	 the	 reaction	 was	 conducted	 in	 the	
absence	of	NaHCO3.	Notably,	the	addition	of	NaHCO3	(2	mmol)	
led	 to	 a	 considerable	 improvement	 in	 the	 cinnamaldehyde	
conversion	to	95%,	as	well	as	an	increase	in	the	benzaldehyde	
selectivity	to	85%,	indicating	that	NaHCO3	played	a	crucial	role	
in	 the	 oxidation	 of	 cinnamaldehyde.	 Furthermore,	 increasing	
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Fig.	7.	(a)	Effect	of	agitation	speed	under	the	conditions:	cinnamaldehyde	(1	mmol),	MWCNTs‐g‐CD	(100	mg),	NaHCO3	(2	mmol),	H2O2	(2.5	mL,	30
wt%),	60	°C,	12	min;	(b)	Effect	of	reaction	time	under	the	conditions:	cinnamaldehyde	(1	mmol),	MWCNTs‐g‐CD	(100	mg),	NaHCO3	(2	mmol),	H2O2
(2.5	mL,	30	wt%),	60	°C;	(c)	Effect	of	the	amount	of	MWCNTs‐g‐CD	employed	under	the	conditions:	cinnamaldehyde	(1	mmol),	NaHCO3	(2	mmol),	
H2O2	(2.5	mL,	30	wt%),	60	°C,	10	min;	(d)	Effect	of	the	amount	of	H2O2	employed	under	the	conditions:	cinnamaldehyde	(1	mmol),	MWCNTs‐g‐CD	
(100	 mg),	 NaHCO3	 (2	 mmol),	 60	 °C,	 10	 min;	 (e)	 Effect	 of	 the	 amount	 of	 NaHCO3	 employed	 under	 the	 conditions:	 cinnamaldehyde	 (1	 mmol),	
MWCNTs‐g‐CD	(100	mg),	H2O2	(2.5	mL,	30	wt%),	60	°C,	10	min;	(f)	Effect	of	reaction	temperature	under	the	conditions:	cinnamaldehyde	(1	mmol),	
MWCNTs‐g‐CD	(100	mg),	H2O2	(2.5	mL,	30	wt%),	NaHCO3	(2	mmol),	10	min.	
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the	amount	of	NaHCO3	to	2.5	mmol	led	to	further	a	increase	in	
the	 cinnamaldehyde	 conversion	 to	 100%.	 However,	 this	 in‐
crease	 was	 accompanied	 by	 a	 decrease	 in	 the	 benzaldehyde	
selectivity	to	80%,	which	was	caused	by	the	oxidation	of	ben‐
zaldehyde	to	benzoic	acid.	Taken	together,	 these	results	show	
that	 the	addition	of	an	appropriate	amount	of	NaHCO3	 is	nec‐
essary	for	the	reaction.	

The	reaction	 temperature	also	had	a	pronounced	effect	on	
the	 oxidation	 of	 cinnamaldehyde	 (Fig.	 7(f)).	 For	 example,	 in‐
creasing	 the	 reaction	 temperature	 increased	 the	 cinnamalde‐
hyde	 conversion	 and	 benzoic	 acid	 selectivity	 but	 led	 to	 a	 de‐
crease	 in	 the	 benzaldehyde	 selectivity.	 The	 optimal	 reaction	
temperature	 for	 the	 oxidation	 of	 cinnamaldehyde	 was	 there‐
fore	set	as	60	°C,	which	represents	a	compromise	between	the	
benzaldehyde	selectivity	and	cinnamaldehyde	conversion.	

The	performance	characteristics	of	the	MWCNTs‐β‐CD	were	
evaluated	under	the	optimized	conditions	and	the	results	were	
compared	 with	 those	 of	 several	 other	 β‐CD‐based	 catalysts	
from	 the	 literature	 (Table	 1).	 The	 results	 revealed	 that	 the	
MWCNTs‐β‐CD	 developed	 in	 the	 current	 study	 performed	
comparably	 or	 better	 than	 the	 other	 systems	 in	 terms	 of	 the	
cinnamaldehyde	conversion	and	benzaldehyde	selectivity.	The	
MWCNTs‐β‐CD	also	required	much	shorter	reaction	times	then	
the	other	β‐CD‐based	catalysts,	thereby	highlighting	the	excel‐
lent	catalytic	performance	of	the	MWCNTs‐β‐CD	for	the	oxida‐
tion	 of	 cinnamaldehyde.	 However,	 the	 MWCNTs‐β‐CD	 could	
decompose	 over	 time	 leading	 to	 a	 decrease	 in	 their	 catalytic	
activity,	 and	small	 changes	 in	 the	crystallinity	of	 this	material	
could	 go	 undetected	 by	 XRD.	 To	 evaluate	 this	 possibility,	 we	
conducted	a	 series	of	experiments	 to	assess	 the	reusability	of	
the	catalyst,	which	is	an	important	index	for	assessing	the	prac‐
tical	application	of	a	catalytic	system.	Given	that	the	benzalde‐
hyde	product	of	this	reaction	is	soluble	in	ethyl	acetate,	which	

can	be	separated	by	extraction	from	the	aqueous	reaction	mix‐
ture,	it	was	investigated	that	the	catalyst	could	be	recovered	by	
filtration	and	 reused	 for	 the	oxidation	of	 a	 fresh	batch	of	 cin‐
namaldehyde.	Table	2	provides	a	summary	of	the	recyclability	
properties	of	 the	MWCNTs‐g‐CD.	After	each	reaction,	 the	ben‐
zaldehyde	was	isolated	by	extraction,	and	the	resulting	precip‐
itate	was	washed	sequentially	with	ethanol	and	water	at	80	C	
for	2	h.	After	drying,	 the	catalyst	was	reused	 for	 the	next	run	
under	 the	 same	 conditions.	 As	 shown	 in	 Table	 2,	 the	
MWCNTs‐g‐CD	shows	outstanding	recyclability	over	 five	cata‐
lytic	cycles,	as	well	as	good	stability.	 	

Scanning	 electron	microscope	 (SEM)	was	used	 to	 evaluate	
changes	 in	 the	morphological	 characteristics	 and	 sizes	 of	 the	
used	 catalysts.	 SEM	 images	 of	 the	 MWCNTs	 and	 the	 used	
MWCNTs‐g‐CD	are	shown	 in	Fig.	8.	The	MWCNTs	were	 found	
to	be	 tubular	 in	 shape	with	a	diameter	 in	 the	 range	of	10–30	
nm	 (Fig.	 8(a)).	 In	 contrast,	 the	 diameters	 of	 the	 used	
MWCNTs‐g‐CD	 (20–40	 nm)	 were	 larger	 than	 those	 of	 the	
MWCNTs,	which	 indicated	 that	‐CD	was	uniformly	dispersed	
on	 the	 surfaces	of	 the	MWCNTs	 (Fig.	 8(b)).	This	difference	 in	
the	diameters	was	attributed	to	chemical	bonding	between	the	
MWCNTs	 and	 ‐CD,	 and	 hydrogen‐bonding	 interactions	 be‐
tween	the	adjacent	‐CD	molecules.	A	comparison	of	 the	SEM	
images	 for	 the	 MWCNTs	 and	 the	 used	 MWCNTs‐g‐CD	 con‐
firmed	 that	 the	 morphological	 characteristics	 of	 the	 used	
MWCNTs‐g‐CD	 were	 not	 affected	 by	 the	 oxidation	 of	 cin‐
namaldehyde.	

3.3.	 	 The	oxidation	of	substituted	cinnamaldehydes	

In	light	of	the	results	achieved	for	the	efficient	oxidation	of	

Table	2	
Cyclic	stability	 test	of	MWCNTs‐g‐CD	 for	 the	oxidation	of	cinnamalde‐
hyde	to	benzaldehyde.	

Cycle	 	 1	 2	 3	 4	 5	 6	
Conversion	(%)	 95.0	 94.8	 94.2	 93.8	 93.1	 90.2	
Selectivity	(%)	 84.5	 84.0	 84.0	 83.8	 82.9	 78.6	
Reaction	 conditions:	 cinnamaldehyde	 derivative	 (1	 mmol),	
MWCNTs‐g‐CD	 (100	mg),	 H2O2	 (2.5	mL,	 30	wt%),	NaHCO3	 (2	mmol),	
H2O	(25	mL),	60	C,	10	min.	

Table	1	
Performance	comparison	among	various	β‐CD	based	catalysts	for	the	oxidation	of	cinnamaldehyde	to	benzaldehyde.	

Catalyst	
Conversion	

	 (%)	
Selectivity	

(%)	
Reaction	

	 time	(min)	
Conditions	 Ref.	

MWCNTs‐g‐CD	 95	 84.5	 	 10	 Cinnamaldehyde	(1	mmol),	MWCNTs‐g‐CD	(100	mg),	H2O2	(2.5	mL,	30	wt%),	
NaHCO3	(2	mmol),	H2O	(25	mL),	60	C	

This	work

β‐CD‐CTS	 96	 78.0	 150	 Cinnamaldehyde	(1	mmol),	β‐CD‐CTS	(100	mg),	H2O2	(4	mL,	30	wt%),	 	
NaHCO3	(2.5	mmol),	β‐CD	(1	mmol),	H2O	(25	mL),	60	C	

[21]	

β‐CDP	 99	 63.0	 150	 Cinnamaldehyde	(1	mmol),	β‐CDP	(2	g),	H2O2	(4	mL,	30	wt%),	 	
NaHCO3	(1.5	mmol),	H2O	(25	mL),	60	C,	600	r/min	

[22]	

β‐CDP	 92	 62.0	 120	 β‐CDP	(1	g),	HClO	(4	mL,	7.5	wt%),	H2O	(25	mL),	70	C	 [23]	
β‐CDCP	 95	 71.0	 180	 Cinnamaldehyde	(1	mmol),	β‐CDCP	(1	g),	H2O2	(4	mL,	30	wt%),	 	

NaHCO3	(2	mmol),	H2O	(25	mL),	70	C	
[24]	

2‐HP‐β‐CDCP	 97	 83.5	 	 60	 Cinnamaldehyde	(1	mmol),	2‐HP‐β‐CDCP	(0.4	g),	H2O2	(2	mL,	30	wt%),	 	
Na2CO3	(1.5	mmol),	H2O	(25	mL),	60	C	

[41]	

	

Fig.	8.	SEM	images	of	MWCNTs	(a)	and	the	used	MWCNTs‐g‐CD	(b).	
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cinnamaldehyde,	we	also	evaluated	the	oxidation	of	a	series	of	
substituted	cinnamaldehydes	using	the	MWCNTs‐g‐CD	catalyst,	
and	the	results	are	 listed	in	Table	3.	Pleasingly,	all	of	the	sub‐
stituted	 cinnamaldehydes	 were	 smoothly	 converted	 to	 the	
corresponding	 benzaldehydes	 with	 good	 conversions	 and	 se‐
lectivity.	 However,	 the	 electronic	 nature	 of	 the	 substituent	
group	had	a	pronounced	impact	on	the	outcome	of	the	oxida‐
tion	 reaction.	 For	 example,	 cinnamaldehydes	 bearing	 an	 oxy‐
gen‐containing	 substituent	 (Table	 3,	 entries	 1–3	 and	 10–12)	
produced	 the	 corresponding	 benzaldehydes	 in	 81%–85%	 se‐
lectivity,	which	were	higher	than	that	of	cinnamaldehyde.	This	
increase	in	the	selectivity	could	be	attributed	to	the	formation	
of	 a	 weak	 ternary	 complex	 between	 the	 oxygen‐containing	
substituent	 (e.g.,	 –OCH3	or	–NO2)	and	 the	secondary	hydroxyl	
groups	on	 the	 rim	of	 the	β‐CD	 through	hydrogen	bonding	 in‐
teractions.	 The	 position	of	 the	 substituent	 on	 the	 phenyl	 ring	
had	a	considerable	impact	on	the	catalytic	activity	through	ste‐
ric	 hindrance.	 For	 example,	 the	 conversions	 of	 the	 cinnamal‐

dehydes	increased	going	from	the	o‐substituted	systems	(Table	
3,	entries	1,	4,	7	and	10)	to	the	m‐substituted	systems	(entries	
2,	5,	8	and	11),	and	increased	again	going	to	the	p‐substituted	
cinnamaldehydes	(Table	3,	entries	3,	6,	9	and	12).	These	results	
also	 indicated	 that	 the	 oxidation	 of	 the	 substituted	 cinnamal‐
dehydes	was	also	affected	by	the	β‐CD	cavity.	Cinnamaldehydes	
bearing	an	electron‐rich	methoxy	group	(Table	3,	entries	1–3)	
or	an	electron‐neutral	methyl	group	(Table	3,	entries	4–6)	gave	
the	 corresponding	 benzaldehydes	 in	 63%–100%	 conversions	
with	 selectivities	 of	 72%–85%.	 In	 contrast,	 cinnamaldehydes	
bearing	an	electron‐withdrawing	chloride‐	or	nitro‐substituent	
gave	conversions	and	selectivities	of	63%–78%	and	72%–85%,	
respectively,	 (Table	3,	 entries	 6–12)	 even	 after	 a	 longer	 reac‐
tion	time	(180	min).	The	results	in	Table	3	also	showed	that	the	
formation	 of	 weak	 interactions	 between	 β‐CD	 and	 the	 sub‐
strates	enhanced	their	reactivity	depending	on	the	size,	shape	
and	hydrophobicity	of	the	guest	molecule	[3,56].	

3.4.	 	 Reaction	mechanism	

Our	 previous	 results	 [21–23,41]	 indicated	 that	 the	 β‐CD	
sites	could	be	regarded	as	the	active	sites	in	the	catalytic	oxida‐
tion	 of	 cinnamaldehyde	 with	 H2O2	 activated	 by	 bicarbonate	
ions	in	water.	Based	on	the	experimental	data	presented	above,	
we	proposed	a	plausible	mechanism	for	this	reaction,	which	is	
presented	 in	Fig.	 9.	 Firstly,	 cinnamaldehyde	would	be	quickly	
adsorbed	onto	the	surface	of	the	MWCNTs	through	electrostat‐
ic	 attraction	 under	mechanical	 stirring	 (Fig.	 10).	 Cinnamalde‐
hyde	 would	 also	 be	 encapsulated	 in	 the	 cavities	 of	 β‐CD	
through	 host‐guest	 interactions.	 However,	 the	 changes	 ob‐
served	in	the	energy	during	the	course	of	the	inclusion	process	
would	be	dependent	of	the	stability	of	the	host‐guest	complex‐
es	between	the	MWCNT	or	β‐CD	and	the	different	guests.	Pre‐
vious	reports	in	this	area	have	indicated	that	increasingly	nega‐
tive	 binding	 energies	 lead	 to	 increasingly	 stable	 host‐guest	
complexes	 [41].	 The	 binding	 energy	 for	 the	 MWCNT‐	cin‐
namaldehyde	complex	is	listed	in	Table	4.	The	results	showed	
that	the	MWCNTs	could	interact	with	cinnamaldehyde	to	form	
stable	 inclusion	 complex	 through	 aromatic‐aromatic	 (π‐π	
stacking)	interactions	[57].	However,	the	binding	energy	for	the	
cinnamaldehyde‐β‐CD	 complex	 was	 lower	 than	 that	 of	 the	
MWCNT‐cinnamaldehyde	 complex	 [8],	 indicating	 that	 cin‐
namaldehyde	 was	 being	 preferentially	 absorbed	 in	 the	 β‐CD	
cavities.	The	β‐CD	sites	 therefore	 interacted	with	cinnamalde‐
hyde	to	form	more	stable	inclusion	complex	than	the	MWCNTs	
through	 intermolecular	 hydrogen	 bond	 interactions,	 which	
were	 confirmed	by	 1H	NMR	and	2D	ROESY	experiments	 [11].	
Secondly,	 the	nucleophilic	hydroxyl	 groups	of	β‐CD	would	 at‐
tack	 the	β‐carbon	atom	of	 the	α,β‐unsaturated	 carbocation	 to	
form	 a	 hydrated	 molecule	 via	 the	 hydrolysis	 of	 sodium	 car‐
bonate.	This	would	lead	to	a	6%	yield	of	benzaldehyde	by	the	
deprotonation	of	 the	hydrated	molecule,	which	would	 lead	 to	
the	 cleavage	 of	 the	 C=C	 bond.	 In	 contrast,	 the	 active	 peroxy‐
monocarbonate	ions	(HCO4–)	formed	via	the	activation	of	H2O2	
with	bicarbonate	would	be	 adsorbed	onto	 the	 surfaces	of	 the	
MWCNTs.	The	MWCNTs	could	also	accelerate	the	formation	of	
the	active	species	according	to	reaction	(2).	The	HCO4	species	

Table	3	
Oxidation	 of	 substituted	 cinnamaldehydes	 to	 the	 corresponding	 alde‐
hydes	over	MWCNTs‐g‐CD.	

En‐
try	

Reactant	 Product	
Reaction	
time	
(min)	

Con‐
version
(%)	

Selec‐
tivity
(%)

1	
	 	

10	 100	 84	

2	

	

O

OCH3 	

10	 96	 84.5

3	
	 	

10	 93	 85	

4	
	 	

15	 97	 72	

5	

	 	

15	 94	 76	

6	
O

H3C 	 	
15	 92	 78	

7	
	 	

180	 78	 72	

8	

	 	

180	 71	 74	

9	
	 	

180	 65	 76	

10	
	 	

180	 75	 81	

11	

	 	

180	 68	 82	

12	
	

O

O2N 	
180	 63	 84	

Reaction	 conditions:	 cinnamaldehyde	 derivative	 (1	 mmol),	
MWCNTs‐g‐CD	(100	mg),	H2O2	(2.5	mL,	30	wt%),	NaHCO3	(2.5	mmol),	
H2O	(25	mL),	60	C.	
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generated	in	this	way	could	react	with	cinnamaldehyde	to	yield	
the	corresponding	epoxide.	In	situ‐generated	HCO4	could	then	
react	 with	 newly	 formed	 epoxide	 to	 form	 the	 benzaldehyde.	
The	catalyst	would	then	be	restored	to	its	initial	state.	

HCO3–	 +	 H2O	 =	 H2CO3	 +	 OH–	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	
HCO3–	 +	 H2O2	 =	 HCO4–	 +	 H2O	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3)	

Lastly,	we	evaluated	oxidation	of	cinnamaldehyde	over	β‐CD	
and	 MWCNTs‐g‐CD	 based	 on	 the	 apparent	 activation	 energy	
(Ea).	The	results	revealed	that	the	rate	constants	increased	with	
the	 increasing	 temperature,	 and	 that	 the	 rate	 constants	were	
higher	in	the	presence	of	MWCNTs‐g‐CD	than	they	were	in	the	
absence	of	β‐CD,	which	 implied	that	MWCNTs‐g‐CD	could	sig‐
nificantly	 improve	 the	 oxidation	 reaction	 (Table	 5).	 The	 rela‐
tionship	 between	 the	 rate	 constant	 and	 the	 temperature	was	
fitted	according	to	the	following	equation:	

k	 =	 k0exp(–Ea/RT)	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (4)	
where	k	 is	 the	 rate	 constant	 of	 the	 reaction	 (min–1),	k0	 is	 the	
constant‐frequency	factor	(min–1),	Ea	is	the	activation	energy	of	
the	 reaction	 (kJ/mol),	 R	 is	 the	 gas	 constant	 (8.314	 ×	 10–3	
kJ	mol–1	K–1),	and	T	is	the	absolute	temperature	(K).	

The	rate	constants	shown	in	Table	5	were	used	to	generate	
the	Arrhenius	plots	of	lnk	and	1/T	shown	in	Fig.	11.	The	Ea	val‐
ues	were	calculated	in	the	presence	of	the	MWCNTs‐g‐CD	and	
β‐CD	 and	 found	 to	 be	 16.33	 and	 45.66	 kJ/mol,	 respectively.	
These	results	clearly	show	that	the	MWCNTs‐g‐CD	led	to	a	re‐
duction	 in	 the	 activation	 energy	 and	 improved	 the	 oxidation	
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O O O
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O O O

O O O
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O O O

O O O

HCO4
-
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(1)

O O O

O O O
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Fig.	9.	Proposed	mechanism	for	the	oxidation	of	cinnamaldehyde	over	MWCNTs‐g‐CD.	

Table	5	
The	rate	orders	and	rate	constants	at	various	reaction	temperatures	in	
the	presence	of	β‐CD	and	MWCNTs‐g‐CD.	

T	(K)	
β‐CD	 	 MWCNTs‐g‐CD	

k	 	
(min–1)

Correlation	 	
coefficient	(R2)	

	
k	 	

(min–1)	
Correlation	 	

coefficient	(R2)
303	 0.00614 0.9921	 	 0.1847	 0.9867	
313	 0.01236 0.9945	 	 0.2225	 0.9789	

323	 0.02280 0.9978	 	 0.2637	 0.9912	

333	 0.03050 0.9961	 	 0.3345	 0.9812	

 
Fig.	10.	Minimum	energy	 structures	 of	MWCNT‐cinnmaldehyde	 com‐
plex	calculated	by	DMol3.	

Table	4	
Energies	 in	 the	 inclusion	 complexation	 of	 host‐guests	 calculated	 by	
DMol3.	

Entry	
Energy	
(kJ/mol)	

Binding	energy	
(ᇞE,	kJ/mol)	

MWCNT	 –23074523.92	 —	
Cinnmaldehyde	 	 –1100811.63	 —	
MWCNT	‐Cinnmaldehyde	 –24175344.63	 –9.08	

3.00 3.06 3.12 3.18 3.24 3.30
-5.4

-4.8

-4.2

-3.6

-3.0

-2.4

-1.8

-1.2

-CD
Ea = 45.66 kJ/mol

MWCNTs-g-CD
Ea = 16.33 kJ/mol

ln
k 

(m
in

1
)

1000/T (K1)

Fig.	11.	Arrhenius	plots	for	cinnamaldehyde	oxidation.	
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rate	of	 cinnamaldehyde	 compared	with	β‐CD.	 In	 addition,	 the	
inclusion	of	β‐CD	led	to	an	increase	in	the	substrate	specificity	
and	mass	transfer,	as	reported	previously	[22].	Taken	together	
with	the	synergistic	effects	of	MWCNTs	and	β‐CD,	these	results	
highlight	 the	 potential	 of	 MWCNTs‐g‐CD	 for	 the	 oxidation	 of	
cinnamaldehyde.	

4.	 	 Conclusions	

An	 efficient	 β‐cyclodextrin	 (β‐CD)‐functionalized	 MWNT	
(MWCNTs‐g‐CD)	 catalyst	 was	 designed	 and	 successfully	 ap‐
plied	 to	 the	 eco‐friendly	oxidation	of	 cinnamaldehyde	 to	ben‐
zaldehyde.	 Under	 the	 optimized	 conditions,	 this	 system	
achieved	95%	cinnamaldehyde	conversion	with	85%	selectivi‐
ty	to	the	natural	benzaldehyde	with	a	short	reaction	time	of	10	
min.	This	catalyst	also	demonstrated	outstanding	recyclability	
following	five	reaction	cycles,	with	good	stability.	These	results	
highlight	the	potential	of	designing	heterogeneous	catalysts	for	
the	production	of	natural	benzaldehyde.	
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β‐cyclodextrin	 (β‐CD)	 functionalized	 MWNTs	 (MWCNTs‐g‐CD)	
were	 designed	 for	 the	 oxidation	 of	 cinnamon	 oil	 to	 natural	 ben‐
zaldehyde	in	the	aqueous	solutions.	The	synergistic	effect	between	
MWCNTs	 and	 β‐CD	 leads	 to	 the	 remarkably	 enhanced	 perfor‐
mance	 of	MWCNTs‐g‐CD	 for	 the	 catalytic	 oxidation	 of	 cinnamal‐
dehyde.	

Cinnamon oil

Natural benzaldehyde

O

Conversion: 95%
Selectivity: 85%
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