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reatment often leads to fragmentation ot the nanotubes in
smaller sectons, which might impair their propertes In
contrast, the noncovalent modification ot CNT's surtace is
an attractive approach since it only involves the adsorprion
of a surtfactant or biopolymer and preserves the CNT's integ
riry | 15-18]. Surtactants such as sodium dodecyl sultare and
scdium dodecyl benzene sultonate have been proposed as
coaling agent to promote the dispersion ot the CN'1's and pro-
vide good stability for several months in aqueous solution
119,20]. However, the used of such surtactants in drig delivery
applications is not possible as they are though to be toxic by
inducing denarurization of proteins present in the blood
21]. This tact was demonstrated by Dong etal who recently
reported that individual single wall carbon nanctubes modi-
hed with surtactants, were toxic to 1321N1 human astrocy-
oma cells when compare with unmodibed single wall
carbon nanotubes {22]. As an alternarive to potentally toxic
surfactant, biopolymers have been proposed to noncovalently
modity the CNTs surtace [23.24]. Biopolymers such as gum
arabic or gelatin have been used in the surtace modihcation
ot CNTs tor the preparation of conductng microelectrode
used in bio-elecrochemistry {25,26]. Chitosan, a polysaccha-
ride biopolymer obtained trom the deacetylation ot chitn,
nas been widely used in medical applications because it
can, riot only be economically processed trom chitin, bur is
also nontoxic, bioccompatible, and biodegradable 2728)
Chitosan biopolymer is to be treated as a random copolymer
ot 1 glicosamine (deacetylated unit) and N-acetyl p-ghicosa-
mune (acetylated unit) with a degree ot deacetylation {(%DD)
representng the molar tracton of e-glicosamine along the
backbone ot the polymer (29| Naturally, chitosan and its
derwatives have been reported as polymer of cholce for CNITs
modifcation to improve their dispersion (20| Chitosan stric.
tare contains both aceryl hydrophobic groups, which could
bind onto the CN1s surtace, and the amino groups to provide
water dispersion. Furthermore, Peng et al also demonstrated
using computational simulation that chitosan could wrap
along the CN s axis [21] ‘This was also supported by surtace
decoration of carbon nanotubes with chitosan, tollowed b') a
cross-iinking step (32| In all cited work, chitosan vath a high
degrec ot deacetylation was used mainly tor the 'nod.nmt.m
ot single wall carbon nanotubes probably because high LD

chitosan display a better solubility in aqueous mcdm Yet

the highly hydrophilic character ot the high %LU chitosan
mught be a disadvantage tor the sartace modification of car-
bor. nanotubes ard lead to poor adsorprion. In the presented
work, our starting hypothesis was that a lower %LU chitosarn
woald be preterable and mightallow a better dispersion of the
nanonabes. Literature search contrmed that ne previods ro
port has been made on the ettect ot degree ot deacetylarion
ot chirosan to the dispersion and stability ethciency ot CNIs
1 this ardele, the cttect of the degrme ot deacetylation
% D) ot chitosan on the dispersion ot MWCNI's is reported
he dispersion ethciency and stability against sedimenrtation
ot the modiied MWCUNTs was aiso investgated a tancton of
the chitosan %DU. The degree of deacetylation ot chitosan
was found to play a critical role in the dispersion ethciency
ot MW N I's and their stability based on noncovalent modih
cation. Uur resilts suggest that lower “UD chitosan is more
ctheient to disperse MWONTs

2, Experimental

248 Chemicals

MWCUNTs with a diameter of 110-2/0nm and length ot 5-9 pym
were purcnased trom Aldrich, Thailand Ihese nanotibes
were synthesized by chemical vapor depositon (intormaton

provided by the distributor). Chitin extracted trom shrimp
and used in the synthesis of chitosan was obtained trom
AN (aquaric nurnton lab) Lrd., Thailand. Concentrated so
dium hydroxide 50% w/w was purchased trom Vimayasom
Co. Lrd . Iralland. Aralytical grade glacial acetic acid was
purchased from Labscan Asia Co, Ltd, Thaland All cherm
:nts were used as received without any tarther
Double distilled

cals and sol
purifhcaton.
cxperiments

water was used in all

2.2 Experimental methods

221 Synthesis of chitosun with varicus %DD

Chirosan with various degrec of deacetylation {%:DD) was pre

pared by reacting 40 g of chitin in 750 mi of concerntmatd so-
dium hydroxide (50% w/w) under constant shaking. Difterent
chitosan batches of increasing “ DU were obrained by increas

ing the reacton tme trom Z to 12 days at ambient tempera-
ture lhe resulong chitosan powder was then hitered and
rinsed with water untl obraining neutral pH and hraly dried
nair lhe %UU of each chitosan batches was measiwred by
hrst derivative spectroscopy using a UV-Visible spectropho-
tometer (SPLCORD S 100, Analydkiena) 32]. In each experi

ment, the chitosan sampics were prepared by appropriate
dilution ot the stock solurions in order o obraln the needed
concentration of chitosan in 2 mM acetic acid

of diilosun woncentration on the dispersicn of

Vel ]
o 1o
to
,~
,»
=

.5. CN Ts
V-Visibie spectroscopy was dsed to determine the ethaerncy

ot the dispersion ot the carbon rarotubes in solinon. As
MWCNTs absorb all wavelengrhs in the visible range. their
dispersiorn. can be evaliated by mcording the changes in
absorbance ar ixed wavelength (550 nm) 2 lhe wave
length ot 550 nm was chose
thevisible range and ts often used i turbidity measurements
n each experiments, a Axed amount of MWUN s {5 mg)
arst dispersed i a 10 mi selation of a 0.0l mM chitosa
UL 1) The absorbance ot the solition was measired
til the Aral concentration

as if represents the midway ot

i
atrer cach adjuncoon of chitosan un
ot 10 mMchitosarn was reached Areachstep them

Tare %as

trred and soricated tor 0 mun using an uitrasonic bath

((.l:...' I Model 2758 USA)
223  Efect of chitesun %DD un of MWCONTs

lo evaliate the cttect ot the % DL on the dispersion cthoency
of MWCNIs by chitesan, 12 5 mg ot MWCNITs wen added
ditterent solutions ot chitosan having a hxed volume ot
sUmiand a hxed conc arion ot 5 mM but having rcreas

ing wDL (01, /1, 78 &, 9 or 93%LDL). Atter mixing, the
MWCNTs and the chitosan solutions were stimred a:“d soni-
cared tor 20 min. lhe absorbance at 50 nm ot the pitch black
solations was then measuared by

un the dispersic

Jv-Visible spectroscopy



CARBON 48 (z010) 28 40 27
224 Stability of modified MWCNTs leads to a sharp ircrease the absotbance at Ss0nm. lhisin
lo assess the stability against sedimerntarion of the CN 1 mod crease n absorbance quickly levels oft suggestng thar all
thed with various types ot chitosan (61, 71, /8. ¥, 90 or the carbon nanotubes, presentin the soiunor., have been dis

949.DD), each prepared solidon was centntuged 10 mun ata
rotation rate ot 2000 rpm. I'he 4nal absorbance at 550 nm ot
the supemarant was recorded and plotted as a tinction ot
the %DD.

225 Swface charge of the modified MWONT

Ihe zetasizer INAanOLS4700 nanoseries, Malvern Instruments,
UK) was used to measure the surtace zeta potential of the
MWCNIs modihed with solurions of chitosan having 61, /1,
76, 84 and 93%BL. Lach solution contained 20 mM of acetic
acid, which remained trom the preparaton of the chitosan
solutonsand provided a inal pH valie of 2.4, The acidic med-
ium is needed to insuring total ionization of the amino groups
present in the chitosan to their NH; torm. Measurements in
reutral or basic conditons would lead to low zeta potential
values as well as poor chitosan solubility due to the de-pro
tonaton ot the NH{ to NH,. Themodibed MW CN1s were then
centrituged at 4000 rpm tor 15 min in order to remove the ex-
cess ot chitesan ‘The precipitant was re-dispersed by vortex
25 miot 20 mM acetic acid and sonicated The precipitation
and re-dispersion steps were repeated three times prior o
2cTa potental measurements.

3. Results and discussion

In these experiments, chitosan was used to disperse the
MWCNTs by roncovalent surtace modihcation It one mies
to disperse carbon nanotube in aqueous solution, it 1s well
¥riown that prior to the adjuncton of any dispersing agent,
the soluton will appear clear with the MWCNIs aggregated
at the airwater interface. Weak van der Waals alfract
and r-r stacking between the abundant double bonds found
in MWCN s are through to be responsible tor their aggrega-
tion and poor solubility in aqueous solution Shown in Fig 1
a plot of the changes in absorbance of the solition as a
tunction ot the added chitosan concentration. From the initial
solution of aggregated carbon nanotubes, as chitosan concen-
tration is increased up to 1 mM, the adsorption of the polymer
onto the carbon nanotabes leads to dispersion, which in turn

'r .
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=
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Chitosan conventrabion 1mhif

Fig. 1 - Plot of the changes in absorbance of a MWCNTs
solution as function of the 61%DD chitosan concentration.

persed Further tncrease ol the
does not induce any increase in

o Y mM
e chitosan

riosan solinorn
absorbance Wh
is added to the solution, noncovalent adsorpton
on the nanetabe surtace 1s thought  take place, whi
ate the dispersion. by repuaision of tf
beer reported that the acetyl gro
rvdmar.obu: part ot the chitosan,
these functional groups could adsorb preterentially on
surface ot the MWCNTs. In the mean dme. the hydrop
parts of chirosan (NH!) induce a positve charge at the vicinity
ot the nanotubes surtace. which alow tor thelr stabiliza
1 agueous solution by electrostatic repulsion. Lhis dispersion
process can be st‘..d.cd using UV-Visible spectroscopy by
recording the changes in absorba:u.c ot the solimon at
550 rm. ard is theretore equivalent to a r.ubidzry MEeAS A
ment As carbon nanotubes absorb all the wavelengths in
the visible part ot the electromagnetic spectrum, increases
in dispersion ot the carbor ranotubes render the soluton

: nanotibes Su

ups represent € NI0sT

the asthors suggest that

e

more and more piten black
Since our hypothesis was that the more hydroprobicacery!
groups present in chitosan might allow a better interaction
with the MW N Ts, our interest turned toward the preparazon
ot chitosan having a higher molar traction ot acefyl grouvs
thus a lower “%DD. Qur hypothesis was that since the hydro
phobic character ot chitosan is controlied by the traction of
acetylated functional groups [35). chitosan with a lower %LU
should bc a betrer molecule tor the dispersion ot CN s, Lnit
san with a lower %DD can simply be prepared by a shorter
reaction ime of the chitin biopolymer in the S0% w/w sodiuim
hydroxide solution, In our work we chose to use b1 Dl as the
lowest degree of deacetyiation because the resulting chirosan
molecules were not suthciently soluble and led ro very scat
tered rmsults. Shown in Yig 2 (squares), is the absorbance ot
different solutons containing MWCNTs dispersed with
chitosan having ditterent degree of deacetylation (61, /2, /&,
B4, 90 or 93%LD). Although it was shown in Fig 1 that a
1 mM chitosan concentration is suthcient to dispersed carbon
nanctubes, a concentration of $mM chitosan

was used to
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Degree of deacets lateon 47

Fig. 2 - Plots of the changes in absorbance of a dispersion of
MWCNTSs in a 5 mM chitosan solution of various degree of
deacetylation before (squares) and after (triangles)
centrifugation at 2000 rpm for 10 min.
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insure total dispersion. of the MWCNTs in an excess solution
ot chitosan. From the absorbance measurements of the solu
tons, it can be seen that the ethciency of the dispersion ot
the carbon nanotubes, decrease when increasing the chitosan
%DD. The hinal absorbance of the solution when using 61%DD
is double than when using the 93%UD chitosan. These results
suggest that, as expected, more hydrophebic chitosan scg
ment tound in the lower 61%DD are more ethcient to adsorb
ortothe MWCNTIs leading to a better dispersion ot the carbon
ranotube in soluton. 'The mechanism through which CN1
interact with chitosan is though t be due to hydrophobic
interaction trom hydrocarbon backbones and acetyl groups,
and = system of the MWCNTs. CH-» interaction which is a
weak hydrogen bonding attraction between sott acid C-H
bond and sott base « system are also though o take part in
the adsorprion of chitosan onto the MWCNTs (26). Atlow de-
gree ot deacerylaton 61% DD, the bonding torce between chito-
san and MWCNTs is based on hydrophobic interaction. due
the acetyl groups that can interact with the surface of the
ranotubes. Yor higher degree of deacerylation trom /1%0D
to 92%DD, the dispersion ethciency of the MWCNTs decreases
due to the more hydrophilic character ot the high %DD chito
san which is more soluble.
Ihe ethoiency of the surtace modihcation of MWCNTs s

often evaluated in term of stability against aggregation and
sedimentaton. Sedimenration occurs when the repulsion be
mween MWOCNTs is not strong, enough to prevent the aggrega
tion of the nanotube, leading to their precipitation. After
surtace modihcation ot the MWCNTs by chitosan, the excess
surtace charges provided by the amino groups on the chitosan
indice narortube-nanotube repulsion and theretore prevent
sedimenration. In pur experiment, the sedimentation of th
MWCNTI's was accelerated with a centrituge having a rotation
rate ot 2000 rpm tor 20 min. In Fig %, is shown the absorbance
ot cach MWCN I's solutions atter centrituganon tor cach %00
{rriangles) When compared to the initial absorbance (i L
square), a much lower absorbance as a result of the acceler
atcd sedimentadon by centritugation was measured. Yer, it
1s interesting to observe that the lower 61%DD portorm again
better thar the higher $3%DU although the tormer present a
lower charge density when compare with the later This
would suggest thart the adsorption. of the lower DU chitosan
is greater than for higher %DD. In term of resistance o sedl
merntarion, this improved stability suggests that the MWCNLs

modihed with the lower %DU have a higher surtace charge
densicy, which provides a better stabiliny against sedimenta
non In order to access the value ot the surtace charge, we tar
ther characterized the MWONTs surtace by zeta pofental
measirements

I'ne surtace charge density of cotlowdal parncles dispersed

i solution can be estimated by measuring the zeta potent
which represents the ditterence i potential between the slip
piane of the double layer near the particles surtace and tne
bulk soiution. The zeta potential of the pristine catbon nano
rabe s expected to be initially nearly neutral bur should be
come largely positive atter adsorption ot chitosan die to the
presence of cationic amine groups. In our experiments, the
modihed MWCNTs were tound to have zefa potental valies
ranging trom 24 to 4ZmV, which conhrm the successtul
immobilization of chitosan on the MWCN1s. Shown in Fig 3
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Fig. 3 - Zeta potential of modiied MWCNTs (diamonds) and
normalized chitosan ration adsorbed onto the MWCNTSs
(squares) as a function of the %DD of chitosan.

{diamonds) are plotted the zeta potental vallies as a tuncrion
ot the “LL, which range trom 4Z2mV (61%DD) o ZmV
(92%0D) These values decrease with increasing DU and
suggest that all MWCN s dispersed in splutions have sinular
surtace charged Yer because the £17:DD chitosan has a lower
linear charge density when compared to 92700, these i
need o be cormmd it we want o compare the amount of
polymer adsorbed at the surface ot the MWCNTs Ihis lower
linear charge density is duc to the tact that the 61%DD con
taln oniy 61 NH) groups tor 100 monomers
93% B contain ¥4 NH; per 100 monomer. ‘1’1:‘.!:::- the zeta po
tential 1s proportional to the density of charges. equalzeta po
tental tor two ranoribes would require 1% ames more
61% DD than Y4400 chitosan. | heretore the L

car charge density L5 tmes higher than the 61
{squares) 1s plotted tre corrected normalized chite

wlhille the

sarn mono
mer ration adsorbed onto the MWCNTs tor cach DL Lhis

plot is obt
the corresponding “ DU ot the chitosan used ard normalzed
From the plot it can be seen that 19 times more 61D
san adsorb onto the MWCUNIs when compared with
YLD, Several tactors can justify the much lower adsorpton
ot the ¥3%LD when compared with the 1% UL The 82

kas a better solubility, whick means it will tend to remain
ir. solurion and will be
soluti

red by dividing the measured zeta potential by

more thermodynamucally stable

higher charge density on the Y2%DD chitosan
can induce electrostatc repulsiorn of the NH; groups
in rarn would lead to lower adsorprion density of the ¢!
waile the 61700 couwld adsorb i a more packed tast

4, Conclusion

Muitiwall carbon nanotubes have been roncovalerntly mod
hed with chitosar having ditterent DL, Using chitosarn tav
ing ditterent %LU had a stong cttect on the quality ot the
ranotubes dispersion. Uv-Visible spectioscopy results
gest that the nanotibes dispersi

nwas improved when Gsing
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chitosar with a lower degree of deacertyiation (61%
compared with higher degree ot deacetyla
MWCNI modihed with the lower

LD) when
tion (Y2%DD). The
U also displayed the best

stability against centritugation. Zeta potental measurements
hrally conhrmed that the amount ot chitosan adsorbed onto

as with the high %DD.

nanotubes surtace was twice as high with the lower %0D
Irese modited MWONIs with

chirosan biopolymer could have the potental immobilization

ot

nydrophobic and hydrophilic drug in driag delivery

application
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