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Abstract—Single-walled carbon nanotubes (SWCNTs) were functionalized by chitosan and their application was
examined in adsorbing an anti-cancer drug, 5-fluorouracil (5Fu). Surface, physical and morphological characteristics of
raw SWCNTs and Chitosan-functionalized SWCNTs (Ch-SWCNTs) were extensively characterized by Fourier trans-
form spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), thermogravimetric analysis (TGA),
Brunauer-Emmet-Teller (BET) and X-ray diffraction (XRD). The effects of various variables such as pH, initial drug
concentration, temperature, and contact time on adsorption capacity were also investigated. Thermodynamic parame-
ters such as AS’, AH’, and AG’ were estimated. Isotherm and kinetic studies of drug adsorption indicated that the
adsorption process followed Langmuir isotherm model and pseudo-second-order kinetic, respectively. The maximum
adsorption capacity (q,,) of 5Fu on Ch-SWCNTs was 31.77 mg g ' at 298 K, pH 4.0, and 120 min, which is higher than
adsorption capacity of SWCNTs (4.12mg g ') in the same conditions. The adsorption was spontaneous and exother-

mic process in nature, with a slight decreasing in entropy.

Keywords: Anti-cancer Medicine, Nano-carrier, Single-walled Carbon Nanotube

INTRODUCTION

Targeting and drug delivery to inaccessible parts of human body
using nonmetric equipment is a main application of nanotechnol-
ogy in medical sciences. Precise and effective transmission of drugs
to certain targets requires operating systems smaller than the tar-
get. The widely-used methods of drug analysis in biological sam-
ples and also delivery system are based on nano-magnetic carrier
[1-5]. In spite of that, among well-known drug carriers are micelles,
liposomes, den dimers, hydrogels and nanomaterial [6].

Because of small size, nanomaterials can diffuse cellular barriers
(such as membranes) into the cell and only influence cells of the
considered tissue by target perception accumulation [7]. Moreover,
therapeutic factors can be placed on the surface of nanomaterial
so that immune system may not recognize them [8]. Since 2004,
carbon nanotubes have been widely considered by researchers as
nano scale drug carriers capable of intercellular transmission of
chemotherapy drugs, proteins and genes. Unique structural, physi-
cal and chemical features of nanotubes make them promising sub-
stances in a wide range of modern cancer therapies such as photo-
dynamic therapy, photo-thermal therapy, photo-acoustic therapy
and tumor eradication through radio waves [9,10].

A main constraint in application of carbon nanotubes (CNT5)
in biomedical therapies is their insolubility in aqueous environments
and other solvents, reducing biocompatibility of such materials
[11]. Chemical modification and functionalization of CNT5 facili-
tates their spread in water and physiological environments. To date,
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several strategies have been developed to reinforce biocompatibil-
ity and solubility of CN'Ts, some of which include oxidation [12],
modification with small organic compounds [13] or polymers [14],
and dispersion with surface active biocompatible materials [15].
Polymer-modified CNTs are considered effective potential carri-
ers of intelligent drug-delivery systems. Among biopolymers, chi-
tosan (Ch) is a linear cationic among polysaccharide composed of
o-D-glucosamine, which is obtained by partial diacetylation of
chitin (one of the most frequent biopolymers in nature) in alkali
conditions. Because of its non-toxic, hydrophilic, compatibility and
biodegradability features and having frequent amine and hydroxyl
groups, chitosan is of great importance in preparing drug-carriers
with favorable biocompatibility and controlled behavior in biologi-
cal systems [16-18]. So, the combination of chitosan and SWCNT
or modification of graphene family with chitosan [19] can be use-
tul for so many fields, especially for study of drug delivery.

Jang et al. developed a drug-delivery system involving SWCNTs
modified with sodium alginate polysaccharides, chitosan, and folic
acid (FA) for controlled delivery of doxorubicin (DOX), an anti-can-
cer drug [20]. The link between FA and SWCNT led to exclusive
transfer of DOX into heal cell liposomes and enhance its perfor-
mance compared to DOX alone. Lee et al functionalized MWCNTs
(multi-walled carbon nanotubes) with chitosan oligomers (with
molecular weight of 400-600 DA) in a covalent manner to improve
their solubility. Then, they connected tea polyphenols to it by estab-
lishing a hydrogen bond. The rate of drug-delivery from the carrier
could be controlled by changing the pH and gamma radiation.
Because of their higher strength and less toxicity compared to
MWQCNTs, SWCNTTs have wider applications in nano medicine [21].

5FU is a chemotherapy factor used in treatment of many dis-
eases. This drug exerts a cytotoxic effect as an antimetabolite and
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competes an important enzyme in thymidine composition. There-
fore, 5FU controls DNA synthesis.

The objective of this research was to prepare a nano-composite
capable of loading 5FU through adsorption. Hence, raw SWCNTs
were oxidized by HCl Treatment and then functionalized by Ch
biopolymer. Types of functional groups, surface features, crystal-
line structure and thermal stability of Ch-SWCNT were studied
using FTIR, FE-SEM, BET, XRD and TGA methods. Adsorption
behavior of 5FU including kinetics, isothermal, thermodynamic
and adsorption mechanism, and potential effective factors on 5FU
adsorption process were investigated and results were analyzed. The
presented research can be applied to drug delivery system and also
environmental fields for removal of the drug from west water of
pharmaceutical industries.

MATERIALS AND METHODS

1. Material

Single-walled carbon nanotubes (SWCNTs in chief, purity=98
wt%, diam. 1.6-8 nm, length 5-30 um) were purchased from Nano
Research Co. (US). Chitosan with 91% degree of deacetylation (DD)
and 2.1x105 of molecular weight and 5Fu (C,H;FN,O,) (130.8
g-mol ') and the other reagents of analytical grade (such as hydro-
chloric acid, boric acid, phosphoric acid, petroleum ether, dioxin,
xylene, and cyanuric chloride were purchased from Sigma (Ger-
many). All reagents were used without further treatment.

2. Instrumental

FT-IR spectroscopy measurements were conducted by using
Vector 22 spectrometer in KBr pellet in the range of 4,000-400
cm™ at room temperature (Bruker Co. America). The Brunauer-
Emmett-Teller (BET) surface areas of samples were measured by
N, adsorption-desorption isotherms at 77 K on a Micromeritics
ASAP2020 model (America). Thermogravimetric analyses (TGA)
of samples were recorded from room temperature to 600 °C at a
heating rate of 10 °C/min under a 107 nitrogen atmosphere by an
STA 1500 thermogravimetric analyzer (Rheometric Scientific Co.
America). The morphology of materials was studied by field emis-
sion scanning electron microscope (FESEM) (Sigma, Zeiss Co. Ger-
many). X-ray powder diffraction (XRD) patterns were performed
on a Star model, diffractometer operating with Cu Ke source
(A=1541 A) (Stoe Co. Germany). A single beam UV-Vis spectrome-
ter was employed to determine maximum wavelength (4,,,,=269
nm) (DR2800 model, America). The pH values of aqueous solu-
tions were adjusted by metrohm pH meter (America).

3. Preparation of Chitosan-functionalized SWCNTs (Ch-
SWCNTs)

First, 1 g of raw SWCNTs was dispersed in 100 mL HCI (1%)
under stirring at room temperature for 24 h. Pure oxidized SWCNTs
(OX-SWCNTS) were separated by centrifuging, washed with deion-
ized water for several times and dried in the oven at 313 K. The
OX-SWCNTs were added to 1 g of cyanuric chloride, 25 mL dioxin
and 25 mL xylene and shaken for 24 h. The resultant precipitates
were mixed with 40 mL petroleum ether and remained at steady
state for 24 h. Ch-SWCNTS were filtered and dried in oven for 2 h.

In the next step, 0.5g of chitosan was gradually dissolved in
100 mL of acetic acid solution (2% v/v), then dried Ch-SWCNTs
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were added to the chitosan solution and centrifuged for 24 h at
high speed. The Ch-SWCNTs were washed several times with
50 mL of 0.1 M buffer acetate sodium, 50 mL of 0.1 M NaCl solu-
tion, 20 mL methanol, and 100 mL deionized water, respectively,
and finally, dried in an oven at 313 K for 2 h.
4. Adsorption Measurement

Batch adsorption experiments were carried out in 25 mL flask
containing 20 mg-L™" 5Fu, 2.5 mL of different buffers pH (3-10)
Then, 0.005 adsorbent was added to 10 mL of the resulting solu-
tion. The mixture was stirred at a constant agitation rate for 60
min then the solid phases were separated by centrifugation. Drug
concentration in the supernatant was determined by UV-Visible
spectrometer at 4, =269 nm. Adsorbed amount (q,) of 5Fu per unit
weight of Ch-SWCNTS at time t and removal efficiency (7(%)) of
5Fu onto the Ch-SWCNTs were calculated by Egs. (1) and (2),
respectively:

C,—C)V
-GG "
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where, C, and C, (mg/L) are the liquid-phase initial and equilib-
rium concentrations of the 5Fu, respectively. V (L) is the volume
of the solution, and W (g) is the mass of nano-sorbent applied.
5. Kinetic and Thermodynamic Experiments

0.005 g of Ch-SWCNTs was added to 10mL of the 5Fu solution
(10mgL™) in pH=4 at different contact times (2, 5, 10, 15, 30, 45, 60,
90 and 120 min) at 298 K under stirring at a constant agitation rate.
The drug adsorption was determined in maximum adsorption wave-
length (4,,,=269 nm) using UV-Vis spectrophotometer. The effect of
changing the initial 5Fu concentrations (20, 40 mg/L) onto the Ch-
SWCNTS were investigated at 298 K and g, was calculated by Eq. (3).

_(G-C)V

q: W 3

where C, and C, are the initial and equilibrium concentrations of
5Fu in solution (mg/L), respectively; V is the volume of solution (L),
W is the adsorbent mass (g).

In isothermal experiments, 10 mL of 5Fu solution (at various
concentrations of 2, 5, 10, 20, 30, 40, 60, 80, and 100 mg L") was
added to 0.005 g of functionalized adsorbent in 298 K and 1 h stir-
ring. The same experiments were also repeated for 303, 308, and
313 K and q, was calculated by Eq. (1).

RESULTS AND DISCUSSION

SWNCT are exceptionally interesting from a fundamental re-
search point of view. They are chemically stable, non-toxic, con-
duct electricity and mechanically strong. This research has benefits of
combined SWNCTS and chitosan together. The chemically modified
SWNCTS with chitosan possess both strong adsorption property
and non-toxicity carried for interaction delivering of the drugs.

1. Characterization of the Adsorbents
1-1. FTIR Spectrum
To identify functional groups of materials, FTIR analysis was
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Fig. 1. FTIR spectrum of (a) OX-SWCNTS, (b) Ch-SWCNTs, and
(c) Ch.

performed and the revealed spectra can be seen Fig. 1 and 2.
1-1-1. IR Spectrum of OX-SWCNTs, Ch and Ch-SWCNTs

a) The FTIR Spectrum of OX-SWCNT is shown in Fig. 1(a).
The sharp peak in the range of 3,230-3,400 cm ™ and 1,400 cm ™' was
attributed to stretching bond of O-H in -COH, -COOH groups. An
absorption band in the range of 1,710-1,734 cm™" belongs to C=O
stretching vibrations of carboxylic acid groups. Conjugating of the
double bond between C=0 and C=C or the interaction between
established C=C bonds and carboxylic acids appeared at 1,550-
1,600 cm™". The peak at 1,110cm™" is corresponding to the C-O
stretching vibration in alcoholic compounds.

b) The FTIR spectrum of Ch-SWCNTs is shown in Fig. 1(b).
The band in the range 3,100-3,600 cm ™" was assigned to stretching
vibration mode of O-H. The peak in the range 2,800-2,900 cm™
was the characteristic bending vibrations of C-H groups. Those at
1,723 and 1,623 cm™" were assigned to stretching vibration mode of
C=0 and C=N, respectively. The characteristic peak at 1,517 cm™"
is due to bending vibrations of N-H in the amine I band, the peak
at 1,454 cm™" originated from the symmetrical and asymmetrical
stretch of -CH,- groups.

¢) The FTIR Spectrum of Ch is shown in Fig. 1(c). The ob-
served peak of chitosan in the range of 3,400-3,600 cm" is due to
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Fig. 2. FTIR spectrum of (a) 5Fu, and (b) 5Fu-Ch-SWCNTIs.

the stretching vibration mode of O-H and NH, group, while the
peak at 2,900 cm™" is related to asymmetrical stretch of C-H, and
the peak at 1,450 cm ™" is due to the N-H bending. Moreover, the
peak at 1,100 cm ™" is ascribed the C-O stretching vibration.

1-1-2. IR Spectrum of the 5Fu, and 5Fu-Ch-SWCNTs

a) The FTIR spectrum of 5Fu (Fig. 2(a)) illustrates characteris-
tic absorption bands of the functional groups of 5Fu in the range
of 500-4,000cm™". The broad absorption peaks in the range of
3,000-3,200 cm™" represent the presence of an OH group, the peak
at 1,656 cm ™ is related to bending vibrations of N-H (the amine T
band). Also, the peak at 1,727 cm™" could be assigned to the bend-
ing vibrations of C=0. The characteristic peaks at 1,240 and 1,351
cm™ were corresponding to C-F and C-N vibrations in the struc-
ture of 5Fu, respectively.

b) The FTIR spectrum of 5Fu adsorbed onto Ch-SWCNTs (Fig
2(b)) indicates that 5Fu have been successfully loaded on Ch-
SWCNTs by the formation of stretching vibration mode of C-N in
the range 1,020-1,340 cm ™. The strong peak at 1600, cm " was due
to C=N and that in the range of 1,750-1,760 cm™' was attributed
to esteric functionalized C=0 groups on SWCNTL.

1-2. BET Surface Area

The BET surface area was determined for chitosan, OX-SWCNTs
and Ch-SWCNTs by N, adsorption-desorption isotherms at 77 K.
Results indicated that chitosan has the minimum specific area of
291 m’g . The specific surface area of Ch-SWCNTs (111.10m’g ")
is 90.88 m’g " lower than that of OX-SWCNTs (201.9 m’g ). Obvi-
ously, this comparison demonstrated coverage of chitosan on the
surface of active SWCN'T.

1-3. Thermal Gravimetric Analysis (TGA)

Thermal stability of chitosan, OX-SWCNTs and Ch-SWCNTs
was measured using TGA method (Fig. 3). Most of OX-SWCN'Ts
weight losses occurred in the range of 550-750 °C. Maximum tem-
perature of weight loss for Ch-SWCN'T is lower than pure SWCNTs,

Korean J. Chem. Eng.(Vol. 36, No. 7)
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Fig. 3. Thermal gravimetric analysis of SWCNT5, Ch and Ch-SWCNT.

so that Ch-SWCNTs lose more than 15% of their weight up to
100 °C due to the evaporation of physically adsorbed water. On the
other hand, more than 30% weight reduction at 550 °C revealed the
degradation of chitosan polymer. Therefore, it can be concluded that
the chitosan biopolymer was successfully covered on active SWCN'T.
1-4. FE-SEM

Field emission scanning electron microscopy (FESEM) was used
to study the morphology of Ch-SWCNTs, and the results are shown
in Fig. 4. It can be seen that Ch-SWCNTs are cylindrical in shape,
which is dispersed in chitosan matrix in a compressed form.

1-5. X-ray Diffraction (XRD)

Figs. 5(a), (b) and (c), show the XRD patterns of OX-SWCNT,
Ch-SWCNTS and chitosan, respectively. The intense and wide peak
at 20=25.7° and the broad, peak at 26=43.19" for OX-SWCNTs
(Fig. 5(a)), and Ch-SWCNTT (Fig. 5(b)) may be attributed to the
(0 02) and (1 0 0) planes of graphitic carbon plates in the struc-
ture of SWCNTs. The XRD patterns of Ch-SWCNTs and Chitosan
(Fig. 5(b) and (c)) show two relatively wide peaks at 26=10° and
20.2°, indicating the amorphous and crystal-like structure of chi-
tosan polymer on the surface of SWCNTS.

2. Effect of pH on Adsorption

The effect of initial pH on the adsorption of 5Fu (20 mgL™") by
Ch-SWCNTs composite was studied by varying pH over a range
of 3-10 at 298 K. The ge values are shown in Fig. 6. It is obvious
that higher adsorption capacity of 5Fu was achieved at pH=4. In
pH<pk, it is as neutral species in aqueous solution. Furthermore,

(3) -
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Fig. 4. SEM images of Ch-SWCNT5.
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Fig. 5. XRD patterns of (a) OX-SWCNTS, (b) Ch and (c) Ch-SWCNT.

the point of zero charge (pzc), of Ch-SWCNTs was reported to be
approximately 4 [22], so the adsorbent has a neutral electric charge,
too. Clearly, at pH=4 both the adsorbent and the adsorbate fac-
tors have no charge, which indicates that adsorption cannot take

(b)
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Fig. 6. Effect of pH on the adsorption and %removal of 5Fu by Ch-
SWCNTs at 298K and the initial drug concentration of 20
mg L', shaking rate=150 rpm, t=120 min.

place through the electrostatic interactions; thus, the adsorption
mechanism is mainly attributed to interaction of 77 electron donor-
acceptor and hydrogen bonding by Ch-SWCNTs. NH groups of
the drug possess lone pair electrons which participate in unestab-
lished 7 system of electron-enriched rings of CNTs forming paired
system. Meanwhile, carbonyl (CO) groups of the drug can accept
lone pairs of amine (NH,) and hydroxyl (OH) groups of chitosan.
Moreover, establishing of hydrogen bonds between carbonyl and
amine groups of the drug and oxygen and nitrogen atoms of chitosan
is another important factor in drug adsorption by Ch-SWCNTS.
3. The Effect of Contact Time and Initial Concentration

Fig. 7 shows the effect of contact time on adsorption of 5Fu by
Ch-SWCNTs at 298 K, pH=4 and 0.005 g adsorbent and various
concentrations of the drug (10, 20 and 40 mgL ") in the range of 0
to 240 min. The adsorption capacity markedly increased within a
few minutes, and then the trend rose slowly until adsorption equi-
librium was reached within 90 minutes for all concentrations. The
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Fig. 7. Effect of initial 5Fu concentration on the adsorption of 5Fu by
Ch-SWCNT (conditions: 10, 20 and 40 mgL™, Ch-SWCNTs
0.005 g, pH 4, 150 rpm, and 298 K).

results reveal that the adsorption is rapid. The main reason for high
adsorption rate in initial times is attributed to the availability of great
number of adsorption sites or groups of adsorbents; after that the
adsorption rate gradually decreased as these sites became progres-
sively occupied by 5Fu.

In addition, the results presented that adsorption capacity at equi-
librium is increased from 6.82 to 25.12mg g, by increasing the
initial 5Fu concentration from 10 to 40 mgL™". At low initial concen-
trations of 5Fu, all free adsorption sites on the adsorbent surface
are not filled, while in higher concentrations, each active adsorp-
tion site is surrounded by more drug [23].

4. Adsorption Kinetic

To obtain more information about the mechanism of 5Fu ad-
sorption onto Ch-SWCNT5, the adsorptive kinetic data were de-
scribed by various kinetic models such as pseudo-first-order rate
(Eq. (4)), pseudo-second-order equation (Eq. (5)) [24], Elovich (Eq.
(6)) and intra-particle diffusion (Eq. (7)).

Table 1. Nonlinear kinetic parameters of 5Fu adsorption onto Ch-SWCNTT at different concentrations’

Drug initial concentration (mg L")

Kinetics models Parameters
10 20 40
Pseudo-first order k, (min™) 0.0464 0.0984 0.0889
Quoa (Mg g™ 6.8287 16.519 23.955
R? 0.9978 0.9914 0.9947
Qe (Mg g ) 6.8156 17.5319 25.1196
Pseudo- second order k, (g mg 'min"") 0.0072 0.0077 0.0046
Qecat (Mg g7 7.8536 18.068 26.4404
R? 0.9955 0.9954 0.9985
Qe (Mg g ) 6.8156 17.5319 25.1196
Intraparticle diffusion k; (mg g 'min"?) 0.4522 0.8556 1.3265
C(mggh 1.6349 7.5829 9.9854
R? 0.9576 0.9756 0.9709
Simplified Elovich a(mg g 'min") 1.2448 11.0926 10.941
B(gmg) 0.6842 0.3546 0.2254
R’ 0.9871 0.9931 0.9944

"Conditions: 5Fu 10, 20 and 40 mgL ™", Ch-SWCNTs 0.005 g, pH 4, 150 rpm, and 298 K

Korean J. Chem. Eng.(Vol. 36, No. 7)



1120 S. Karimidost et al.

k,
log(q,—q))=logq,— 5=t 4
R )
q: k,q., 9e2
q=kt"*+C ©)
1 1
q:= ﬁln(aﬂ) + Blnt @)

where, g, and q; are the values of amount adsorbed per unit mass
at equilibrium and at instant of time t (min). K, K, and K; are the
pseudo-first-order, pseudo second-order, and intra-particle diffu-
sion adsorption rate constant, respectively, and ¢; is related to the
thickness of the boundary layer. @ and £ represent the initial ad-
sorption rate and the desorption coefficient, respectively.

The parameter values for each system are listed in Table 1; it was
found that the kinetic behavior of 5Fu adsorption onto the Ch-
SWCNTs is more appropriately described by the pseudo-second-
order kinetic model due to a higher correlation coefficient (R’). As
we can see in Fig. 8, the experimental data were fitted to the pseudo-
second-order theoretical model. This result confirms that kinetic
adsorption of 5Fu on Ch-SWCNTs followed the pseudo-second-
order model. Thus, the parameter values calculated adsorption capac-
ity (q.) by the pseudo-second-order model are in good agreement
with the experimental values (q,.,)-

5. Adsorption Isotherm

Studying equilibrium adsorption isotherms provides valuable

information to describe the interactive behavior of adsorbent and

10.4}

Qe (mgg)

0 50 100 150 200 250

t (min)

adsorbate. In this research, 5Fu adsorption on OX-SWCNTs and
Ch-SWCNTs was analyzed using the Langmuir, Freundlich, Tem-
kin and Dubinin-Radushkevich (D-R) isotherm models (Fig. 9, 10).
5-1. Langmuir Isotherm

This isotherm is attributed to monolayer adsorption on the homo-
geneous surface containing a finite number of identical sorption
sites and lack of movement with a constant adsorption energy. Lang-
muir isotherm is as follows by Eq. (8):

C__1 G

= +
9 Klqmux Dmax

®)

where ., represents maximum capacity of the adsorbent (mg g');
and K is the Langmuir adsorption constant (L mg ") [25].

The main characteristic of the Langmuir isotherm is represented
by dimensionless equilibrium parameter (R;). R; shows the type
of the isotherm to be either unfavorable if (R;>1), linear if (R,=1),
favorable if (0<R;<1), and irreversible if (R;<1), (Eq. (9)):

1
R=
T1+K .G,

©)

where C, is the highest drug initial concentration [26].
5-2. Freundlich Isotherm

This model is applied to multilayer adsorption on the heteroge-
neous surfaces with intra-molecular interaction of adsorption. Lin-
ear form of this model is presented by Eq. (10).

1/n

9= KFCe (10)

q, (mggt)
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Fig. 8. Nonlinear form of kinetic models for adsorption of 5Fu by Ch-SWCNTs at different concentrations of 5Fu (a) 10 mgL™", (b) 20 mgL™

and (c) 40 mgL™".
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Fig. 9. Nonlinear form of two parameter isotherm models for adsorption of 5Fu by Ch-SWCNTs at (a) 298 K, (b) 303 K, (c) 308 K and (d)
313 K (The dark circle shows experimental data).

Table 2. Nonlinear isotherm parameters of 5Fu adsorption onto Ch-SWCNTS at different temperature’

Temperature (K)

Isotherm models Parameters
298 303 308 313

Langmuir qn (mg g™ 31.7748 30.2091 27.8262 27.3495
K, (Lmg™") 0.0322 0.0294 0.0286 0.0271
R, 0.2367 0.2538 0.2588 0.2693
R’ 0.9995 0.9994 0.9985 0.9990

11

Freundlich K; (mg "L'g™") 24335 2.124 1.9181 1.7915
n 1.9232 1.8777 1.8705 1.8454
R? 0.9926 0.9956 0.9947 0.9954

Dubinin-Radushkevich Q, (mgg™") 21.4901 19.9043 17.903 17.494
K (mol* k] ) 2.7649%10°° 2.9304x10°° 2551107 2.794x107°
R’ 0.9774 0.9721 0.9697 0.9954

Temkin Ky (L mg™) 0.5591 0.5529 0.5345 0.5244
b (Jgmol ' mg™) 434.855 480.317 529.165 556.006
R? 0.9894 0.9884 0.9879 0.9871

"Conditions: 5Fu 20 mgL ™', Ch-SWCNTs 0.005 g, pH 4, 150 rpm, t 120 min

where K; is Freundlich constant (L mg '), which indicates the rel- presented by Eq. (11).

ative adsorption capacity of the adsorbent; n is the heterogeneity

factor. Values of 1<n<10 suggest favorable adsorption [27].

5-3. Temkin Isotherm where B;=RT/b, b is the Temkin constant dependent on heat of
Temkin isotherm considers the effect of interaction between sorption (J mol "), and By and K are the Temkin isotherm con-

adsorbent-adsorbed on adsorption isotherms. Temkin relation is stants (L g '), T is the absolute temperature (K) and R is the uni-

q.=B7InK;+BInC, (1)

Korean J. Chem. Eng.(Vol. 36, No. 7)
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versal gas constant (8.314 ] mol 'K™").
5-4. Dubinin-Radushkevich (D-R) Isotherm

According to this model (Eq. (12)), the surface is not assumed
to be homogeneous and adsorption potential is not considered
constant.

9.=Q,exp(-K&) (12)

In this equation, K is the constant of adsorption energy, Q,, is the
theoretical saturation capacity and ¢ represents Polanyi potential.

Comparison of the regression coefficient (R%) of different iso-
therm models shows that the Langmuir isotherm has a good agree-
ment between the isotherm parameters and experimental values.
Moreover, values of 0<R;<1 indicate that adsorption is favorable
and the homogeneous distribution of active sites on the surface of
Ch-SWCNT:.

4.4

qo(mg g -1y

80 90 100

0 20 0 60
Ce(mg I.,'l)

Fig. 10. Nonlinear form of two parameter isotherm models for ad-
sorption of 5Fu by SWCNT at 298 K (The dark circle shows
experimental data).

Table 3. Nonlinear isotherm parameters of 5Fu adsorption onto
SWCNT at different temperature”

Temperature (K)

Isotherm models Parameters
298

Langmuir Qn (mg g™ 4.1181
K; (Lmg") 0.3137
R, 0.0309
R? 0.9979

] I

Freundlich K (mg np g_l) 1.7836
n 5.1811
R’ 0.9851

Dubinin-Radushkevich Q,, (mgg™") 3.7365
K (mol> k] 1.0223x10°°
R? 0.9936

Temkin Kr (L mg ") 8.2368
b (Jgmol ' mg™) 3866.67
R’ 0.9909

*Conditions: 5Fu 20 mgL', SWCNTs 0.005 g, pH 4, 150 rpm, t 120
min

July, 2019

From Table 2 and Fig. 9, the maximum adsorption capacity (q,,)
of Langmuir model decreases from 31.77 to 27.35mg g ' with in-
crease in temperature and this indicates an exothermic adsorption
process.

Nonlinear form of two parameter isotherm models for adsorp-
tion of 5Fu by OX-SWCNTs at different temperature is shown in
Fig. 10, and the adsorption capacity of 5Fu on OX-SWCNTI is given
in Table 3 (at 298 K, q,, is 4.12mg g '), A comparison of the results
obtaining 5Fu adsorption on OX-SWCNTs and Ch-SWCNTs con-
firms enhancement of adsorption capacity.

The main reason for enhanced adsorption capacity in Ch-
SWCNTs adsorbent can be attributed to the presence of frequent
function abundant carboxyl and amine groups on the surface of
chitosan.

6. Thermodynamic Parameters of Adsorption

In this paper, thermodynamic parameters of 5Fu adsorption on
Ch-SWCNTS, change in standard Gibbss free energy (AG”), enthalpy
(AH’) and entropy (AS’) were evaluated. Values of these parame-
ters were calculated by Eq. (13), (14), and (15), respectively [28].

9.
K== 13
= (13)
AG’=-RTInK, (14)
_AS° AH’
InK;= R~ RT (15)

Table 4. Thermodynamic parameters of 5Fu adsorption onto Ch-
SWCNT at different temperature’

Temperature AH AS TAS AG
(K) Jmol™ (mol'K") (K mol™ (k] mol™)
298.15 —27.5789  —8.5807
303.15 —28.0414  —8.5803
—8608.32 —0.0925
308.15 —28.5039 —8.5794
313.15 —28.9664 —8.5784

*Conditions: 5Fu 20 mgL ™!, Ch-SWCNTs 0.005 g, pH 4, 150 rpm, t
120 min

34
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Fig. 11. The van’t Hoff plot adsorption of 5Fu by Ch-SWCNTs at

different temperature (conditions: 5Fu 20 mgL", Ch-SWCNTs
0.005 g, pH 4, 150 rpm).
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Adsorption experiments were conducted at 298, 303, 308 and 313
K to calculate thermodynamic parameters of 5Fu adsorption on
Ch-SWCNTS. Values of thermodynamic parameters are presented
in Table 4. The plot of K as a function of T yields AH” and AS’
(Fig. 11). Negative values of AH’ suggest that the adsorption pro-
cess of 5Fu on Ch-SWCNT5 is exothermic, hence an increase in
temperature reduces adsorption rate. Regarding adsorption heat
(AH’=-8,608.32] mol ), indicates physisorption process [29] Nega-
tive AG’ indicates that adsorption is spontaneous. Generally, the
change of free energy for physisorption is between 0 and 20 kJ mol .
Positive AS’ values suggest increased randomness during the adsorp-
tion process.

CONCLUSION

The prospective application of Ch-SWCNTs nano composite
for 5Fu adsorption in aqueous solutions has been illustrated in this
study. The prepared composite possesses abundant functionalized
oxygen groups, such as carboxyl, hydroxyl and amine. Prepared
adsorbent was characterized using various techniques such as
FTIR, FESEM, TGA, BET and XRD. Adsorption of 5Fu is depen-
dent on pH, temperature and initial concentration of the drug.
Adsorption data were consistent with the pseudo second-order
kinetic model and Langmuir isotherm model. Efficiency of Ch-
SWCNT in adsorbing 5Fu is more than OX-SWCNTs. Maximum
adsorption capacity (q,,) based on Langmuir model was 31.77 mg
g ' at 298 K with pH 4. The values of thermodynamic parameters
(AG’, AH’ and AS’) indicated that the adsorption process was spon-
taneous and exothermic with decreasing randomness during the
process.

REFERENCES

1. M. Ghasemi Nooreini and H. Ahmad Panahi, Int. J. Pharm., 512,
178 (2016).

2. A. Heydarinasab, H. Ahmad Panahi, H. Nematzadeh, E. Moniri
and S. Nasrollahi, Monastsh. Chem., 146, 411 (2015).

3. H. Ahmad Panahi and S. Nasrollahi, Int. . Pharm., 476, 70 (2014).

4. H. Ahmad Panahi, Y. Tavanaei, E. Moniri and E. Keshmirizadeh, J.
Chromatogr. A, 1345, 37 (2014).

5.H. Ahmad Panahi and H. Alaei, Int. . Pharm., 476, 178 (2014).

6.Y. Hu, D.H. Fine, E. Tasciotti, A. Bouamrani and M. Ferrari,
Nanomed. Nanobiotechnol., 3, 11 (2011).

7. C. Menard-Moyon, E. Venturelli, C. Fabbro, C. Samori. T. Da Ros,

K. Kostarelos, M. Prato and A. Bianco, Expert Opin. Drug Discov-
ery, 5,691 (2010).

8. R. H. Baughman, A. A. Zakhidov and W. A. de Heer, Science, 297,
787 (2002).

9. A. Bianco, K. Kostarelos and M. Prato, Curr. Opin. Chem. Biol,, 9,
674 (2005).

10. P. Liu, Ind. Eng. Chem. Res., 52, 13517 (2013).

11.D.J. Lim, M. Sim, L. Oh, K. Lim and H. Park, Arch. Pharm. Res.,
37,43 (2014).

12.Z. Liu, J. T. Robinson, S. M. Tabakman, K. Yang and H. Dai, Mater.
Today, 14, 316 (2011).

13. A. Khazaei, M. N. S. Rad and M. K. Borazjani, Int. J. Nanomed., 5,
639 (2010).

14.Z. Liu, K. Chen, C. Davis, S. Sherlock, Q. Z. Cao, X. Y. Chen and
H.J. Dai, Cancer Res., 68, 6652 (2008).

15.Z. Liu, A. C. Fan, K. Rakhra, S. Sherlock, A. Goodwin, X. Y. Chen,
Q W. Yang, D.W. Felsher and H.]. Dai, Angew. Chem., Int. Ed.,
48, 7668 (2009).

16. M. Khalaj Moazen and H. Ahmad Panahi, ] Sep. Sci., 40(5), 1125
(2017).

17.W. Fan, W. Yan, Z. Xu and H. Ni, Colloids Surf, B: Biointerfaces,
95, 258 (2012).

18.K.S. C.R. dos Santos, J.EJ. Coelho, P. Ferreira, I. Pinto, S. G. Loren-
zetti, E. 1. Ferreira, O. Z. Higa and M. H. Gil, Int. J. Pharm., 310, 37
(2006).

19.E. Dadvar, R.R. Kalantary, H. Ahmad Panahi and M. Peyravi, J.
Chem., 2017, 1 (2017).

20.X. K. Zhang, L.]. Meng, Q H. Lu, Z.E Fei and P.]. Dyson, Bioma-
terials, 30, 6041 (2009).

21.J. Li, H. Sun and Y. D. Dai, Chin. Phys. Lett., 27, 38104 (2010).

22.Y. Zhan, L. Pan, C. Nie, Li, H. Li and Z. Sun, J. Alloys Compd., 509,
5667 (2011).

23.N.K. Amin, . Hazard. Mater., 165, 52 (2009).

24.Y.S. Ho and G. Mckay, Process Biochem., 34, 451 (1999).

25.1. Langmuir, J. Am. Chem. Soc., 40, 1361 (1918).

26.K.R. Hall, L. C. Eagleton, A. Acrivos and T. Vermeulen, Ind. Eng.
Chem. Fundam., 5, 212 (1966).

27.C. Namasivayam, R. Jeyakumar and R.T. Yamuna, Waste Man-
age., 14, 643 (1994).

28. T.K. Naiya, A. Bhattacharya and S.K. Das, J. Colloid Interface Sci.,
333, 14 (2009).

29. W. Konicki, I. Petech, E. Mijowska and 1. Jasiniska, Chem. Eng. ],
210, 87 (2012).

Korean J. Chem. Eng.(Vol. 36, No. 7)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


