
INTRODUCTION

Fullerenes, single-walled carbon
nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTs) are novel and interesting
carbon materials.  Since their first discovery1-3,
carbon nanotubes (CNTs) have attracted special
attention to their potential applications in areas such
as purification of air and water as adsorbents due
to their large surface area4,5.This fascinating  new
class of materials has shown promising application
in many areas. The rapid growth in production and
applications of CNTs will inevitably increase their
release and exposure into the environment6,7.
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ABSTRACT

The present work investigates the equilibrium adsorption of Chrysene on multi-walled carbon
nanotubes at 293, 303 and 313°K, and determines the equilibrium adsorption isotherms and
thermodynamic parameters (ΔG, ΔH and ΔS). The values of ΔH and ΔG suggested that the adsorption
of Chrysene onto MWCNTs was endothermic and nonspontaneous.The experimental data were
analyzed using Langmuir, Freundlich and Temkin isotherm equations. The experimental results showed
that a well conformity between experimental data and isotherm models.
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However, there is serious concern over their health
and environmental risks once they are released to
the environment8-10. The primary risk of these
materials comes from their toxicity. Because of the
nanosize, they can enter into cells11-13, causing
damage to plants, animals, and humans. Previous
researchers have explored the toxicity of carbon
nanomaterials to animal and human cells14-20. It was
suggested that the toxicity of carbon nanomaterials
is not only from their own harmful nature but also
from the toxic substances sorbed by them8-10.
Therefore, knowledge of toxic compound adsorption
by carbon nanomaterials is critical and useful for
risk assessment of these nanomaterials.Numerous
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studies suggest CNTs as effective adsorbents for
organic chemicals after compared with C18 21, 22 and
activated carbon (AC)23-24. These organic chemicals
include non polar aliphatic (e.g., cyclohexane), polar
aliphatic (e.g., trihalomethanes), nonpolar aromatics
(e.g., polycyclic aromatic hydrocarbons (PAHs) and
benzene), polarandnonionic aromatics (e.g., toluene,
chlorobenzenes, and nitrobenzenes), and polar and
ionizable aromatics (e.g., aniline derivates, phenolic
chemicals and natural organic matter). Peng et al.,
25 examined the adsorption of 1,2-dichlorobenzene
by carbon nanotubes, suggesting that they can be
used as adsorbents for removal of chlorobenzenes
from water. The Freundlich model was used in their
study to describe the isotherms. Another study
showed that MWCNTs had potential applications for
trihalomethane removal from drinking water, and
both Langmuir and Freundlich models fitted the
isotherms well26. Cheng et al, 27-28 investigated the
adsorption-desorption of naphthalene and 1,2-
dichlorobenzene by different aggregates of fullerene
(C60). They used the linear model to describe the
isotherms of large C60 aggregates and thin C60
films, and the Freundlich model was used to describe
the isotherms of small C60 aggregates.

PAHs are hydrophobic pollutants of high
toxicity (29, 30), their bioavailability depends very
much on the nature of sorbents in a given medium³¹

Therefore, in this work, the adsorption
isotherms and thermodynamics of CHRY on
MWCNTs were studied. The aim of this work was
to understand the thermodynamic behavior of CHRY
adsorption on MWCNTs and determination of the
equilibrium adsorption isotherms.

MATERIALS AND METHODS

Materials
N-hexane and carbon nanotubes were

purchased from Merck Co., Germany. Chrysene
(CHRY, 99+ %) was purchased from Supelco
Chemical Co., USA

Adsorption experiments
Adsorption experiments were performed

using 50ml glass bottles with addition of 50mg CNTs
and 25ml of CHRY solution of increased initial
concentrations (Ci) from 0.2 to 2.5 mg/L. The glass

bottles were sealed with Teflon and then mounted
on a HZQ-C shaker and shaken, for 24 h at 293
±1°K, except for the thermodynamic experiments,
in which temperatures of 303 and 313 K were used.
After equilibrium the solution, all vials were placed
vertically on a flat surface for 5 h at the same
temperature to ensure separation between solutions
and CNTs. The supernatant solution was analyzed
spectrophotometrically using a Genesys 5 doubling
beam UV/vis spectrophotometer (32, 33). The
amount of CHRY adsorbed by CNTs was calculated
as follows:

qe = V (Ci – Ce)/m ...(1)

Where qe the amount adsorbed (mg g-1),
Ci and Ce are the initial and equilibr ium
concentrations of CHRY (mg L-1), respectively, V is
the volume of the solution (L) and m is the CNTs
dosage (g).

Adsorption isotherms
The adsorption isotherm described the

relationship between the equilibrium concentrations
of adsorbate in the solution and the amount of
adsorbate on adsorbent. Which indicates how
adsorbate molecules are distributed between the
liquid phase and solid phase when the adsorption
process reaches equilibrium34, 35. In this study, three
isotherms were used for describing the experimental
results, namely the Freundlich isotherm, the
Langmuir isotherm and the Temkin isotherm.

Langmuir isotherm
The Langmuir model assumes that the

ideal monolayer adsorption takes place at specific
homogeneous sites within the adsorbent, i.e. once
a molecule occupies a sit and no further adsorption
takes place (36).The Langmuir equation may be
written as

...(2)

Where qe is the amount of solute adsorbed
per unit weight of adsorbent at equilibrium (mg g-1),
Ce the equilibrium concentration of the solute in the
bulk solution (mg L-1), qm the maximum adsorption
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capacity (mg g-1), and b is the constant related to
the free energy of adsorption (L mg-1)

Freundlich isotherm
The Freundlich isotherm was broadly used

to describe adsorption phenomenon in liquid and
for adsorption on heterogeneous surface with multi
layer adsorption. This isotherm assumes that as the
adsorbate concentration increases, the
concentration of adsorbate on the adsorbent surface
also increase37,38. The Freundlich isotherm is
expressed by the following empirical equation:

...(3)

where qe and Ce are the equilibrated
concentration of the adsorbate in sorbent and
solution, respectively, where KF is a constant
indicative of the relative adsorption capacity of the
adsorbent (mg1-(1/n) L1/n g-1), and n is adsorption
intensity related to the surface heterogeneity.

Temkin model
The Temkin isotherm equation assumes

that the heat of adsorption of all the molecules in
the layer decreases linearly with coverage due to
adsorbent–adsorbate interactions, and that the
adsorption is characterized by a uniform distribution
of the binding energies, up to some maximum
binding energy39,40. It is expressed by the relation:

qe=B1ln kT+B1lnCe ...(4)

where constant B=RT/b  is related to the
heat of adsorption, R the universal gas constant (J
mol-1 K-1), T the temperature(K), b the variation of
adsorption energy (J mol-1) and KT  is the equilibrium
binding constant (L mg-1) corresponding to the

maximum binding energy.

Thermodynamic parameters
Thermodynamic parameters provide

additional in-depth information regarding the
inherent energetic changes involved during sorption.
The values of the thermodynamic parameters, such
as enthalpy variation (ΔH) and entropy variation
(ΔS), were calculated from the variation of the
distribution coefficient (KD) with the change in
temperature.

The equilibrium distribution constant KD,
ΔS and ΔH are calculated by

KD = qe/Ce ...(5)

Ln KD = ΔS/R - ΔH/RT ...(6)

Free energy changes ΔG for any
interaction can be calculated using the relationship

ΔG = ΔH-TΔS ...(7)

Where R is the universal gas constant
(8.314, Jmol-1 K-1), T is the temperature in Kelvin.

RESULTS AND DISCUSSION

Adsorption isotherms
The adsorption data were analyzed according
to the linear form of the isotherms

The linear plots are shown Fig. 1, 2 and
3.The fitting results, i.e.  Isotherm parameters and
the coefficient of determination, R2, presented in
Table 1. The value of correlation coefficient (313°K)
for Freundlich equation (R2 = 0.993) is higher than
Langmuir (R2= 0.988) and Temkin (R2 = 0.983)
suggesting that equilibrium data are well described

Table 1: The parameters for Langmuir, Freundlich and Temkin isotherms at three different temperatures

T(°K) Langmuir Freundlich Temkin

b(L.mg-) qm(mg.g-) R2 n KF(L.g-) R2 KT(L.mg-) B R2

293 1.955 0.33 0.977 2.4 0.205 0.98 23.258 0.067 0.965
303 2.529 0.37 0.973 2.825 0.248 0.985 37.491 0.070 0.94
313 3.922 0.404 0.988 3.428 0.304 0.993  88.076 0.069 0.983
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Fig. 3: Temkin isotherm of oleic acid on
CNT: ,293°K (R2 =0.965); , 303°K

(R2 =0.94); ,313°K (R2 =0.983)

Fig. 4: Linear plot of ln KD vs. 1/T for the
adsorption of CHRY on MWCNTs at different

concentrations: ( ,0.2 mg/L); ( ,0.4mg/L);
( ,0.6mg/L); (×,0.8mg/L); ( ,1mg/L);
( ,1.4mg/L); (+,2mg/L); ( ,2.5mg/L)

Fig. 2: Langmuir isotherm, , 293°K (R2 0.977);
, 303°K (R2 =0.973); , 313°K (R2 =0.988)

Fig. 1: Freundlich isotherm of CHRY on
CNT: of CHRY on CNT: , 293°K (R2 =0.98);

, 303°K (R2 =0.985); , 313°K (R2 =0.993)

by Freundlich isotherm.

Thermodynamic parameters
As shown in Eq (6) predicts a linear plot of

ln KD versus 1/T for adsorption of  CHRY on
MWCNTs. The slope of Eq. (6) is -ΔH/R, and the
intercept is ΔS/R (Fig. 4). ΔG (J/mol), ΔH (KJ/mol),
and ΔS [J/(mol K)] values are listed in Table 2.

The ΔG values were positive for CHRY at
all three temperatures, indicating that the adsorption

of CHRY on MWCNTs was nonspontaneous. The
observed positive ΔH suggested an endothermic
adsorption, which was supported by the observation
that adsorption of  CHRY on MWCNTs increased
with increasing sorption temperature (Fig. 4). The
rise in adsorption capacity was due to the increase
in collision frequency between adsorbent and
adsorbate molecules34, 41.

The entropy variation is related to variations
of the order–disorder in a system. The entropy will
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be higher when the system tends to be more
random. Therefore, the positive value of ΔS revealed
the increase in randomness at the solid/solution
interface during the adsorption process35,41

CONCLUSIONS

In this work, the adsorption of Chrysene
onto MWCNT at three various temperatures was

examined and determines thermodynamic
parameters. The positive free energy changes
accompanied by a positive entropy changes indicate
that the adsorption reactions are nonspontaneous
and adsorption is an endothermic reaction. The
results indicate that the Freundlich adsorption
isotherm fits the data better than the other two
models which suggests heterogeneity in the sorption
sites.

Table 2: Thermodynamic parameters of CHRY adsorbed on MWCNTs.

Ci (mg-L-1) ΔS(J.mol-1-k-1) ΔH(KJ-mol-1) ΔG(J-mol-1)

293°K 303°K 313°K

0.2 135.792 40.718 930.594 -427.331 -1785.26
0.4 99.693 31.374 2164.442 1167.51 170.5783
0.6 74.094 24.429 2719.376 1978.433 1237.489
0.8 46.793 16.625 2914.368 2446.439 1978.511
1 57.732 20.613 3697.302 3119.978 2542.654
1.4 41.229 16.420 4340.016 3927.725 3515.434
2 34.224 14.650 4622.541 4280.303 3938.066
2.5 25.214 12.448 5060.058 4807.919 4555.78
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