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ABSTRACT: The multiwalled carbon nanotube has been used as an efficient adsorbent for the removal of Alizarin red S (ARS) and
morin from wastewater. The influence of variables including pH, temperature, concentration of the dye, amount of adsorbents and
contact time, and so forth on the removal of both dyes was investigated by the batch method. Graphical correlations of various
adsorption isotherm models like Langmuir, Freundlich, Tempkin, and Dubinin—Radushkevich have been carried out. The
adsorption of ARS and morin has been found to be endothermic and feasible in nature. Various thermodynamic parameters, such as
Gibbs free energy, entropy, and enthalpy, of the ongoing adsorption process have been calculated. The kinetic studies suggest the
process following pseudosecond-order kinetics and involvement of the particle-diffusion mechanism.

1. INTRODUCTION

High amounts of contaminated dye aqueous effluents are
generated by different industries. Their treatment from toxic
dyes causes allergies and skin irritation in humans since most of
them are mutagenic and/or carcinogenic.lf3 Because of this,
industrial effluents containing dyes need to be treated before
being delivered to the environment.* ® The most efficient
procedure for dye removal from industrial effluents is the
adsorption procedure. In this process the dye species are
transferred from the water effluent to a solid phase that leads
to decreasing the effluent volume.

The two major groups of the anthracenes, that is, anthraqui-
none and naphtoquinone, contain several well-known dyes such
as alizarin. Alizarin is an organic compound that is historically
important as a prominent dye. It is an anthraquinone originally
derived from the root of the madder plant. Alizarin red S (ARS;
Figure 1; sulfone derivative of alizarin”®) is a strong oxidant
reagent, and in this regard it must be stored away from heat and
moisture.

Morin is a major flavonoid component of the heartwood of the
plant Maclura cochinchinensis (Lour.) Corner (family Moraceae).
In the northeast area of Thailand, aqueous extracts of the wood of
this plant are used for the dyeing of silk. The dye extract, which
has morin (2',3,4,5,7-pentahydroxyflavone; Figure 1) as a major
component, gives a fine yellow color to the silk. Unfortunately,
the use of this natural dye mixture is often linked to poor fastness
properties, and thus metal-based mordants are used to increase
fastness (e.g,, wash fastness) properties.”’

Carbon nanotubes (CNTs) are one of the most commonly
used building blocks of nanotechnology as unique and one-
dimensional macromolecules that possess outstanding thermal
and chemical stability.'® "> These nanomaterials have been
proven to possess great potential as adsorbents for removing
many kinds of environmental pollutants.'*”'® CN'Ts have been
considered useful in pollution prevention strategies and are
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known to have widespread applications as environmental adsor-
bents and high flux membranes'® and are also potentially
important for in situ environmental remediation due to their
unique properties and high reactivity.'’~>°

Understanding the kinetics and thermodynamics of the ad-
sorption is critical for the development of more efficient adsor-
bents suitable for their real environmental applications. These
limited studies suggested that the adsorption of organic com-
pounds on MWCNTSs was spontaneous and mainly due to
physical adsorption. CNTs with a high surface area and large
micropore volume as extremely good adsorbents have been
utilized for the sorption of a large number of different organic
compounds from water.”' ~*

In view of the going farther, the objective of this study was to
investigate adsorption kinetics, thermodynamics, and isotherms
for the removal of morin and ARS on multiwalled carbon
nanotubes (MWCNTs). The adsorption rates were evaluated
with the pseudofirst-order, pseudosecond-order, and intraparti-
cle diffusion model. The effects of temperature on the adsorption
isotherms were determined, and the thermodynamic parameters
of the changes of free energy (AG°), enthalpy (AH®), and
entropy (AS”) during adsorption at various temperatures were
calculated.*

2. EXPERIMENTAL SECTION

2.1. Instruments and Reagents. ARS and morin (United
States, Sigma-Aldrich) stock solution was prepared by dissolving
the requires amount of their solid material in double-distilled
water. The test solutions daily were prepared by diluting their
stock solution to the desired concentrations. The concentration
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Figure 1. Structure of A: ARS; B: morin.

of morin and ARS was determined at (291, 259, and 423) nm,
respectively. The pH measurements were done using a pH/ion
meter model 682 (Metrohm, Switzerland), and absorption
studies were carried out using a Jusco UV—visible spectro-
photometer model V-570. All chemicals including KOH,
HNO;, and KCI MWCNTs with the highest purity available
are purchased from Merck, Darmstadt, Germany.

2.2. Measurements of Dye Uptake. Concentrations of ARS
and morin in solution were estimated quantitatively using the
linear regression equations obtained by plotting its calibration
curve over a range of concentrations. The dye adsorption
capacities of adsorbent were determined at the time intervals
in the range of (0 to 35) min and at various temperatures [(10 to
60) °C]. The equilibrium was established after 30 min for morin
and ARS, respectively. The effect of initial pH on both dyes
adsorptions was studied by at initial concentration of 100 mg-
L™ " in the pH range of 1 to $ by the addition of HCI or KOH.
Dye adsorption experiments were also accomplished to obtain
isotherms at various temperatures [ (10 to 60) °C] and to a range
of (50 to 200) mg-L ™" dye concentrations. The amount of dye
adsorbed by adsorbent, g, (mg-gfl), was calculated by the
following mass balance relationship:

9. = (G —C)V/W (1)

where Cy and C, are the initial and equilibrium dye concentra-
tions in solution, respectively (mg+L~"), V the volume of the
solution (L), and W is the mass (g) of the adsorbent used.

2.3. Structural Properties of CNTs. Carbon nanotubes form
aggregated pores due to the entanglement of tens and hundreds of
individual tubes that are adhered to each other as a result of van der
Waals forces.>*® The dimensions of a mesopore or higher®”~*
are able to provide large external surface areas successible to large
molecule contaminants. Hollow open-ended interiors of nano-
tubes (interstitial pore spaces between the tube bundles), bound-
ary grooves of nanotube bundles, or the external surfaces of the
CNTs are suitable sites for trapping and interaction with other
species.>** The interior space of CNTs is not suitable for
adsorption due to its smaller size and close caps of CNTs. The
interstitial spacing (formed between the bundles of nanotubes) is
good with sites for the adsorption of a few low molecular weight
small-sized adsorbates (e.g,, metal ions).>® The other two possi-
bilities for potential adsorption sites provide large pore spaces that
will be fully utilized by molecules of adsorbent; the accessible

external surface area and presence of aggregated pores with
volumes greater than the mesopore are considered biologically
important®” for adsorption.

3. RESULTS AND DISCUSSION

3.1. Absorption Effects. 3.7.1. Effect of pH. Solution pH
affects both aqueous chemistry and surface binding sites of the
adsorbents. The effect of initial pH on the adsorption of ARS and
morin was studied from pH of 1 to S at room temperature, at an
initial dye concentration of 200 mg-L™ ", adsorbent dosage of
0.7 g-L7l and 0.6 g-L71 of the MWCNT, and contact time of
30 min at pH 1 for morin and ARS, respectively (see Figure 2).
MWCNT experiments were performed using different initial
solution pH values with no MWCNTSs present. In these cases, the
morin A,,,, intensities in the UV—vis spectra were altered with
pH. Therefore, the initial morin intensities were adjusted to the
Amax of each pH value. It was found that the adsorption capacity
of both morin and ARS decreased with increasing pH over the
pH range 1 to 5. When the pH of the solution was approximately
1.0, the MWCNTSs would have more positively charged sites
through increased MWCNT functional group protonation than
at higher pH values. The area of the morin molecule with high
negative potential, that is, at the 4-keto-3,5-dihydroxy group from
an electrostatic potential map of morin, would thus be attracted
by electrostatic forces. By increasing the pH the morin molecule
star to deprotonated and at pH 5, morin would be about 49 % in
the neutral nondissociated form (1) (pK, = 4.8) and thus 61 %
monodissociated through deprotonation of the most acidic
3-hydroxy group, and this negatively charged form would also
be strongly attracted to the MWCNT. This electrostatic attrac-
tion plays an important role in enhancing the dye uptake in silk
fibers.*

The hydrolysis constant value of the most acidic group of the
dye molecule is low. This functional group can be easily
dissociated at higher pH, and thus, the ARS molecule has net
negative charges and its removal decreased. Higher uptakes of
dye obtained at lower pH values may be due to the electrostatic
attractions between these charged dye cations and the negatively
charged adsorbent surface. A lower adsorption at higher pH
values may be due to the abundance of OH™ ions and because of
ionic repulsion between the negatively charged surface and the
anionic dye molecules. There are also no more exchangeable
anions on the outer surface of the adsorbent at higher pH values,
and consequently the adsorption decreases. At lower pH, more
protons will be available, thereby increasing electrostatic attrac-
tions between ARS and positively charged adsorption sites and
causing an increase in its adsorption.

3.1.2. Effect of lonic Strength. The ionic strength of the
solution is one of the factors that controls both electrostatic
and nonelectrostatic interactions between the adsorbate and the
adsorbent surface. We determined if the ongoing adsorption
process was affected by salt (ionic strength). The dye adsorption
would be affected not only by the pH value on the electron-
donating capability and temperature on the change of entropy
and heat of reaction, but also by the salt concentration on the
hydrophobic and electrostatic interaction between dye and sur-
face functional adsorptive sites of the adsorbent.

Dye adsorption studies over MWCNT were carried out at
sodium chloride concentrations of (0 and 4) mol-L ™" with the
initial dye concentration of 50 mg-L ™" for ARS and 15 mg-L ™"
for morin, pH of 1, and 0.7 g-L71 and 0.6 g-L71 adsorbent
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Figure 2. Effect of pH on adsorption of A: ARS; B: morin.
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dosages for morin and ARS at a contact time of 30 min for both
dyes. The adsorption capacities for the dyes were not significantly
affected by increasing the KCl concentration from (0 to 4)
mol-L~". This indicates that Cl~ ions do not compete with
functional groups of the dye molecules for MWCNT. The result of
the proposed research indicates that the MWCNT can be used for
removal of acidic dyes from salt containing water.

3.1.3. Effect of Adsorbent Dosage. The adsorption of dyes on
MWCNT was studied by changing the quantity of adsorbent range
of (02t0 0.7) g-L " and (02 to 0.8) g-L~ " for ARS and morin,
respectively, with the dye concentration of 100 mg-L ™', room
temperature, and pH of 1.0. It was seen that with increasing
adsorbent dosage to (0.6 and 0.7) g-L™" for ARS and morin the
percent adsorption was increased. The increase in the adsorption
with the increase in adsorbent dosage can be attributed to increased
MWCNT surface area and the availability of more adsorption sites
(see Figure 3). For the removal of both dyes the adsorption density
of dyes decreased with the increase in adsorbent dosage.

3.1.4. Effect of Initial Dye Concentration. The initial concen-
tration provides an important driving force to overcome all mass
transfer resistance of all molecules between the aqueous and solid
phases.*® % The effect of the initial concentration of morin and
ARS in the range of (12.5 to 30) mg-L ™" and (45 to 100)
mg-L ™" for morin and ARS, respectively. In the solutions, the
rate of sorption onto MWCNT was studied at the pH of 1.0 at
(0.6and 0.7) g- L~ of morin and ARS. Increasing the initial dye
concentrations leads to an increase in the amount of adsorbed
dye. These results suggest that the available sites on the
adsorbent are the limiting factor for dye biosorption.**

By increasing the initial dye concentration the percentage of dye
removal decreased, although the actual amount of dye adsorbed

per unit mass of increased. This increase is due to the decrease in
resistance to the uptake of solute from dye solution. The initial
concentration provides an important driving force to overcome
the mass transfer resistance of dye between the aqueous and the
solid phases.

3.1.5. Effect of Contact Time on Dye Removal. The effects of
contact time at room temperature on the sorption of both dyes are
depicted in Figure 4. As can be seen from Figure 4 when the contact
time was increased, the amount of adsorbed dye was not drastically
increased. But for MWCNTs at the beginning the adsorption rate
was fast as the dye ions were adsorbed by the exterior surface of the
MWCNT. The percentage removal of dyes was greater at lower
initial concentrations and was smaller at higher initial concentra-
tions. In the dye adsorption process, initially dye molecules have to
first encounter the boundary layer effect, and then they have to
diffuse from boundary layer film onto the adsorbent surface and
finally diffuse into the porous structure of the adsorbent. This
phenomenon will take a relatively longer contact time. These results
clearly indicate that the adsorption of dyes from its aqueous solution
was dependent on its initial concentration. When the adsorption of
the exterior surface reached saturation, the dye ions exerted onto the
pores of the adsorbent particles and were adsorbed by the interior
surface of the particle. This phenomenon takes a relatively long
contact time.>*~

3.1.6. Effect of Temperature on Dye Removal. Various textile
dye effluents are produced at relatively high temperatures;
therefore, temperature can be an important factor for the real
application of the MWCNT. To determine whether the ongoing
adsorption process was endothermic or exothermic, respective
studies over MWCNT were carried out at temperatures in the
range of (283 to 333) K at (50 and 15) mg-L ™, pH 1, and a
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Figure 3. Effect of amount of MWCNTs for A: ARS; B: morin.

contact time of 30 min for ARS and morin, respectively. In
general, the adsorption of both dyes increased with an increase in
temperature, which indicates that the process was endothermic
in both cases.

The adsorption of a solute from the solution phase onto the
solid—liquid interface occurs by dislodging the solvent molecule
(water) from the interfacial region. Probably with a rise in
temperature from (283.15 to 303.15) K, the interaction between
solvent and solid surface reduced exposing a greater number of
adsorption sites as reported earlier. This enhanced the possibility
of interaction between dye and adsorbents. In addition, at
elevated temperatures, an increase in free volume occurred,
which also favored adsorption.’® As shown in Figure 4, the
increase of equilibrium uptake with a further increase in tem-
perature indicates that the dye sorption process is endothermic.

3.2. Kinetics Study. Adsorption kinetics is one of the most
important characteristics which govern the solute uptake rate; it
represents the adsorption efficiency of the adsorbent and, there-
fore, determines its potential applications. According to adsorp-
tion rates, the kinetics increased dramatically in the first 10 min
and reached apparent equilibrium gradually within 30 min. Since
MWCNTSs do not have a porous-like structure, the adsorbate will
likely move from the exterior surface to the inner surface of the
pores on adsorbents to achieve equilibrium.®"*>

To analyze the adsorption rate of both dyes onto CNTs, the
Lagergren's first-order rate equation is employed:**

In(q, —q,)/q. = —kit (2)

where g, are the amounts of dye adsorbed onto CNTSs at time ¢
(mg-g~ ") and k, is the first-order rate constant (min~"). The k,
values under various temperatures can be determined by the
slope of a linear plot of In[(g. — q;)/q"] versus t and are given in
Table 1. The correlation coefficients (R*) are all > 0.96 indicating

that the kinetics of dye adsorption by CNTs follows the first-
order rate law. The k; value increased with a rise in temperature,
which could be explained by the fact that the increasing
temperature results in a rise in diffusion rate of dye molecules
across the external boundary layer and within the pores of CNT's
due to the result of decreasing solution viscosity. However,
the temperature dependence of the k; value is inconsistent
with the temperature dependence of the g, value. This may be
explained by the fact that the adsorption rate is faster than the
desorption rate at a low temperature, but the desorption rate is
more sensitive to temperature and becomes greater at a high
temperature. Therefore, adsorption would dominate at lower
temperatures, while desorption would dominate at higher
temperatures.‘%’65

3.2.1. Pseudofirst-Order Equation. The adsorption kinetic
data were described by the Lagergren pseudofirst-order model,*®
which is the earliest known equation describing the adsorption
rate based on the adsorption capacity. The Lagergren equation is
commonly expresses as follows:

dg,/d: = ki(q, — q,) 3)

where g, and g, are the adsorption capacity at equilibrium and at
time t, respectively (mg-g ') and k, is the rate constant of
pseudofirst order adsorption (L-min ™ '). Integrating eq 3 for the
boundary conditions t =0 to t = t and g, = 0 to g, = q; gives:

log(q./q. — g,) = ki/2.303¢ (4)
Equation 4 can be rearranged to obtain the following linear form:
log(q, — q,) = log(q,) — k1/2.303¢ (s)

The values of log (q. — ;) versus t can be plotted to give a linear
relationship from which k; and g, can be determined from its
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Figure 4. Effect of contact time on the removal of A:ARS, B: morin.

slope and intercept (Table 1). If the intercept dose not equal g,
then the reaction is not likely to be a first-order reaction even
though this plot has a high correlation coefficient with the
experimental data.®” The variation in rate should be proportional
to the first power of concentration for strict surface adsorption.
However, the relationship between initial solute concentration
and rate of adsorption will not be linear when pore diffusion
limits the adsorption process. It can be seen that the model at
initial stages obeyed the first order with rapid adsorption but
cannot be applied for the entire adsorption process. This
indicates that the adsorption of the dye is not a first-order
reaction.

3.2.2. Pseudosecond-Order Equation. The adsorptlon kinetics

may be described by the pseudosecond-order model,®® which is
generally given in linear form:
(t/at) = 1/kaq.” +1/q.(t) (6)

and second-order rate constants (initial sorption rate) is calcu-
lated by the following eq 7:

h = kg, (7)

Given the nonapplicability of the first-order model for the
entire adsorption process, the plots of t/g, versus t give a straight
line for all of the initial dye concentrations, confirming the
applicability of the pseudosecond-order equation. Values of k,
and equilibrium adsorption capacity g. were calculated from the
intercept and slope of the plots of t/q, versus t, respectively. The

Table 1. Kinetic Parameters for the Adsorption of Dyes
(A: ARS, B: Morin) onto the Adsorbent

dye
model A B
first-order kinetics ky 0.191 0.078
ge(calc) 99.311 4.503
R 0.958 0.658
second-order kinetics ks 0.002 0.005
ge(calc) 111.111 21.505
R 0.998 0.999
h 26.316 23.309
intraparticle diffusion Kag —0.247 5418
C 25.14 5.887
R 0.982 0.983
Elovich p 0.045 0.371
R 0.986 0.837
qe(exp) 166.66 21.171

values of R* and g, also indicated that this equation produced
better results (Table 1): at all concentrations and sorbent doses,
R? values for pseudosecond-order kinetic model were found to
be higher (between 0.991 and 0.996), and the calculated g, values
are mainly near to the experimental data. This indicates that ARS
and morin on the MWCNT adsorption system obeys the
pseudosecond-order kinetic model for the entire sorption period.

3.2.3. Intraparticle-Diffusion Model. In general, the dye sorp-
tion is governed by either the liquid phase mass transport rate or
through the intraparticle mass transport rate. Pore-diffusion
models should be formulated so as to consider not only the
particle size but also the particle shape reported in the
literature.®””°

The adsorption process is a diffusive mass transfer process
where the rate can be expressed in terms of the square root of
time (t). The intraparticle-diffusion model is expressed as
follows:"!

= kito's 4 (8)

where g, is the fraction dye uptake (mg-g BE: time t, k; is the
intraparticle-diffusion rate constant (mg- (g- mm $)~1), and I is
the intercept (mg-g~'). The plot of g, versus £ will give k; as the
slope and I as the intercept. The intercept I represents the effect
of boundary layer thickness, and its minimum value shows that
the process is less boundary-layer-controlled. The plot of g,
versus t>° for the initial dye concentration of (50 and 15)
mg-L " for ARS and morin is represented. Although the plots
are nonlinear in nature, the data points can be better represented
by double lines with a difference in slope (k;) and intercept (I).
The values of k and I are summarized in Table 1 along with the
regression constant (R?) for different temperatures. In the first
straight line, the sudden increase (within a short time period) in
slope signifies that the ARS and morin molecules are transported
to the external surface of MWCNT particles through film
diffusion, and its rate is very fast. After that, dye molecules enter
into the solid phase particle by intraparticle diffusion through the
pore which is represented in second straight line.”>

3.3. Sorption Isotherms. 3.3.1. Equilibrium of Sorption. The
successful representation of the dynamic adsorptive separation of
solute from solution onto an adsorbent depends upon a good

2515 dx.doi.org/10.1021/je2000414 |J. Chem. Eng. Data 2011, 56, 2511-2520



Journal of Chemical & Engineering Data

description of the equilibrium separation between the two
phases. It is possible to depict the equilibrium adsorption
isotherms by plotting solid phase concentration (geq; mg* -
against liquid phase concentration (Cq; mg -L™") of solute.”” To
discover the adsorption capacity of MWCNT' s the experimental
data were analyzed by the Langmuir, Freundlich, Tempkin,
Dubinin and Radushkevich (D-R), and Harkins—Jura (H-J)
isotherm equations. The isotherms of morin and ARS adsorption
on MWCNT are of L-type, indicating that they have a high
affinity for MWCNTs, and the constant parameters of the
isotherm equations were calculated (Tables 2 and 3).

3.3.2. Langmuir Isotherm. The theoretical Langmuir sorption
isotherm”* is valid for the adsorption of a solute from a liquid
solution as monolayer adsorption on a surface containing a finite
number of identical sites. The model is based on several basic
assumptions: (i) the sorption takes place at specific homogeneous
sites within the adsorbent; (ii) once a dye molecule occupies a site;

Table 2. Isotherm Parameters Obtained from Four Linear
Forms of the Langmuir Model for the Adsorption of Dyes (A:
ARS, B: Morin) onto the Adsorbent

dye

model parameters A B

(iii) the adsorbent has a finite capacity for the adsorbate (at
equilibrium); (iv) all sites are identical and energetically equiva-
lent. The Langmuir isotherm model assumes uniform energies of
adsorption onto the surface without transmigration of adsorbate in
the plane of the surface. Therefore, the Langmuir isotherm model
was chosen for the estimation of the maximum adsorption capacity
corresponding to complete monolayer coverage on the sorbent
surface. The nonlinear equation of Langmuir isotherm model can
be written as follows:

4de = QmKaCe/(l +KaC6) (9)

where C, and g, are the equilibrium liquid-phase concentrations of
dyes and amount of dye adsorbed onto MWCNTS, respectively
(mg-L™ " and mg-g~"); Q,, is the maximum adsorption capacity
reflected on a complete monola?rer (mg-g~"); K, is the adsorption
equilibrium constant (L-mg™ ") that is related to the apparent
energy of sorption. The Langmuir isotherm parameters can be
obtained from its linearized form (eq 10) and presented in Table 2:

Ce/q. = 1/(KaQp) + (1/Qu)*Ce (10)

A plot of C./g. versus C, should indicate a straight line of slope
1/Q,, and an intercept of 1/(K,Qy,)-

The results obtained from the four forms of the Langmuir
model for the removal of dyes onto MWCNTSs are shown in

Langmuir-1: Co/qe = (1/K,Qu) Qnm (mg-g™') 161290 26247 Table 2. The correlation coeflicients reported in Table 3 showed
+ Co/Qm K, (L-mg ") 0681  6.568 strong positive evidence on the adsorption of dyes onto
R? 0996  0.999 MWCNTs following the Langmuir and Tempkin isotherms.
Langmuir-2: 1/q. = 1/(K,QuC.) Qu(mg-g™!) 149253 25510 For Langmuir the experimental data obtained were found to be
+1/Q, K, (L-mg ") 0925 16333 applicable only to the Larzlgmuir-l form depending on the high
R 0.901 0.966 correlation coefficients R™ > 0.999, while the other three linear
Langmuir 3: g = On — /(K.C)  Qu (mgeg™) 15173 25.574 forms of the Langmuir model represented the lower correlation
¢ e - coeflicients. The fact that the Langmuir isotherm fits the experi-
K;‘ (L-mg™) 101215051 mental data very well may be due to the homogeneous distribu-
R 0856 0950 tion of active sites on the MWCNTs surface, since the Langmuir

Langmuir-4: 4/C. = K,Qn — Kige  Qu (mg-g™') 15631 25721 equation assumes that the surface is homogeneous.”®
K, (L-mg™") 0.866 15248 3.3.3. Freundlich Isotherm. The Freundlich isotherm model
R 0856 0.950 (Table 3) is valid for multilayer adsorption and is derived by

Table 3. Isotherm Constant Parameters and Correlation Coefficients Calculated for the Adsorption of Dyes (A: ARS, B: Morin)

onto the Adsorbent

dye
isotherm parameters A B
Langmuir-1: 1/g, = 1/(K,QuCe) + 1/Qm Qn (mg-g") 161.290 26.247
K, (L-mg™") 0.681 6.568
R? 0.996 0.999
Freundlich: In g. = In Kz + (1/n) In C, 1/n 0.197 0.061
Kg (L-mg ™) 86.916 22735
R’ 0.938 0.993
Tempkin: g, = By In Ky + B, In C, B, 22.12 1.483
Ky (L-mg™ ") 47.266 9719.98
R? 0.951 0.995
Dubinin and Radushkevich (D-R): In g, = In Q, —Be&® Qs (mg-gfl) 144.619 25.239
B 5.1077 1-10°°
E (kJ-mol ') = 1/(2B)'/? 1000.0 7071.067
R? 0.981 0.944
Harkins-Jura (H-]): 1/g.” = (B,/A) — (1/A) log C. A 16666.66 2000
B, 1.667 4
R’ 0.81 0.986
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assuming a heterogeneous surface with interaction between
adsorbed molecules with a nonuniform distribution of heat of
sorption over the surface. The application of the Freundlich
equation suggests that the sorption energy exponentially de-
creases on completion of the sorption centers of an adsorbent. It
can be expressed in the linear form as follows.®*”®

Ing, =InKeg+1/nlnC, (11)

where g, is the equilibrium dye concentration on the adsorbent
(mg-g~ "), C. the equilibrium dye concentration in solution
(mg-Lfl), and Kp (mg: gfl) and n are isotherm constants
indicating the capacity and empirical parameter related to the
intensity of the adsorption, respectively. The value of n varies
with the heterogeneity of the adsorbent, and for favorable
adsorption process the value of n should be less than 10 and
higher than unity.”””®

The slope of plot (1/n) in the range of 0 and 1 is a measure of
adsorption intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero. The values of Kg
and 1/n were determined from the intercept and slope of the
linear plot of In g, versus In C,, respectively (Table 3).

3.3.4. Tempkin Isotherm. Tempkin and Pyzhev”® considered
the effect of some indirect sorbate/adsorbate interactions on the
adsorption isotherm. This assumes that the heat of adsorption of
all of the molecules in a layer decreases linearly with the surface
coverage of adsorbent due to sorbate—adsorbate interactions.
This adsorption is characterized by a uniform distribution of
binding energies. The linear form of the Tempkin isotherm
equation is represented by the following equation.*®

9. = By In Kt + B; In C. (12)

where B; = RT/b, T is the absolute temperature in Kelvin, R the
universal gas constant (8.314] - K '-mol "), Ky the equilibrium
binding constant, and the constant B, is related to the heat of
adsorption. Values of By and Kt were calculated from the plot of
qe against In C, (Table 3).

3.3.5. Dubinin—Radushkevich (D-R) Isotherm. Another equa-
tion used in the analysis of isotherms was proposed by
Dubinin—Radushkevich.** The D-R model was applied to
estimate the porosity apparent free energy and the characteristics
of adsorption,sl’82 The D-R isotherms does not assume a
homogeneous surface or constant sorption potential, and it has
commonly been applied in the following form (eq 18). Its linear
form can be shown in eq 13:

9. = Qu exp(— Ke?) (13)

Ing, =InQ, — Kée? (14)

where K is a constant related to the adsorption energy, Q,, the
theoretical saturation capacity, € is the Polanyi potential can be

calculated from eq 15:

e =RTIn(1+1/C.) (15)

The slope of the plot of In g, versus &> gives K (mol*- (kJ*) ™),
and the intercept yields the adsorption capacity, Q,, (mg-g ")
The mean free energy of adsorption (E), defined as the free
energy change when one mole of ion is transferred from infinity

in solution to the surface of the sorbent, was calculated from the
K value using the following relation (eq 16):%

E = 1/(2K)"? (16)

Calculated D-R constants for the adsorption of dyes on MWCNT's
are shown in Table 3; the values of correlation coefficients are
much lower than other isotherm values mentioned above. In this
case, the D-R equation represents the poorer fit of experimental
data than the other isotherm equation. Moreover, the maximum
capacity Q,, obtained using the D-R isotherm model for the
adsorption of dyes is 24.668 mg-g ' on the MWCNT dose of 1
gL~ !, which is close to half of that obtained (40.650 mg-gfl)
from the Langmuir-1 isotherm model (Table 3).

3.3.6. Harkins—Jura Adsorption Isotherm. The Harkins—Jura
adsorption isotherm® can be expressed as:

1/q.” = (B*/A) — (1/A)log C. (17)

where B, and A are the isotherm constants. The Harkins—Jura
adsorption isotherm accounts to multilayer adsorption and can
be explained with the existence of a heterogeneous pore dis-
tribution. 1/ qe2 was plotted versus log C.. Isotherm constants
and correlation coefficients are summarized in Table 3. The
Tempkin models fit the adsorption of dyes on MWCNT
adsorbent best, respectively.

3.4. Thermodynamics Study. The adsorption on solids is
classified into physical adsorption and chemical adsorption, but
the dividing line between the two is not sharp. However, phy-
sical adsorption is nonspecific, and the variation of energy for physical
adsorption is usually substantially smaller than that of chemical
adsorption. Chemical adsorption is similar to ordinary chemical
reactions in that it is highly specific. Typically, AH for physical
adsorption ranges from (—4 to —40) kJ-mol ™', compared to that
of chemical adsorption ranging from (—40 to —800) kJ-mol .
As shown in Table 4, the AH values suggest that the adsorption
process might be considered as physical adsorption in nature.

In general, in the external mass transport process, the values of
the diffusion coeflicient increase as the temperature of adsorp-
tion increases. Increasing the temperature leads to a decrease in
the thickness of the boundary layer surrounding the adsorbent
and the mass transport resistance of the adsorbate in the
boundary layer. Thus, the diffusion rate of dyes in the external
mass transport process increases with temperature, while in
intraparticle diffusion the coefficient of diffusion values decreases
with increasing temperature. At low temperature, the diffusion
coefficient of external mass transport is slightly lower than the
diffusion coefficient of intraparticle diffusion. So, at low tem-
perature, dye adsorption is limited by the external mass transport.
With the increase of temperature external mass transport begins
to play a major role in dye adsorption by chitosan. One of the
reasons for the positive changes of the enthalpy and entropy
could be the release of numerous water molecules.

The thermodynamic parameters, free energy change (AG®),
enthalpy change (AH®), and entropy change (AS°) for the
adsorption of dye onto CNT's were calculated using the following
equations (Table 4):*

AG® = —RTIh K, (18)
AS® = AH° — AG°T (19)
where K is the thermodynamic equilibrium constant. As the dye

concentration in the solution decreases and approaches 0, values
of Ky are obtained by plotting a straight line of (q./C.) versus g,
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Table 4. Thermodynamics Parameters for the Adsorption of Dyes (A: ARS, B: Morin) onto the Adsorbent

Co temperature, K
parameter mg-L " 283.15 293.15 303.15 JUSILS 323.15 LIS
ke dye B 0.608 1.327 1.509 2.287
A 2.182 3.737 3.959 6.041 11.65 37.893
AG® (J-mol ") B 1169.572 —689.742 —1037.68 —2223.14
A —1837.24 —32132 —3467.87 —0.4682.81 —6597.43 —10067.7
dye
parameters A B
AS® (J-mol '-K™1) 39.99 23.192
AH® (kJ-mol ) 145911 79.453
E, (J-mol ™) 34.844 12.704
S* 2.400-10° 7.720-107°

based on a least-squares analysis and extrapolating g, to 0. The
intercept of the vertical axis gives the K, value. The AH® is
determined from the slope of the regression line after plotting In
K, against the reciprocal of absolute temperature, 1/T. The AG®
and AS° are determined from eqs 18 and 19, respectively. Table 4
summarizes the values of these thermodynamic parameters. Nega-
tive AH® indicates the exothermic nature of adsorption process.
This is supported by the decrease of dye adsorption onto CNT's
with a rise in temperature. Negative AG® suggests that the adsorp-
tion process is spontaneous with a high preference of dye molecules
for the CNTs. Positive AS°, which reflects the affinity of the CNTs
for the dye and the increase of randomness at the solid/liquid
interface during adsorption process, may be due to the release of
water molecules produced by molecule exchange between dye
molecules and the functional groups attached on the CNT surface.
First, all of the samples present a negative standard free energy
change and a positive standard entropy change, which indicates
that the adsorption reactions are in general a spontaneous
process and thermodynamically favorable. The positive standard
entropy changes indicate that the degree of freedom increases at
the solid—liquid interface during the adsorption of dye on
MWCNTs. The dye in solution is surrounded by a tightly bound
hydration layer where water molecules are more highly ordered
than in the bulk water. When a molecule of dye comes into close
interaction with the hydration surface of MWCNTs, the ordered
water molecules in these two hydration layers are compelled and
disturbed, thus increasing the entropy of water molecules.
Negative AG® suggests that the adsorption process is sponta-
neous with a high preference of dye molecules for the CNTs.
Positive AS°, which reflects the affinity of the CNTs for the dye
and the increase of randomness at the solid—liquid interface
during adsorption process, may be due to the release of water
molecules produced by molecule exchange between dye mol-
ecules and the functional groups attached on the CNT surface.
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