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Abstract A batch adsorption process was applied to inves-
tigate the removal of manganese from aqueous solution by
oxidized multiwalled carbon nanotubes (MWCNTs). In do-
ing so, the thermodynamic, adsorption isotherm, and kinetic
studies were also carried out. MWCNT with 5–10-nm outer
diameter, surface area of 40–600 m2/g, and purity above
95 % was used as an adsorbent. A systematic study of the
adsorption process was performed by varying pH, ionic
strength, and temperature. Manganese-adsorbed MWCNT
was characterized by Raman, FTIR, X-ray diffraction, XPS,
SEM, and TEM. The adsorption efficiency could reach
96.82 %, suggesting that MWCNT is an excellent adsorbent
for manganese removal from water. The results indicate that
second-order kinetics model was well suitable to model the
kinetic adsorption of manganese. Equilibrium data were
well described by the typical Langmuir adsorption isotherm.
Thermodynamic studies revealed that the adsorption reac-
tion was spontaneous and endothermic process. The exper-
imental results showed that MWCNT is an excellent
manganese adsorbent. The MWCNTs removed the manga-
nese present in the water and reduced it to a permissible
level making it drinkable.
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Introduction

Manganese is the second most abundant metal in nature
(Dabeka et al. 2002). It is an essential metal for the human
system and many enzymes are activated by manganese.
Manganese has a variety of applications in ceramics, prima-
ry cells (dry battery), and electrical coils. Manganese is also
used in alloying element of many alloys. It is present in the
atmosphere as suspended particulates resulting from indus-
trial emission, soil erosion, volcanic emissions, and the
burning of MMT-containing petrol (WHO 2004). The man-
ganese contaminant in groundwater affects the intelligent
quotient of children (Dabeka et al. 2002). The neurotoxic
disease like Parkinsonism is caused by the manganese over
intake (Erikson et al. 2007). The prolonged over intake
potentially affects the central nervous system and lungs.
These manganese contaminants in the groundwater cause a
disease called manganism, diseases of disturbed speech with
poor prognosis, and also bronchitis and pneumonia (US
EPA report). The World Health Organization prescribed
permissible limit for the manganese in the groundwater is
0.05 mg/L (WHO 2004).

The common methods for removing toxic metals from
water include electrodialysis, chemical and electrocoagula-
tion, reverse osmosis, coprecipitation, complexation, solvent
extraction, ion exchange, and adsorption (Bedow et al. 2008;
Nogawa et al. 2004; Friberg 1983; Vasudevan et al. 2008,
2009, 2010a, b, c, d, e; Vasudevan and Lakshmi 2011, 2012a,
b; Sekar et al. 2004; Youssef et al. 2004; Gupta et al. 1997a,
b, 1998, 2000, 2001, 2002; Gupta and Sharma 2003; Gupta
and Ali 2004; Gupta et al. 2006a, b, c, d, 2007a, b, c, d, e;
Gupta and Rastogi 2008a, b, c, d; Gupta and Ali 2008f, e;
Gupta et al. 2009a, b, c, d, e, f, g; Gupta and Rastogi 2010;
Gupta et al. 2012; Ali and Gupta 2007; Ali 2010; Jain et al.
1995a, b, 1997a, b; Srivastava et al. 1995, 1997; Goyal et al.

Responsible editor: Vinod Kumar Gupta

P. Ganesan :R. Kamaraj :G. Sozhan : S. Vasudevan (*)
CSIR-Central Electrochemical Research Institute,
Karaikudi 630 006, India
e-mail: vasudevan65@gmail.com

Environ Sci Pollut Res (2013) 20:987–996
DOI 10.1007/s11356-012-0928-7



2007a, b; Saleh and Gupta 2011). Physical methods like ion
exchange, reverse osmosis, and electrodialysis have proven to
be either too expensive or inefficient to remove manganese
from water. At present, chemical treatments are not used due
to disadvantages like high costs of maintenance, problems of
sludge handling and its disposal, and neutralization of effluent
(Mollah et al. 2001;Mouedhen et al. 2008;Melnik et al. 1999).
Among these treatment methods, adsorption process is more
advantageous due to low cost and high treatment efficiency.

Carbon nanotubes (CNTs) have large surface area, high
mechanical strength, and remarkable electrical conductivi-
ties which have been indicated for their tremendous poten-
tial for different applications. CNTs are classified into two
categories, viz. single-walled carbon nanotubes and multi-
walled carbon nanotubes (MWCNTs). The application of
MWCNT as an adsorbent to remove organic and inorganic
pollutants has been studied intensively (Wang et al. 2005;
Fugetsu et al. 2004; Chen and Wang 2006; Yang et al.
2006), and the results indicate that MWCNTs are suitable
candidate for water treatment. However, the adsorption of
manganese to MWCNT is still scarce. The objectives of this
study include: (1) to investigate the adsorption kinetics of
manganese on the MWCNT; (2) to study the effects of pH,
ionic strength, and foreign ions on manganese sorption on
the MWCNT; (3) to study the adsorption isotherms by using
Langmuir and Freundlich models; and (4) to calculate the
thermodynamic parameters for the adsorption of manganese
at different temperatures.

Materials and methods

Materials

MWCNTs were purchased from Aldrich, with 5–10-nm
outer diameter, surface area of 40–600 m2/g, and purity
above 95 %.

Preparation of purified MWCNT and characterization

Ten grams of raw MWCNTwas soaked in 50 mL of 8 mol/L
of HNO3 for 12 h at room temperature. Then, the solution
was filtered through a 0.45-μm membrane filter and the
MWCNTs were washed with Milli-Q water until the neutral
pH. Then, the MWCNTs were refluxed with 8 mol/L nitric
acid solution at about 125 °C for 2 h, filtered, and then
washed with deionized water until neutral pH. Such prepared
MWCNT was dried overnight in an oven at 80 °C and then
calcined at 450 °C for 4 h to completely remove amorphous
carbon and nitrate ions.

The morphology and structure of MWCNT were charac-
terized by scanning electronmicroscope (SEM) (Hitachi mod-
el s-3000h, Japan) and by transmission electron microscopy

(TEM) (Hitachi 800). The Fourier transform infrared spectros-
copy (FTIR) spectrum of MWCNTwas recorded with a FTIR
spectrometer (Nexus 670, USA). Raman spectroscopy was
performed with a Renishaw InVia Laser Raman Microscope.
The X-ray diffraction (XRD) pattern of MWCNT was
analyzed using an X’per PRO X-ray diffractometer (PAN-
alytical, USA). The X-ray photoelectron spectroscopy
(XPS) spectra were recorded on powders with a thermo
ESCALAB 250 spectrometer using an AlKa monochroma-
tor source and a multidetection analyzer, under a 10–8-Pa
residual pressure.

Batch mode adsorption experiment

Batch adsorption experiments were performed using 100-
mL glass bottles with the addition of 50 mg of MWCNT and
75 ml of manganese (Mn(NO3)2) solution of concentration
from 0.25 to 2.0 mg/l. The glass bottles were sealed with
Teflon and then were placed on a shaker. The adsorption
experiments were carried out at 180 rpm for 12 h (25 °C).
The temperature of the manganese solution has been con-
trolled to the desired value with a variation of ±2 K by
adjusting the rate of flow of thermostatically controlled
water through an external glass-cooling spiral. All chem-
icals were purchased in analytical purity and used in the
experiments directly without any further purification. All
solutions were prepared using Milli-Q water.

Analytical method

All the ions, viz. manganese, sulfate, nitrate, fluoride, and
phosphate were measured using an ion chromatograph
(Metrohm AG, Herisau, Switzerland) equipped with a Dual
3 column (250×4 mm), an RP guard column, and a con-
ductivity detector. NaOH (5 mM) served as the eluent and
sulfuric acid (2.0 mM) as the regenerant in the chromato-
gram analysis.

Theory

Kinetic modeling

In order to investigate the mechanisms of the manganese
adsorption process, two different kinetic models (Gupta and
Sharma 2003), the pseudo-first-order model and pseudo-
second-order model, were applied to describe the kinetics
of the manganese adsorption onto MWCNT.

First-order Lagergren model

The first-order rate equation of the Lagergren model is
one of the most widely used expressions describing the
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adsorption of solute from a solution. The first-order Lagerg-
ren model is generally expressed as follows (Sharma and
Bhattacharyya 2004):

dqt=dt ¼ k1 qe � qtð Þ ð1Þ
where qe and qt are the adsorption capacities at equilibrium
and at time t (in minutes), respectively, and k1 (in minutes) is
the rate constant of first-order adsorption. The integrated form
of the above equation with the boundary conditions t00 to >0
(q00 to >0) is rearranged to obtain the following time-
dependent function:

log qe � qtð Þ ¼ log qeð Þ � k1t=2:303: ð2Þ

Second-order Lagergren model

The Lagregren second-order kinetic model is expressed as
(Ho and McKay 1998):

dqt=dt ¼ k2 qe � qtð Þ2 ð3Þ
where k2 is the rate constant of second-order adsorption. The
integrated form of Eq. (3) with the boundary condition t00
to >0 (q00 to >0) is:

1= qe � qtð Þ ¼ 1=qe þ k2t: ð4Þ
Equation (4) can be rearranged and linearized as:

t=qt ¼ 1=k2qe
2 þ t=qe ð5Þ

where qe and qt are the amount of manganese adsorbed on
MWCNT (in milligrams per gram) at equilibrium and at
time t (in minutes), respectively, and k2 is the rate constant
for the second-order kinetic model.

Isotherm modeling

In order to identify the mechanism of the adsorption process, it
is important to establish the most appropriate correlation for
the equilibrium curves. In this study, two adsorption iso-
therms, Langmuir and Freundlich, were applied to establish
the relationship between the amounts of manganese adsorbed
onto the MWCNT and its equilibrium concentration in the
aqueous solution containing manganese.

Freundlich isotherm

The Freundlich adsorption isotherm typically fits the exper-
imental data over a wide range of concentrations. This
empirical model includes considerations of surface hetero-
geneity and exponential distribution of the active sites and
their energies. The isotherm is adopted to describe reversible
adsorption and is not restricted to monolayer formation. The
linearized in logarithmic form and the Freundlich constants

can be expressed as (Freundlich 1907):

log qe ¼ log kf þ n logCe ð6Þ
where kf is the Freundlich constant related to adsorption
capacity, n is the energy or intensity of adsorption, Ce is
the equilibrium concentration of manganese (in milligrams
per liter).

Langmuir isotherm

The Langmuir model was originally developed to represent
chemisorption at a set of well-defined localized adsorption
sites with the same adsorption energy, independent of the
surface coverage, and with no interaction between adsorbed
molecules. This model assumes a monolayer deposition on a
surface with a finite number of identical sites (Mckay et al.
1982). It is well known that the Langmuir equation is valid
for a homogeneous surface. The linearized form of Lang-
muir adsorption isotherm model is:

Ce=qe ¼ 1=qmbþ Ce=qm ð7Þ
where qe is the amount adsorbed at equilibrium concentra-
tion Ce, qm is the Langmuir constant representing maximum
monolayer adsorption capacity, and b is the Langmuir con-
stant related to energy of adsorption. The essential charac-
teristics of the Langmuir isotherm can be expressed as the
dimensionless constant RL.

RL ¼ 1= 1þ bCoð Þ ð8Þ
where RL is the equilibrium constant that indicates the type
of adsorption, b, is the Langmuir constant (Langmuir 1918).
Co is various concentrations of manganese solution. The RL

values between 0 and 1 indicate the favorable adsorption.

Thermodynamic parameters

To understand the effect of temperature on the adsorption
process, thermodynamic parameters should be deter-
mined at various temperatures (Golder et al. 2006). The
energy of activation for adsorption of manganese can be
determined by the second-order rate constant expressed
in Arrhenius form.

ln k2 ¼ ln ko � E=RT ð9Þ
where ko is the constant of the equation (in grams per milli-
gram per minute), E is the energy of activation (in joules per
mole), R is the gas constant (8.314 Jmol−1 K−1), and T is the
temperature in kelvin. The free energy change is obtained
using the following relationship:

ΔG ¼ �RT lnKc ð10Þ
where ΔG is the free energy (in kilojoules per mole), Kc is the
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equilibrium constant, R is the gas constant, and T is the
temperature in kelvin. Other thermodynamic parameters such
as entropy change (ΔS) and enthalpy change (ΔH) were de-
termined using van’t Hoff equation:

lnKc ¼ ΔS
R

� ΔH
RT

: ð11Þ

Pore diffusion coefficient (D)

The diffusion coefficient (D) for intraparticle transport of
manganese species into the adsorbent particles has been
calculated at different temperature by:

t1=2 ¼ 0:03xro
2=D ð12Þ

where t1/2 is the time of half adsorption (in seconds), ro is
the radius of the adsorbent particle (in centimeters), D is the
diffusion coefficient in square centimeter per second
(Golder et al. 2006).

Results and discussion

Characterizations of MWCNT

The Raman spectrum of MWCNT in Fig. 1 is composed of
two characteristic peaks. The peak near 1,350 cm−1 is the D-
band corresponding to the disordered sp2-hybridized carbon
atoms of MWCNT, while the peak near 1,580 cm−1 is the G-
band corresponding to the structural integrity of sp2-hybrid-
ized carbon atoms of MWCNT. Together, these bands can be
used to determine the extent of carbon-containing defects. As
can be seen, unoxidized MWCNTs (ID/IG00.85) have a
higher ID/IG ratio (the intensity ratio of D-band to G-band)
than the MWCNT (ID/IG00.79), which indicates that the
MWCNTs contain more amorphous carbon and multishell

sp2-hybridized carbon nanoparticles that can encapsulate re-
sidual metal catalysts. In other words, the rawMWCNTs have
less crystalline graphitic structures.

The FTIR measurements were performed in order to verify
the formation of oxygen-containing functional groups after
oxidation. Figure 2 shows the FTIR spectra of O-MWCNT.
The FTIR spectra indicate that the acid treatment process
introduces many functional groups on the surfaces of
MWCNT: carbonyl groups (1,400 cm−1), carboxyl groups
(1,650 cm−1), and hydroxyl groups (3,500 cm−1). These
functional groups are produced abundantly on the external
and internal surface of MWCNT, which increase the surface
polarity and further alter the surface charges.

Figure 3 shows the XRD pattern of the MWCNT struc-
ture. The most intense peaks of MWCNT correspond to the
(0 0 2) and (1 0 0) reflections.

Figure 4 shows the high-resolutionXPS spectra of the sample
around 532.5 eV. With reference to the XPS studies of
MWCNT, the experimental data show that functional groups
present on the surface ofMWCNT: carboxyl oxygen [–O–C0O
(H), 533.6 eV] and carbonyl oxygen (0C0O, 530.7 eV).

Fig. 1 Raman spectra of a MWCNT and b MWCNT (unoxidized)

Fig. 2 Fourier transformed infrared spectra of MWCNT

Fig. 3 XRD pattern of MWCNT
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The morphology of MWCNT was examined by using
SEM and TEM. From the SEM, it is found that the
MWCNTs have very smooth surfaces and are about 100–
200 nm in diameter and several micrometers in length
(Fig. 5). Figure 6 shows the TEM of the MWCNT after
adsorption experiments. The black dots show the adsorption
on manganese on MWCNT.

Effect of pH and competing anions

The pH value plays an important role with respect to the
adsorption of particular ions on MWCNT. When pH of the
solution is higher than pHPZC, the negative charge on the
surface provides electrostatic interactions that are favorable
for adsorbing cationic species. The decrease of pH leads to
neutralization of surface charge, thus, the adsorption of
cations should decrease. To examine this effect, a series of

experiments were carried out using 2 mg/L manganese-
containing solutions, with an initial pH varying in the range
from 2 to 12.

The obtained results indicate that the adsorption of manga-
nese increased with the increase of pH from 2 to 12. The low
adsorption that took place in acidic region can be attributed in
part to competition between H+ and manganese ions on the
same sites. Furthermore, the charge of MWCNT surface
becomes more negative with the increase of pH, which causes
electrostatic interactions and thus results in higher adsorption
of metal species.

The impact of various anions (commonly present in water)
including fluoride (F−), nitrate (NO3

−), sulfate (SO4
2−), and

phosphate (PO4
3−) on manganese removal by MWCNT was

investigated at 2.0 mg/L of initial manganese concentration.
Anions present in the manganese solutions are likely to limit
the manganese removal efficiency. In the presence of nitrate,

Fig. 4 XPS spectra of MWCNT

Fig. 5 SEM image of MWCNT

Fig. 6 TEM image of MWCNT after adsorption
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Fig. 7 Effect of electrolysis time and amount of manganese adsorbed.
Conditions: pH, 7.0 and temperature, 303 K
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the removal efficiency of manganese was 96.62, 96.2, and
96.0 % for the concentrations of 20, 50, and 100 mg/L,
respectively; while in case of other anions (fluoride, sulfate,
and phosphate), the removal efficiency of perchlorate was
96.3, 96.1, and 96.0 % for the concentrations of 20, 50, and
100mg/L, respectively. There was no significant change in the
removal efficiency of manganese under the investigated com-
peting anions.

Effect of concentration

In order to evaluate the effect of initial manganese concen-
tration, experiments were conducted at varying initial con-
centrations from 0.25 to 2.0 mg/L. From Fig. 7, it is clear
that the adsorption of manganese is increased with an in-
crease concentration remains constant after the equilibrium
time. The equilibrium time was 354 min for all of the
concentrations studied (0.25–2.0 mg/L). Table 1 reveals
the increase in adsorption with an increase in manganese
concentration at different temperature at equilibrium time.

Kinetic modeling

In order to establish the kinetic of manganese adsorption,
adsorption kinetics of MWCNT was investigated by using
first-order and second-order kinetic models. In the present
investigation, two kinetic models, namely pseudo-first-order
and pseudo-second-order, were tested to obtain rate con-
stants, equilibrium adsorption capacity, and adsorption
mechanism at various temperatures (303–343 K).

First-order Lagergren model

The experimental data were analyzed initially with first-order
Lagergren model. The plot of log (qe−qt) versus t should give
the linear relationship, from which k1 and qe can be deter-
mined by the slope and intercept, respectively, from Eq.
(2). The computed results are presented in Table 2. In all
the adsorption experiments, the results show that the
theoretical qe (cal) value does not agree to the experi-
mental qe (exp) values with poor correlation coefficient.
So, further experimental data were fitted with second-
order Lagergren model.

Second-order Lagergren model

The kinetic data were fitted to the second-order Lagergren
model using Eq. (5). The equilibrium adsorption capacity,
qe (cal), and k2 were determined from the slope and intercept
of plot of t/qt versus t (Fig. 8) and were compiled in Table 2.
The plots were found to be linear with good correlation
coefficients. The theoretical qe (cal) values agree well to
the experimental qe (exp) values at all concentrations stud-
ied. This implies that the second-order model is in good
agreement with experimental data and can be used to favor-
ably explain the manganese adsorption on MWCNT.

Table 2 depicts the computed results obtained from first-
and second-order models. From the results, it is observed
that the correlation coefficients for the first-order kinetic
model were relatively lower than those obtained for the
second-order kinetic model for the different concentrations.

Table 1 Amount of manganese
adsorbed for the various tem-
peratures (303–343 K) at
various concentrations
(0.25–2.0 mg/L)

Temperature (K) Amount of manganese adsorbed for different concentrations (mg/L)

0.25 0.5 1.0 1.5 2.0

303 0.202 0.456 0.954 1.453 1.952

313 0.204 0.458 0.956 1.456 1.953

323 0.207 0.461 0.959 1.459 1.954

333 0.209 0.463 0.962 1.461 1.955

343 0.210 0.465 0.963 1.463 1.956

Table 2 Comparison between
the experimental and calculated
qe values at different temperature
for first- and second-order
adsorption isotherm for
manganese concentration
of 2.0 mg/L

Temperature (K) qe (exp) First-order adsorption Second-order adsorption

qe (cal) k1×10
4

(min/mg)
R2 qe (cal) k2×10

4

(min/mg)
R2

303 1.952 22.14 −0.0074 0.7658 1.950 0.0657 0.9989

313 1.953 25.23 −0.0071 0.8032 1.952 0.0661 0.9995

323 1.954 29.14 −0.0069 0.7991 1.951 0.0665 0.9985

333 1.955 30.01 −0.0073 0.6654 1.950 0.0671 0.9985

343 1.956 31.04 −0.0075 0.6847 1.952 0.0673 0.9987
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These results indicate that the second-order kinetic model
can be applied suitably to predict the manganese adsorption
process onto MWCNTs.

Isotherm modeling

Freundlich isotherm

In testing the isotherm, the manganese concentration used
was from 0.25 to 2.0 mg/L. The adsorption data are plotted
as log qe versus log Ce by Eq. (6) should result in a straight
line with slope n and intercept kf. The intercept and the slope
are indicators of adsorption capacity and adsorption intensi-
ty, respectively. The value of n falling in the range of 1–10
indicates favorable sorption. The kf and n values were listed
in Table 3 for each concentration. It has been reported that
values of n lying between 0 and 10 indicate favorable
adsorption. From the analysis of the results, it is found that

the Freundlich plots fit satisfactorily with the experimental
data obtained in the present study.

Langmuir isotherm

Langmuir isotherm was tested from Eq. (7). The plots of 1/qe
as a function of 1/Ce for the adsorption of manganese on
MWCNT are shown in Fig. 9. The plots were found linear
with good correlation coefficients (>0.99) indicating the ap-
plicability of Langmuir model in the present study. The
values of monolayer capacity (qm) and Langmuir constant
(b) is given in Table 3. The values of qm calculated by the
Langmuir isotherm were all close to experimental values at
given experimental conditions. These facts suggest that man-
ganese is adsorbed in the form of monolayer coverage on the
surface of the adsorbent.

The applicability of the two isotherm equations was
compared using the correlation coefficient (R2). The corre-
lation coefficient values of Freundlich and Langmuir iso-
therm models are presented in Table 3. The values of R2 are
found to be >0.9 for both isotherms. However, based on the
R2 values, the Langmuir isotherm model provided a better
fit compared to the Freundlich isotherm model. This sug-
gests the adsorption of manganese by MWCNTs is appar-
ently with monolayer coverage of adsorbed molecules. The
dimensionless constant RL was calculated from Eq. (8). The
RL values were found to be between 0 and 1 for all the
concentration of manganese studied.

Thermodynamic parameters

Figure 10 shows that the rate constants vary with temperature
according to Eq. (10). The activation energy (0.6712 kJ/mol)
is calculated from slope of the fitted equation. The free energy
change is obtained from Eq. (10). The Kc and ΔG values are
presented in Table 4. From the table, it is found that the
negative value of ΔG indicates the spontaneous nature of
adsorption. The enthalpy change (ΔH03.143 kJ/mol) and
entropy change (ΔS00.7174 J/mol K) were obtained from
the slope and intercept of the van’t Hoff linear plots of lnkc
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Fig. 8 Second-order kinetic model plot for the adsorption of manga-
nese. Conditions: concentration, 2 mg/L; temperature, 303–343 K

Table 3 Constant parameters
and correlation coefficient
calculated for different adsorp-
tion isotherm models at different
temperature for manganese
adsorption at 2.0 mg/L at pH 7

Isotherm Parameters Temperature (K)

303 313 323 333 343

Freundlich kf (mg/g) 1.2387 1.2853 1.3269 1.3584 1.3891

n (L/mg) 1.1260 1.1543 1.1924 1.2158 1.2574

R2 0.9859 0.9836 0.9872 0.9798 0.9883

Langmuir qm (mg/g) 3.3542 3.4157 3.4432 3.4781 3.5015

b (L/mg) 4.3087 4.3351 3.3564 3.3714 3.3961

R2 0.9988 0.9978 0.9995 0.9987 0.9966

RL 0.6862 0.6714 0.6748 0.6715 0.6782
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versus 1/T (Fig. 11 and Eq. 12). A positive value of
enthalpy change (ΔH) indicates that the adsorption pro-
cess is endothermic in nature, and the negative value of
change in internal energy (ΔG) shows the spontaneous
adsorption of manganese on the adsorbent. Positive val-
ues of entropy change show the increased randomness of
the solution interface during the adsorption of manganese
on the adsorbent (Table 4). Enhancement of adsorption
capacity of MWCNT at higher temperatures may be
attributed to the high porosity and or activation of the
adsorbent surface and availability of more surface area
due to carbon nanotubes as concentric cylinders (Guodong
et al. 2010). Using Lagergren rate equation, second-order

rate constants and correlation coefficient were calculated for
different temperatures (303–343 K). The calculated “qe”
values obtained from the second-order kinetics agree with
the experimental qe values better than the first-order kinet-
ics model, indicating adsorption following second-order
kinetics.

Conclusions

In this paper, the adsorption behavior of manganese on
MWCNT was investigated. The experimental results indi-
cate that MWCNT can effectively remove manganese in an
aqueous solution. The percentage of manganese removal by
MWCNT can reach 96.82 %. Kinetic studies suggest that
the equilibrium is achieved only within 354 min and the
pseudo-second-order model is followed. The adsorption
isotherms could be well fitted by the Langmuir adsorption
isotherm equations. Temperature studies showed that ad-
sorption was endothermic and spontaneous in nature. The
results obtained in this work suggest that MWCNT has a
potential application as an adsorbent media for removing
manganese from water.
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Fig. 9 Langmuir plot for adsorption of manganese. Conditions: pH of
the electrolyte, 7.0; temperature, 303–343 K; and concentration,
2.0 mg/L
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Table 4 Thermodynamic parameters for adsorption of manganese

Temperature
(K)

Kc ΔGo

(J/mol)
ΔHo

(kJ/mol)
ΔSo

(J/mol K)

303 17.258 −222.98

313 18.065 −224.12 3.143 0.7174

323 20.022 −232.24

333 21.088 −239.07

343 22.132 −240.12
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Fig. 11 Plot of lnkc and 1/T. Condition: concentration of 2.0 mg/L
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