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To clarify the heavy metal adsorption mechanism of nitrogen-doped magnetic carbon nanoparticles
(N-MCNPs), adsorption capacity was investigated from the adsorption isotherms, kinetics and thermody-
namics points of view. The obtained results showed that the equilibrium adsorption behavior of Cr3* ion
onto the N-MCNPs can be applied to the Langmuir model and pseudo-second-order kinetics. It indicated
that the fabricated N-MCNPs had the homogenous surface for adsorption and all adsorption sites had
equal adsorption energies. Furthermore, the adsorption onto N-MCNPs taken place through a chemical
process involving the valence forces. According to the thermodynamics, the adsorption process is spon-
taneous and endothermic in nature which means that the adsorption capacity increases with increasing
temperature due to the enhanced mobility of adsorbate molecules. The effects of the solution pH and
the species of heavy metal ion on the adsorption uptake were also studied. The synthesized N-MCNPs
exhibited an enhanced adsorption capacity for the heavy metal ions due to the high surface area and
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large amount of nitrogen contents.
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1. Introduction

The removal of heavy metal ions such as Cr3*, Zn2*, Ni2*,
Pb2*, Ag*, Hg2* has attracted much attention due to their toxic-
ity related to environmental problem all over the world. Especially,
the Cr3* ion has significantly harmful effect to ecological environ-
ment owing to the binding of the Cr3* ion to proteins and nucleic
acids [1,2].

Therefore, a large effort has been devoted to develop the abil-
ity to effectively remove heavy metal ions. The various approaches
such as electrochemical method, ion exchange, membrane, solvent
extraction and adsorption, have been suggested for remediation
of heavy metal solution [3-7]. In particular, adsorption method
can be considered as an effective and widely used process due
to its simplicity and easy operational conditions. Up to date, sev-
eral inorganic and organic adsorbents have been proposed for
the adsorption method, including zeolites, clay minerals, triva-
lent and tetravalent metal phosphates, biosorbents and activated
carbon [8-14]. Of a wide range of them, carbon-based materials
have recently attracted a great deal of interest because of their
inertness to surrounding environment, mechanical stability and
highly porous structure with specific surface chemical properties
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[15-21]. However, they have shown limited efficiency as adsorbent
for heavy metal uptake due to their irregular and micron-size of
morphology. Furthermore, the additional process such as chemical
oxidation, which incorporates both oxygen and nitrogen functional
groups on the surface, should be involved for the enhanced adsorp-
tion capacity for heavy metal ion [22-27].

Recently, doping of heteroatom into carbon materials has
attracted considerable attention for tailoring their chemical and
physical properties [28,29]. From the point of view, we have previ-
ously reported on the fabrication of the nitrogen-doped magnetic
carbon nanoparticles (N-MCNPs) [30-31] using the carbonization
of multigram-scale polypyrrole nanoparticles (PPy NPs) as a carbon
precursor [32-34]. This novel strategy does not require an addi-
tional process such as adding dopant material. Importantly, because
the PPy NPs contain nitrogen atom which can endow two unpaired
electrons, the synthesized N-MCNPs can be used as an adsorbent
for adsorption of heavy metal ions.

Herein, we investigate the heavy metal ions uptake capac-
ity of N-MCNPs according to the different solution pH, and then
the Cr3* ion uptake capacity as functions of contact time and
adsorbate concentration is also described. Moreover, adsorption
isotherms, kinetics and thermodynamics are also studied in order
to understand the adsorption mechanism between the synthesized
N-MCNPs and adsorbate. In advance, it is expected that the pre-
pared monodispersed N-MCNPs have an enhanced heavy metal
ion uptake and the magnetic property originated from the iron-
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impregnated N-MCNPs makes it possible to efficiently separate and
reuse the adsorbent under an external magnetic field.

2. Experimental
2.1. Materials

Pyrrole (98%), co-surfactant decyl alcohol (99%) and initiator
ferric chloride (FeCls; 97%) were purchased from Aldrich Chemi-
cal Co. Heavy metals such as silver, chromium, lead, nickel, zinc
and mercury were also prepared from their nitrate compounds of
Aldrich Chemical Co and used without further purification. Surfac-
tant dodecyltrimethylammonium bromide (DTAB) was supplied by
TCI Co.

2.2. Fabrication of polypyrrole (PPy) nanoparticles

For the synthesis of the PPy nanoparticles with an average
diameter of 60nm, surfactant dodecyltrimethylammonium bro-
mide (DTAB; 95.0g, 308 mmol) was magnetically stirred in the
mixture containing decyl alcohol (75.0g, 474 mmol) and distilled
water (2L) at 3°C. Subsequently, pyrrole (25g, 372 mmol) was
added dropwise to the surfactant solution and ferric iron chlo-
ride (140.2 g, 864 mmol) dissolved in a small amount of distilled
water was introduced to the reaction mixture. The chemical poly-
merization of pyrrole monomer was conducted for 2h at 3°C.
The resulting product was then transferred to a separating funnel
and thoroughly washed with excess ethanol to remove the surfac-
tant and other reagents. The upper solution containing surfactant
and unreacted iron chloride was discarded and the precipitated
nanoparticles were dried in a vacuum oven at room temperature.
The amount of final product was very large as 24 g with a yield of
96%.

2.3. Fabrication of N-MCNPs

The iron-impregnated PPy nanoparticles were used as the car-
bon precursor to fabricate N-MCNPs. In a typical carbonization
procedure, the PPy nanoparticles collected from the microemul-
sion polymerization were carried out in a quartz tubular furnace
(21100 Tube furnace, Barnstead Thermolyne Corporation, USA)
and precarbonized under nitrogen atmosphere. The sample was
heated up to 800°C at a heating rate of 3°Cmin~!, held for 3h
and then cooled to room temperature. Approximately 6g of N-
MCNPs could be obtained from 12 g of PPy precursor (a char yield
of 50%).

2.4. Heavy metal extraction experiment

0.2 g of soluble chemical compounds containing different type
of heavy metal ions (silver nitrate, chromium nitrate, lead nitrate,
nickel nitrate, zinc nitrate, mercury nitrate) were added to 500 mL
of distilled water containing 60% HNOs solution (19.2 mL), respec-
tively. In order to control the pH, ammonia solution was injected
into the heavy metal solution (50 mL). The adsorbent N-MCNPs
(0.01 g) were introduced into the above solution and then shaken
at 250 rpm for 12 h so that it would adsorb heavy metal ions. After
the adsorption process, the solution was filtered through a 200 nm
syringe filter and then the inductively coupled plasma (ICP) test
was performed to analyze the concentration of heavy metal ions.
For accurate adsorption results, the heavy metal adsorption was
analyzed three times and the averaged value (error range: +5%)
was represented.

2.5. Effect of contact time on the adsorption process of heavy
metal ion

The adsorption capacity for Cr3* ion was monitored in 1h step
based on the pH 8 solution and initial concentration of Cr3* ion
(12.82 mg/L). The data for adsorption experiment to time were also
measured three times by ICP test and the results were averaged.
The standard deviation was less than 5%.

2.6. Recycling test for adsorption of heavy metal ion

The N-MCNPs in Cr3* jon solution were separated by an external
magnetic field (0.3 T) and then solvent was discarded. The residual
N-MCNPs being loaded with Cr3* ion were placed in 50 mL of dis-
tilled water containing 60% HNO3 solution (1.92 mL) as a desorbing
agentand then shaken at 250 rpm for 2 h. After that, the N-MCNPs in
solution were separated again by a magnet, solvent was discarded
again and the residual N-MCNPs were dried at 60°C. Afterwards,
the N-MCNPs were recycled for the adsorption of heavy metal ion
by the same procedure described above. To determine the reusabil-
ity of the N-MCNPs, consecutive recycling test were repeated five
times using the same adsorbents.

2.7. Characterization

ICP measurement was performed by inductively coupled
plasma-atomic emission spectrometer (ICPS-7500, SHIMADZU cor-
poration, Japan). A field emission scanning electron microscopy
(FE-SEM) images were obtained with a JEOL J[SM-6700 F micro-
scope. The XPS spectra were recorded using Kratos Model AXIS-HS
system and the CHNS Elemental analysis was conducted with an
EA1110 apparatus (CE instrument). The magnetic property of N-
MCNPs was measured using a SQUID magnetometer (Quantum
Design MPMS5).

3. Results and discussion
3.1. Fabrication of N-MCNPs

Fig. 1 represents the field emission scanning electron
microscopy (FE-SEM) images of PPy NPs before and after the car-
bonization. The images exhibit that the PPy NPs and N-MCNPs had
narrow size distribution and their average diameters were ca. 60
and 50 nm, respectively. Interestingly, the size of the N-MCNPs was
smaller than that of the PPy NPs. Reduction in size can be explained
by the aromatization and dehydrogenation of PPy NPs according to
the carbonization [35].

To investigate nitrogen content of N-MCNPs, X-ray photoelec-
tron spectroscopy (XPS) and elemental analysis were carried out.
An XPS of the N-MCNPs is presented in Fig. 2. In the C 1s spectra,
the main peak position of C 1s at 284.5 eV was attributed to aro-
matic C-C bonds and the second peak at 285.3 eV was related to
C-N bonding. Furthermore, an N 1s spectrum definitely displayed
the nitrogen species and was deconvoluted into pyridininc-N
(398.5eV) and pyrrolic-N (400.55 eV). Therefore, it was proved that
nitrogen atoms of N-MCNPs were on aromatic C-C bond with pyri-
dininc and pyrrolic form.

According to elemental analysis (Table 1), precursor PPy NPs
consisted of C (49.0%), H (4.0%), N (13.4%) and S (0.0%). The C/N
ratio of PPy NPs was ca. 3.7 since a repeating unit consists of four
carbon atoms and a nitrogen atom, whereas in the N-MCNPs, C/N
ratio was 7.0 owing to the carbonization process.

Judging from these data, it can be concluded that the monodis-
persed and multigram-scale N-MCNPs were successfully fabricated
using the mild condition carbonization of PPy nanoparticles with-
out the additional process. Moreover, N-MCNPs can be regarded as
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Fig. 1. FE-SEM images of (a) 60 nm PPy NPs synthesized by microemulsion method and (b) 50 nm N-MCNPs fabricated by using the carbonization of PPy NPs as a precursor

(inset: Histograms of particle size distribution).
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Fig.2. (a)C1sand (b) N 1s XPS spectra of N-MCNPs. Binding energy scale measured
from Fermi level. In XPS spectra, blue, red lines of N 1s were ascribed to pyrrolic-N,
pyridininc-N and blue, red lines of N 1s represented C-N bonds, aromatic C-C bonds,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

Table 1
Elemental analysis of PPy NPs and N-MCNPs samples.

Sample Atomic Ratio?

C (%) H (%) N (%) S (%)
PPy NPs® 49.0 4.0 134 0.0
N-MCNPs¢ 63.0 1.0 9.0 0.0

2 These values were obtained by elemental analyzer (EA1110, CE Instrument).

b The PPy NPs (avg. 60 nm) are washed five times with excess ethanol to remove
impurities.

¢ The N-MCNPs are generally prepared by the carbonization of iron-impregnated
PPy NPs precursor.

an excellent adsorbent for heavy metal ions due to the high con-
tents of nitrogen with unpaired electrons which can combine with
positively-charged heavy metal ions through chelation [36,37].

3.2. Effect of solution pH on the adsorption process of several
heavy metal ions

In order to investigate the heavy metal ions removal capacity of
N-MCNPs at pH values, several heavy metal ions such as chrome
(Cr3*), zinc (Zn2*), nickel (Ni2*), lead (Pb%*), silver (Ag*), mercury
(Hg?*) ions were selected as representative heavy metal ions. The
heavy metal ion adsorption capacity was calculated by the follow-
ing equation:

(co—ce)V

e="aw (M

where ¢e is the equilibrium adsorption capacity of adsorbent in
mmol/g, C, is the initial concentration of the heavy metal ions in
mg/L, Ce is the equilibrium concentration of heavy metal ions after
adsorption in mg/L, Vis the volume of metal ions solution in L, and
A is the atomic weight of heavy metal in g/mol, and W is the weight
of the adsorbent in g. The adsorption equilibrium was gradually
established within 12 h for all the tested metal ions. Accordingly,
adsorption capacity of heavy metal ions solutions by N-MCNPs was
measured after 12 h contact time.

Fig. 3 displays the effect of solution pH on the several heavy
metal ions (Cr3*, Zn2*, Ni2*, Pb2?*, Ag*, Hg?*) uptake onto the
N-MCNPs. Interestingly, the N-MCNPs showed the high uptake
capacity in the range of pH 6-10. This result can be ascribed to
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Fig. 3. Effect of solution pH on the several heavy metal ions (Cr3*, Zn?*, Ni?*, Pb?*,
Ag*, Hg?*) uptake onto the N-MCNPs at 303K (0.01g adsorbent was added into
50 mL solution with 20 mg/L of adsorbate concentration).
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the concentration of hydrogen (H*) and hydroxyl (OH~) ions com-
pared to the heavy metal ion in the solution. Namely, in the low
pH range, the concentration of heavy metal ions to bind unpaired
electrons of adsorbent decreased with increasing the concentra-
tion of H* ions due to the acidification. In contrast, as the initial
pH increased by injection of ammonia solution, the decrease of the
H* ions concentration in the solution made it possible to increase
the concentration of heavy metal ions to bind electrons, leading
to a high adsorption uptake. However, when the basification was
in progress (>pH 8), the precipitation attributed to the reaction
between heavy metal ions and increased OH~ ions occurred and
then the adsorption capacity has decreased. For this reason, the
optimized pH was 8 for adsorption of heavy metal ions onto the
N-MCNPs.

Under our experimental condition (pH 8), the amount of heavy
metal jons uptake were ca. 12.28(Cr3*), 9.31(Zn?*), 8.06(Ni%"),
6.74(Pb2*), 3.73(Ag"), 2.59(Hg?*) mmolg-1, respectively. Espe-
cially, the N-MCNPs had the selective preference for heavy metal
ions such as chromium (Cr3*), zinc (Zn2*), nickel (Ni?*) ions. This
different adsorption efficiency can be explained as follows. In gen-
eral, the functionalized materials exhibited unique selective affinity
for binding heavy metal ions according to the type of soft or hard
donor. Nitrogen has been regarded as a harder donor atom com-
pared with sulfur, indicating that the N-MCNPs containing nitrogen
atom exhibited higher complexation affinity for the harder metal
ion (Cr3*, Zn2*, Ni?*) than relatively softer metal ion (Pb2*, HgZ*)
[38,39].

Notably, the maximum adsorption capacity of Cr3* ion was ca.
10 times higher than that of naphthalenesulfonic acid on activated
carbon (1.23 mmol g~1) [40]. Moreover, N-MCNPs had enhanced
Cr3* jon adsorption over chitosan impregnated with microemulsion
(2. 50mmolg~1) [41]. This improved adsorption capacity can be
interpreted by the high surface area and large amount of nitrogen
contents in the synthesized N-MCNPs.

3.3. Adsorption isotherms study

Fig. 4a and b show the experimental adsorption isotherms
according to the initial and equilibrium Cr3* jon concentration at
room temperature. The obtained results showed that the removal of
Cr3* jonincreased linearly with increasing the initial concentration,
whereas with increasing equilibrium concentration, the uptake
capacity rate decreased. To gain some insight into the adsorption
process between the heavy metal ions and the N-MCNPs, the equi-
librium adsorption data of heavy metal ions were fitted into the
Langmuir [42], Freundlich [43] and D-R [44] isotherm equations.

Generally, the Langmuir adsorption isotherm describes the
homogeneous surface assuming that the all the adsorption surface
sites have identical adsorbate affinity and that adsorption at one
site does not affect to an adjacent site. Furthermore, each adsor-
bate molecule has been located on a single site and hence it can
be considered the monolayer formation of an adsorbate onto the
adsorbent surface. The Langmuir equations are shown:

ge = f:‘_l;%e (nonlinear form) or %
1 1 .
=5 )+ (—) Ce (linearform) (2)
m qm

where gn is the maximum amount of heavy metal uptake in
mmol/g, b is the constant that refers to the bonding energy of
adsorption related to free energy and net enthalpy in L/mg.

On the contrary, the Freundlich model describes the adsorption
of a reversible heterogeneous surface since it does not restrict to
the monolayer adsorption capacity.

The Freundlich isotherm is given as:
Qe = KfCe]/" (nonlinearform) or log ge
= log K¢+ % log Ce (linear form) (3)

where K; is the constant related to the adsorption capacity of the
adsorbent in mmol/g, and 1/n is the intensity of the adsorption
constant. Despite the gy and Ky were fundamentally differ, their
values lead to the same conclusion related adsorption model. It
is known that qn, is the monolayer adsorption capacity while K¢
is the relative adsorption capacity. Nonlinear equation of regres-
sion analysis was carried out by OriginPro software (OriginPro 7.5,
Originlab corporation, USA) in order to predict the parameters. The
gm, b, K¢, n values and the linear regression correlations for Lang-
muir (R?), Freundlich (R?) are listed in Table 2. The linear forms of
the Langmuir and Freundlich equations are also shown in Fig. 4c
and d.

Based on these data, it showed that the Langmuir isotherm fitted
the data better with regression coefficients R? =0.9989 and accept-
able errors for parameters.

In particular, the Langmuir isotherm can be represented in terms
of a dimensionless constant separation factor (Ry) [45,46]. The R
is equal to the ratio of the unused adsorbent capacity to the max-
imum adsorbent capacity and thus it can be measurement of the
adsorbent capacity used and the affinity between the adsorbate and
adsorbent. R; value was calculated by the following equation:

1
T 14+ bGC

where b and C, are the Langmuir constant and initial concentration
of heavy metal ion. In general, R classifiedasR; >1,R =1,0<R <1
and R, =0 indicates that the type of adsorption isotherm is unfavor-
able, linear, favorable and irreversible, respectively. Our Ry value
was 0<Ry <1 suggesting the favorable adsorption isotherm of Cr3*
onto the N-MCNPs (Fig. 4f).

Accordingly, it is considered that the fabricated N-MCNPs have
the homogenous surface for adsorption and all sites have equal
adsorption energies originated from the nitrogen atom of PPy
nanoparticles.

Langmuir and Freundlich isotherms are insufficient to explain
the chemical or physical properties of the adsorption process. How-
ever, the mean adsorption energy (E) calculated from the D-R
isotherm can provide important information about these prop-
erties. The D-R isotherm, apart from being an analogue of the
Langmuir isotherm, is more general because it does not assume
a homogeneous surface or constant adsorption potential, and
expressed as follows:

Ry (4)

In ge =InV/, —K'&? (5)

where V}, is the D-R adsorption capacity in mmol/g, K’ is a constant
related to the adsorption energy in mol?/kJ2, and ¢ is the Polanyi
potential. ¢ is calculated with the following equation:

£=RTIn (1+l) (6)
Ce
where R is the gas constant (8.314 x 103 kJ/molK) and T is the
temperature (K).

The mean adsorption energy (E, kJ/mol) can be obtained from
the K’ value of the D-R isotherms using the following equation:

E=(-2K)"1/? (7)

For E <8 k]/mol, physisorption dominated the adsorption mech-
anism. If E is between 8 and 16k]J/mol, the adsorption process
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equation (linear form). (f) Values of R, for Langmuir equation.

follows chemical ion-exchange. The V},, K, E values and the lin-
ear regression correlations for D-R isotherm (R2) are also listed
in Table 2 and the linear forms of the equation is shown in
Fig. 4e.

Based on these results, the calculated adsorption energy
(10.5881 kJ/mol) indicated that adsorption mechanism of Cr3* ion
onto the N-MNCPs can be explained with an ion-exchange process.

3.4. Adsorption kinetic study

Cr3* ion uptake of N-MCNPs was monitored as a function of con-
tact time (Fig. 5a). The dotted line indicated that the adsorption
capacity was saturated after 6 h. However, the reaction time was
continued for 12 h to keep the sufficient condition for the stability
of the adsorption equilibrium state.

lez:frstion parameters of the Langmuir, Freundlich and D-R isotherms at room temperature for the adsorption of Cr3* ion on N-MCNPs.
Heavy Langmuir Freundlich D-R isotherm
metal ion
qm (mmol/g)® b (L/mg)® R22:> K: (mmol/g)® nb R2a.b V., (mmol/g)® K (mol?/kJ?)P E (kJ/mol)® R2a.b
Cr3* 83.752+0.0001 1.4925+0.0002 0.9989 39.781+0.0275 1.7922+0.0351 0.9583 59.377+0.0848 0.0045-+0.0003 10.588+0.0031 0.9515

2 R?, regression coefficient.

> The gm, b, K¢, n, Vi, K', E values and the nonlinear regression correlations for Langmuir, Freundlich and D-R isotherms were measured by nonlinear regression analysis

using OriginPro 7.5.
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To achieve an in-depth insight into the adsorption mechanism
between Cr3* ion and N-MCNPs, the pseudo-first-order [47,48],
second-order kinetic [49-51], and intraparticle diffusion models
[52] were fitted to the experimental data as shown in Fig. 5b—d.

In order to analyze the Cr3* ion uptake rates to time, the pseudo-
first-order equation was used as:

K1
2.303 t (8)
where ge and q; are the heavy metal uptake at equilibrium and

time t, respectively, and K is the constant of first-order adsorption
in min—'. The pseudo-second-order equation is given as:

t 1 t
— = + —
qr  Kyqs Qe

log(ge — q¢) = 10g qe —

(9)

where, K, is the rate constant of second-order adsorption in
gmmol~! min~!. For the detailed mechanism, intraparticle diffu-
sion model is expressed with the equation given by Weber and
Morris:

qr = Kqt'/%2 + C (10)

where Ky is the intraparticle diffusion rate constant in
mmol g~ min~0> and Cis the thickness of the boundary layer.
Nonlinear equation of regression analysis was also carried out
in order to predict the parameters. The ge1, qe2, K1, K2, Ky, C val-
ues were determined experimentally from the slope and intercept

Table 3

of straight-line adsorption kinetic plot. The values and regression
coefficient are presented in Table 3.

Considering these data, it showed that the theoretical adsorp-
tion capacity values obtained from pseudo-second-order model
were more consistent with regression coefficients R2 =0.9995 and
acceptable errors for parameters. In general, the pseudo-second-
order kinetic model assumes that the adsorption process occurs
on localized sites with no interaction between adsorbates and
maximum adsorption corresponds to a saturated monolayer of
adsorbates onto the adsorbent surface. Furthermore, the rate of
desorption is negligible compared to the rate of adsorption. For
this reason, adsorption mechanism can be applied to the pseudo-
second-order kinetics, leading to the chemical process due to the
valence forces through sharing or exchange of electrons between
the heavy metal ions and the N-MCNPs.

In addition, there are three main stages in the process of adsorp-
tion according to the intraparticle diffusion model (Fig. 5d). The
Initial curved or steep-sloped portion represents the bulk diffu-
sion or exterior adsorption rate which is very high. The subsequent
linear portion is attributed to the intraparticle diffusion and the
plateau portion is final equilibrium stage where the intraparticle
diffusion starts to slow down due to extremely low solute concen-
trations in the solution. The regression coefficients of this line from
the origin indicated that intraparticle diffusion was not the only
operative mechanism and not the rate-determining step for the
adsorption of Cr3* ion onto the N-MCNPs.

The kinetic adsorption parameters obtained using pseudo-first-order, pseudo-second-order and intraparticle diffusion models at room temperature for the adsorption of

Cr3* jon on N-MCNPs.

Heavy Pseudo-first-order Pseudo-second-order Intraparticle diffusion
metal ion

K; (min—1) ge1 (mmol/g) R22.b K, (g/mmolmin)®  ge; (mmol/g)® R2a.b K4 (mmol/gmin®3)>  ¢b R2a.b
Cr3* 0.645+0.01072 8.81+£0.06652 0.9884  0.1558-+0.00382 12.89 +0.00052 0.9995  0.3764+0.0680 4.0639 +1.2903 0.7357

2 R,, regression coefficient.

b The K1, K2, K4, ge1, ge2,C values and the nonlinear regression correlations for pseudo-first-order, pseudo-second-order and intraparticle diffusion models were measured
by nonlinear regression analysis using OriginPro 7.5. The experimental value (ge) was 12.28 mmol/g.
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3.5. Adsorption thermodynamic study

The effect of temperature on Cr3* ion adsorption of N-MCNPs
is shown in Fig. 6. The experiments were carried out at 293, 303,
313 and 323 K. Thermodynamic parameters like free energy change
(AG), enthalpy change (AH), and entropy change (AS) for the
adsorption process were obtained using the following equations
[53,54]:

AG =RTInb (1)

AG = AH - TAS (12)
As AH

Inb = (T) - (ﬁ) (13)

The AH and AS values were determined experimentally from
the slope and intercept of straight-line plot of Inb versus 1/T. The
values and regression coefficient are presented in Table 4.

The negative value for the AG indicates that the adsorption
process is spontaneous and that the degree of spontaneity of the
reaction increases with increasing temperature. The positive value
of AH demonstrates that the adsorption process is endothermic
in nature. It means that the adsorption capacity increases with
increasing temperature due to the enhanced mobility of adsorbate
molecules. The AS value was also positive. It can be originated from
the redistribution of energy between the adsorbate and the adsor-
bent. Namely, before adsorption occurs, the heavy metal ions near
the surface of the adsorbent will be more ordered, and the ratio of
free heavy metal ions to interact with the adsorbent will be higher
than in the subsequent adsorbed state. As a result, the distribu-
tion of rotational and translational energy among a small number
of molecules increases with increasing adsorption. Therefore, the
adsorption of Cr3* ion onto the N-MCNPs occurred spontaneously
at room and high temperatures.
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Fig.7. (a) Magnetic property of N-doped MCNPs: Hysteresis loop (magnetization vs.
applied field) of N-doped magnetic carbon nanoparticles at 300 K. The inset shows
the hysteresis loop between -0.1 and 0.1 kOe. The photographs demonstrate that N-
MCNPs can be attracted and arranged vertically by a magnet (0.3 T). (b) The recycling
test for adsorption of Cr3* ion onto the N-MCNPs.

3.6. Recycling test for adsorption of heavy metal ion

The magnetic properties of N-MCNPs were investigated using a
SQUID magnetometer. In Fig. 6a, the hysteresis loop of N-MCNPs at
300K shows the typical ferromagnetic characteristics (Fig. 7).

The magnetization could be measured with external magnetic
fields ranging between +15kOe and the magnetization was sat-
urated at 12.1emug-'. In particular, the coercivity (Hc) from
the expanded hysteresis loop between +0.1 kOe was found to be
45.7 Oe. A significant enhancement of coercivity was observed in
the N-MCNPs relative to the value for bulk iron (Hc &~ 1 Oe) because
of the anisotropy of the magnetite embedded in the N-MCNPs. In
addition, the digit photograph (Fig. 6b inset) demonstrates that
the N-MCNPs in aqueous solution can be readily separated by an
external magnetic field.

Table 4
Thermodynamic parameters for the adsorption of Cr3* ion on N-MCNPs.
Heavy metal ion T (K) In b® AG (kJ/mol) AH (kJ/mol)® AS (kJ/mol K)° R2a.b
Ccr3t 293 0.4005 -0.9755 2.11394+0.2894 0.0105 +0.0009 0.9638
303 0.4182 —-1.0535
313 0.4453 -1.1589
323 0.4834 —1.2980

2 Ry, regression coefficient.

b The Inb, AG, AH, AS values and the nonlinear regression correlations related to thermodynamic parameters were measured by nonlinear regression analysis using

OriginPro 7.5.



K.-Y. Shin et al. / Journal of Hazardous Materials 190 (2011) 36-44 43

From this point of view, N-MCNPs could provide the convenient
reuse of adsorbent in solution by use of a magnetic field. Fig. 6b
shows that there is almost no loss of removal efficiency (>97%)
in recycling test and N-MCNPs could be reused up to 5 times for
adsorption of Cr3* ion. Therefore, it is expected that N-MCNPs could
be a potential candidate as an excellent reusable and recoverable
adsorbent of heavy metal ions [55].

4. Conclusions

The monodispersed and multigram-scale N-MCNPs were fabri-
cated by carbonization of PPy nanoparticles as a carbon precursor.
The synthesized N-MCNPs provided an enhanced and selective
adsorption capacity for different heavy metal ions owing to the
high surface area and high contents of nitrogen. Especially, the N-
MCNPs had the 10-fold adsorption capacity for Cr3* ion, compared
to activated carbon with naphthalenesulfonic acid. Furthermore,
they had the equal adsorption energies onto the homogenous sur-
face for chemical adsorption process which is spontaneous and
endothermic in nature and the iron-impregnated N-MCNPs were
reused up to 5 times through the adsorption-desorption process.
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