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Abstract 

Lead and mercury are two of the most toxic heavy metals in environments. 
Mesosilicate-templated magnetic nanocarbons with ascorbic acid as car-
bon precursor were developed through nanocasting processes. The 
nanocarbon showed effective magnetic separation and the maximum ad-
sorption capacity of 80.6 and 66.3 mg/g for Hg and Pb, respectively. Lang-
muir model well described adsorption processes of both Hg and Pb from 
water. Magnetic nanocarbon could be easily separated and incinerated, re-
ducing the volume requiring the disposal. This study indicates that meso-
silicate-templated nanocarbons with easy disposal potentials may be good 
candidates for cleansing Hg and Pb from contaminated water.  

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
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Novel Magnetic Nanocarbon and Its Adsorption of Hg and Pb
from Water

1 Introduction

A significant amount of heavy metals were produced
from mining and other anthropogenic activities since
industrial revolution (Han et al. 2002, 2003). Heavy
metals could come from many industrial sources, for
instance, mining, burning of fossil fuels, incineration of
wastes, automobile exhausts, smelting processes, sew-
age sludges as landfill materials, and fertilizers. These
contaminants could potentially enter the atmospheric,
aquatic, and terrestrial environments (O’Connell et al.
2008). Studies showed that most of major cities in
America have been contaminated with Pb due to earlier
leaded gasoline consumption and Pb paintings. Lead has
contaminated urban soil in the form of fallouts. The lead
level in New Orleans urban soil went up to 500 to
1000mg/kg (Yglesias 2016). Recently, another Pb crisis
occurred in Flint, Michigan, since tap water with high
level of Pb was used for months (Baum et al. 2016). Pb
attacks the brain and central nervous system resulting in
children’s mental retardation and behavioral disorders
and lower IQ (EPA 2000). Therefore, it is essential to
develop the effective materials to remove heavy metals
such as Pb from water.

Mercury, a trace element, occurs in the earth’s crust at
5 × 10−5%. Natural sources and anthropogenic activities
produce 10,000 t of mercury each year globally. Natu-
rally occurring Hg is released by degassing the earth’s
crust, from volcanoes, and evaporation of oceans
(Boening 1999). Industrial age anthropogenic mercury
production was estimated to be 640,000 t (Han et al.
2002). Mercury has a wide variety of uses in industry,
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medicine, dentistry, batteries, science, and military ap-
plications. The burning of fossil fuels and medical waste
incineration accounts for a majority of all anthropogenic
mercury. Chloralkali synthesis (used in electrodes), the
wood pulping industry, paints, and electrical equipment
industries are major consumption of mercury. However,
Hg proves toxic to the central and peripheral nervous
systems, digestive and immune systems, lungs, and
kidneys. Therefore, both Pb and Hg are in the top list
of USEPA.

Due to the high surface area, specific pore volume,
and tunable pore size, mesoporous materials have been
used for the adsorption of heavy metals and radionu-
clides (Yang et al. 2009; Guo et al. 2015). Low cost and
wide availability also make this class of materials an
effective tool for removal of metal contaminants from
water. For example, calcium–silicate mesoporous mate-
rials synthesized from coal fly ash were shown to be
effective for adsorption of Co (Qi et al. 2015). The
combination of the characteristics of mesoporous mate-
rials, high surface area, specific pore volume, and tun-
able pore size and the selectivity of organoligands result
in a specific sorptive material with high selectivity and
efficiency for removal of heavy metals from water.
Ethylenediaminetetraacetic acid (EDTA) functionalized
mesosilica was confirmed to be effective for the adsorp-
tion of Cu and Pb (Ezzeddine et al. 2015).

Mesosilica has also been used as a stable template
to synthesize mesoporous carbon with various func-
tional groups such as hydroxyl, carboxyl, and carbonyl
groups. Synthesizing this unique porous carbon with
ordered hexagonal or cubic structure involved four
nanocasting steps: (i) loading the carbonaceous mate-
rial into the mesosilica, (ii) polymerization of the
carbon source, (iii) carbonization of the composite,
and (iv) removal of the silica (Baikousi et al. 2013).
A number of carbon frames have been produced using
sugar(s), including furfuryl alcohol (Lu et al. 2003),
acrylonitrile (Lu et al. 2004), styrene (Xia and Mokaya
2004), and divinylbenzene/azobis-(isobutyronitrile)
(Yoon et al. 2005). Post-synthesis method was applied
to fill carbon source into synthesized mesosilica
(Baikousi et al. 2013). Acetylenedicarboxylic acid
was chosen as the carbon source, and the composite
was applied to the adsorption of Cu, Pb, and Cd.
Besides, the co-casting method has been used to pre-
pare magnetic mesoporous carbon, with Santa Barbara
Amorphous-15 (SBA-15) as a template for the removal
of anionic Cr(VI) (Tang et al. 2014).

These contaminants are mostly removed with the
polymerized membranes which often require toxic and
carcinogenic cross-linker (Barakat 2011; Zhang et al.
2017). The present study proposed the production of
sorbents using a self-assembly strategy to synthesize
magnetic mesoporous carbon with simultaneous co-
casting non-toxic organic carboxylic acid, organosilane
source, and iron. Moreover, self-assembly method was
employed which was from a mixture of tetraethyl
orthosilicate, ascorbic acid, as well as FeCl3 before the
calcination (carbonization). The adsorption study was
applied to removeHg and Pb fromwater. The objectives
of this study were to develop novel nanocarbons for
removing Pb and Hg from water and to elucidate the
mechanism of sorption processes.

2 Materials and Methods

2.1 Materials

Pluronic P123 (EO20PO70EO20, EO = ethylene oxide,
PO = propylene oxide), tetraethyl orthosilicate (TEOS),
L-ascorbic acid, ethanol, acetone, hydrochloride acid,
HgCl2, and Pb(NO3)2 were purchased from Fisher Sci-
ence. These reagents were directly used without further
purification.

2.2 Synthesis of Mesoporous Nanocarbon

Approximately 2.20 g ascorbic acid was dissolved in
5 mL 0.2 M HCl (aq). About 1.06 g P123 was
dissolved in 10 mL ethanol (85.8%) (Wang et al.
2015). Ascorbic acid solution was added dropwise
into the ethanol within 30 min. Then, 3 mL
tetraethyl orthosilicate (TEOS) was dropped into
the mix, which was mixed for another 4 h. The
mix was in the hydrothermal treatment for 24 h in
the oven. FeCl3·6H2O (aq) (3.376 g) and 5.4 mL
deionized water were added to the mixture and
stirred for 4 h. After vacuum filtering, the composite
was dried at 60 °C for 5 h. Finally, the composite
was calcined in N2 for 6 h at 900 °C with the
increment rate of 5 °C/min.

The silica template of the aforementioned of nov-
el nanocarbon was removed with 1 M NaOH in the
ethanol solution (VH2O/Vethanol = 1:1) shaking at
80 °C with a repeated treatment (each time 30 mL
for 30 min) (Baikousi et al. 2013). Finally, the new
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nanocarbon was repeatedly washed with deionized
water till neutral pH and then was washed with
methanol twice in the end. The materials were dried
at 80 °C for 6 h.

2.3 Characterization

The Nexus 870 spectrometer was used to get FTIR
spectra with 32 scans at 2 cm−1 resolution in a frequency
range of 400 to 4000 cm−1 for determining the function-
al groups of the materials. Transmission electron mi-
croscopy (TEM, JEM-1011) was employed to observe
the particles with a resolution of 0.2 nm lattice with a
magnification of 50 to 1,000,000 under the accelerating
voltage of 40 to 100 kV. Brunauer–Emmett–Teller
(BET) surface area and pore size/volumeweremeasured
on MicroActive for ASAP 2460 Version 2.01 from
Micromeritics.

2.4 Adsorption Study

A Hg adsorption kinetic study was performed on
nanocarbons with 3 mg nanocarbons in 10 mL solutions
containing 10 mg/L Hg. The mixture was shaken for 5,

10, 20, 30, 60, and 120 min. As showed in the results,
60-min adsorption reached the plateau. For an equilib-
rium study, 3 mg of ascorbic acid nanocarbon (NC) was
added to 10 mL solution in Teflon tube with a series of
concentration (0.1, 0.5, 1, 5, 10, 20, and 50 mg/L) of
mixture of Hg as HgCl2 and Pb as Pb(NO3)2. Then, all
tubes were shaken in the water bath for 1 h. After
centrifuge, the supernatant was filtered and metals were
measured with inductively coupled plasma mass spec-
troscopy (ICP-MS).

Thermodynamic studies were conducted for Hg
and Pb. Based on the same adsorption technique as
kinetic study and equilibrium study, 10 and 20 mg/L
element concentrations were chosen since good ad-
sorption capacity was given under this concentra-
tion. Temperatures were set at 15, 30, and 45 °C
since this covers the temperature range of mostly
possibly seasonally encounted.

Two adsorption models were applied:
Langmuir model:

Ce

q
¼ 1

Qo KL
þ Ce

Qo
ð1Þ

Fig. 1 FTIR spectra of mesosilicate-templated nanocarbons from ascorbic acid as a carbon precursor

Table 1 Some surface properties of nanocarbons and adsorption parameters of Hg and Pb based on Langmuir model

Surface property BET surface area (m2/g) 431
Total volume (cm3/g) 0.84
Average pore diameter (nm) 7.77

Adsorption Hg Pb

Qo (mg/g) 80.6 66.2

KL (L/mg) 2.3 0.062

RL 0.005 0.19

R2 0.98 0.92
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where Ce denotes the equilibrium concentration, q is
the adsorption capacity, KL (L/mg) relates to the heat
of adsorption, and Qo refers to the maximum ad-
sorption capacity, which is the amount of metal ions
at complete monolayer coverage (Yu et al. 2015).

Langmuir model assumes that all the adsorption
sites have equal adsorbate affinity (Luo et al.
2014). Webi and Chakkravorti (1974) defined the
separation factor RL:

RL ¼ 1

1þ KLC0
ð2Þ

Two kinetic models were used to describe adsorption
kinetics of metals on nanocarbons:

Pseudo-first model:

ln qe−qtð Þ ¼ lnqe−k1t ð3Þ

where qe and qt indicate the amount of adsorbates
adsorbed per gram of the adsorbent (mg/g) at equi-
librium and any specific time, respectively, and k1 is
the rate constant (per min) (Lagergren 1898).

Pseudo-second model:

t
qt

¼ 1

k2q2e
þ t

qe
ð4Þ

where k2 is the constant (g/mg/min) (Lagergren 1898).
The initial rate h (g/mg/min) is defined as

h ¼ k2q2e ð5Þ

Thermodynamic parameters, Gibbs free energy
(ΔG), entropy (ΔS), and enthalpy (ΔH), could be
calculated using the following equations (Bazargan-
Lari et al. 2014; Meitei and Prasad 2014; Luo et al.
2014; Yargıç et al. 2015):

ΔG ¼ −RT lnKC ð6Þ

Kc ¼ qe=Ce ð7Þ

lnKC ¼ ΔS=R−ΔH=RT ð8Þ

(Van’t Hoff equation)
where KC is equilibrium constant and Ce is equi-

librium concentration.
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Fig. 2 Kinetic study of Hg adsorption processes on 0.3 g/L
nanocarbons at 25 °C and pH = 6~7. Kinetic model (upper),
pseudo-second-order (middle), and pseudo-first-order models
(bottom) were applied
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3 Results and Discussion

3.1 Characterization

Nanocarbons showed functional groups of hydroxyl
group in FTIR (Fig. 1). Small peaks at around
3600 cm−1 indicated four hydroxyl groups on the struc-
ture of nanocarbons. The aromatic structure was shown
from a weak peak at 3045 cm−1, which correlated with
the medium peak at 1475 cm−1 implying C=C in the
aromatic structure. Another functional group, lactone,
could be seen at 1726.6 cm−1. The TEM image
displayed the structure of nanocarbons with a diameter
of approximately 5 nm and exhibited more remarkable
porosity structure as thinner layer and evenly distributed
pores (data not shown). BET showed the pore size
around 7.8 nm, which was in the range of mesopores
(Lu et al. 2004) and had 431 m2/g surface area (Table 1).

3.2 Adsorption Kinetic and Adsorption Isotherms

The kinetic data showed that the equilibrium of Hg
adsorption reached after 1 h of the adsorption (Fig. 2).

The pseudo-second order obtained a better linearity,
indicating that the rate-limiting step for the adsorption
may depend on chemisorption involving various forces
or electron sharing between the adsorbent and Hg (Ho
and McKay 1999). The initial adsorption rate from the
calculation was 5.23 g/mg/min.

The Langmuir model well fit the adsorption process-
es of Hg and Pb on nanocarbons (Fig. 3b, e). It showed
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Fig. 3 Adsorption isotherms of Hg (a, b, c,) and Pb (d, e, f) on nanocarbons (0.3 g/L) at 25 °C and pH= 6~7 and Langmuir model applied
(Hg, b; Pb, e) and two linear portions

Fig. 4 Magnetic effects appeared after a permanent magnet was
applied to separate the nanocarbons from water solution
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the adsorption of Hg with a maximum adsorption ca-
pacity of 80mg/g at equilibrium concentrations of 7 mg/
L. Likewise, adsorption of Pb showed the maximum
adsorption capacity of 66 mg/g at equilibrium concen-
tration of around 30 mg/L, indicating the less efficiency
of Pb adsorption than Hg. RL was 0.0054 and 0.195 for
Hg and Pb, respectively, implying the favorable nature
in both adsorption scenarios. Since mesoporous charac-
teristics, adsorption isotherms of both Pb and Hgmay be
better described with two-section linear equations (Fig.
3c, f) with an initial physical and later possible chemical
adsorption and diffuse into inside the pores.

After the sorption processes, a permanent magnet
was applied to separate nanocarbon particles from water

solution (Fig. 4). The sorbent was observed to be
attracted by the magnet so that the sorbent was separated
from the solution successfully. To avoid the second-time
contamination after the sorption process, separation
with magnetism has been an effective separation ap-
proach. Regardless of the functionalization, magnetic
nanoparticle has higher aggregation property.
Norouzian and Lakouraj (2015) employed vibrating
sample magnetometer (VSM) to measure the saturation
magnetization for Fe3O4@PANI-AmAzoTCA [4]
(magnetic polymerized thiacalix) and Fe3O4. The
grafted Fe3O4 has 50.67 emu/g compared with Fe3O4

of 54 emu/g. Therefore, the magnetic composite per-
formed well for the separation.
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Fig. 5 Thermodynamic study of adsorption processes of Hg (a) and Pb (c) with Van’t Hoff model applied, Hg (b) and Pb (d). For a and c,
the same letter for temperature treatments with each initial concentration indicated no significant difference at p = 0.05
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3.3 Adsorption Thermodynamics

For thermodynamic study, two initial concentrations of
Hg and Pb (10 and 20 mg/L) and three different tem-
peratures (15, 30, and 45 °C) were applied (Fig. 5,
Table 2). As the temperature increased, the adsorption
capacity of Hg enhanced for both initial concentrations
(Table 2). Negative ΔG indicates that the adsorption
processes were the favorable and spontaneous process.
SinceΔG is small for Pb, there was some fluctuation in
ΔG values due to some experimental condition control.
The positive ΔH indicated that the adsorption was en-
dothermic with possible chemisorption mechanism. Be-
sides, positiveΔS implied the increasing randomness at
the sorbent–sorbate surface. When Hg concentration
increased to 20 mg/L, the linearity started to decline,
as the result of the saturation of the adsorbent. The ΔG
values indicated the spontaneity of the adsorption. Yet
there was a decrease for both ΔH and ΔS. Since the
increase in the temperature, the vibration of the func-
tional groups increased, which was attributed to the
unstable binding of Hg on the adsorbent. Nevertheless,

the linearity of Pb was not good in terms of Van’t Hoff
equation. For Pb adsorption,ΔG was fluctuated around
zero as the temperature increased, whereas the Lang-
muir model gave a good isotherm adsorption at 25 °C.
This may indicate the possible role of physicosorption
mechanism, which is the inclusion of Pb in the pores of
the adsorbent (Zhao et al. 2015).

It was reported that the carbon nanotubes and Mn-
immobilized silica NP exhibited a good adsorption ca-
pacity of Hg in the neutral environment (Table 3). The
present study indicated that the good adsorption capac-
ity could be achieved in removing both Pb and Hg from
water with the nanocasting nanocarbons, which showed
a promise for treatment of industrial wastewater.

4 Conclusion

Novel nanocarbons were synthesized with the template
of mesosilica through nanocasting processes. Experi-
mental results confirmed that the nanocarbons were
efficient in removing Hg and Pb from water. Magnetic

Table 3 Comparison of adsorption capacity of Hg and Pb on different adsorbents

Adsorbents Metals Optimal pH Maximum adsorption References
capacity (mg/g)

MnO2-coated carbon Hg 5–6 58.8 Moghaddam and Pakizeh (2015)

Si/Al-PAEA=SA@MnNP 6 290 Arshadi (2015)

Nanocarbon 6–7 85 This study

Fe3O4/SiO2 nanocomposite Pb 4 17.6 Mahdavi et al. (2013)

Oxidized carbon nanotube 7–10 2.05 Xu et al. (2008)

Nanocarbon 6–7 66.2 This study

Table 2 Thermodynamic parameters of Hg and Pb adsorption processes on nanocarbons at 10 and 20 mg/L concentration at pH 6–7

Metals Temperature (°C) Initial Concentrations of metals

10 mg/L 20 mg/L

ΔG
(kJ/mol)

lnKC ΔH
(kJ/mol)

ΔS
(J/mol/K)

R2 ΔG
(kJ/mol)

lnKC

(kJ/mol)
ΔH
(J/mol/K)

ΔS R2

Hg 15 − 1.51 0.63 1 − 1.83 0.76 0.74

30 − 2.1 0.88 11.6 45.6 − 2.73 1.09 7.93 34.3

45 − 2.6 1.09 − 2.83 1.07

Pb 15 − 0.57 0.24 0.037 1.01 − 0.42 0.38

30 0.8 − 0.32 2.64 − 1.05
45 − 1.07 0.4 − 1.88 0.71
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nanocarbon could be easily separated from solution and
ready to be incinerated, reducing the volume requiring
disposal. This study indicates that mesosilicate-
templated nanocarbons with easy disposal potentials
may be good candidates for cleansing Hg and Pb from
contaminated water.
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