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Abstract

Acid functionalized-Nanoporous carbon/MnO,
nanocomposite was prepared from grass clippings as
carbon precursor and used for removal of Pb(ll) and
Hg(I) from aqueous medium. The adsorption study of
Pb(I1) and Hg(ll) on the surface of Af-NPC/MnO,
was carried out with respect to factors such as pH,
contact time and initial concentration. The kinetic
study shows that the process of removal of these
metal ions follow pseudo second order kinetics and
the experimental equilibrium data fitted better in
Langmuir isotherm model with maximum monolayer
adsorption capacities of 117.64 mg/g and 90.09 mg/g
for Pb(ll) and Hg(ll) respectively. The process of
adsorption was found to be very fast compared to
other adsorbents from literature. The mechanism of
adsorption is also proposed based on experimental
results. The results of this study indicated that Af-
NPC/MnQO, is an efficient adsorbent for removal of
both Pb(I1) and Hg(ll) from aqueous medium. It was
also observed that the composite was more selective
for Pb(Il) comparing to Hg(ll) in a binary mixture.

Key words — Composite, Kinetic study, Adsorption,
heavy metals

I. INTRODUCTION

Rapid urbanization and technological
developments have greatly increased probabilities of
contamination of water by toxic heavy metals like
lead and mercury. Both these toxic heavy metals
occupy positions just below arsenic in the Priority list
of hazardous substances compiled by US EPA and
ATSDR. Wide spread use of lead in industries like
battery manufacturing, mining, plating, ceramic and
glass is responsible for increased levels of lead in
water bodies. Hence European Union Restriction of
Hazardous Substances Directive (RoHS 1, 2003)
restricted use of materials containing Pb(Il), Hg(ll)
and Cr(VI) in the production of various types of
electronic and electrical equipment [1]. Lead
contamination of drinking water is mainly due to
contact of water with lead containing piping, fittings

of the water distribution system or plumbing. Main
sources of mercury contamination are municipal
waste, mercury bulbs, electrical equipment etc. Lead
and mercury both are potent neurotoxins and
accumulates in body, damaging the nervous system
and causing brain disorders [2]. Due to severe
toxicity, Bureau of Indian standards and US EPA has
kept 0.01 mg/L and 0.001 mg/L as permissible limit
in drinking water for Pb(Il) and Hg(ll) respectively,
hence these toxic heavy metals must be removed
from water.

Membrane filtration, chemical precipitation,
oxidation-reduction, coagulation, ion exchange and
adsorption onto suitable sorbents are few techniques
commonly used for removal of these toxic heavy
metals from water. Among all these techniques
removal of toxic heavy metals from water is best
achieved by adsorption onto suitable sorbents.
Adsorbents such as resin [3], biomass [4], agricultural
waste [5], carbon nanotubes [6], nanocomposites [7]
and silica materials have been reported in literature
for removal of these toxic heavy metals from water.
Acid functionalized nanoporous carbon/MnO, (Af-
NPC/MnO,) nanocomposite was found efficient in
removal of arsenic from water through process of
adsorption in previous work reported [8]. Hence the
same composite Af-NPC/MnO, was further analyzed
for removal of Pb(Il) and Hg(ll) from aqueous
medium in the present work.

Il. EXPERIMENTAL DETAILS

A. Synthesis of Af-NPC/ MnO, nanocomposite

Af-NPC/MnO, nanocomposite was
synthesized from grass clippings as described earlier
[8, 9]. In brief Af-NPC was first synthesized by
pyrolysis of grass in a tube furnace. Further in order
to prepare Af-NPC/MnO, nanocomposite, Af-NPC
was sonicated in deionized water for 15 min at room
temperature. Then to this solution Mn (Il) chloride
solution was added with continuous stirring. After
this 0.13M KMnO, solution was added drop wise
under continuous stirring. The solution turned dark
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brown indicating precipitation of MnO, on the
surface of Af-NPC. This suspension was further
heated to 80°C for 1h. Af-NPC/MnO, composite was
then filtered and washed repeatedly with deionized
water and dried at 105°C.

B. Physicochemical characterization

Surface properties of Af-NPC/MnO, were
determined by X-ray photoelectron spectroscopy on
Kratos Analytical, Axis Supra. All samples were
dried in vacuum at room temperature before XPS
analysis. Fourier Transform Infrared Spectroscopy
(FTIR) analysis of nanocomposite was carried out
before and after adsorption of toxic metals using
Jasco, FTIR 460 Plus spectrometer with TGS
detector, and the spectra were recorded between 4000
cm™ to 400 cm™. For FTIR analysis Af-NPC/MNO,
composite was treated with 60 mg/L of each Pb(lI)
and Hg(I1) aqueous solutions separately for 1 h at pH
5. After adsorption composite was filtered and dried
at 100°C before FTIR analysis.

C. Adsorption Experiments

All chemicals used in the experiments were
of analytical grades. Pb(Il) and Hg(ll) stock solutions
of 1000 mg/L were prepared by mixing appropriate
amounts of AR grade lead chloride and mercuric
chloride in deionized water. Working solutions of
desired metal ion concentrations were freshly
prepared by diluting stock solutions. Adsorption
experiments were carried out in batch mode in
Erlenmeyer flask.

For the pH dependent removal efficiency the
adsorption experiments were conducted by mixing 10
mL of 5 mg/L solution of each metal separately at
different pH (2-12) range with 0.5 g/L of Af-
NPC/MnO, for about 1 h at 150 rpm and room
temperature. Af-NPC/MnO, was further analyzed in
detail with respect to time, initial concentration and
selectivity. In order to examine the adsorption
kinetics, batch adsorption experiments were carried
out by mixing 0.5 g/L Af-NPC/MnO, to 10 ml of
metal ion solutions with different concentrations (10,
20 and 30 mg /L) for predetermined time intervals (5,
10, 15, 20, 30, 60 and 120 min) at pH 5 separately.
The adsorption of these metals for different initial
concentrations (2-60mg/L) was investigated on Af-
NPC/MnO, at room temperature under the same
optimum conditions. To study the selectivity of Af-
NPC/MnO, removal efficiency was also investigated
in a binary system of Pb-Hg by increasing the
concentration of each element from 1-20 mg/L
keeping other parameters constant. All the samples
after adsorption were filtered through 0.45 pm
syringe filters. Initial and final concentrations were
determined by inductively coupled plasma-atomic
emission spectrometer (ICP-AES, ARCOS from M/s.
Spectro, Germany).

The recycling capacity of Af-NPC/MnO, was
investigated by performing three successive cycles of

adsorption-desorption. In the desorption process, 35
mg of used Af-NPC/MnO, composite was dispersed
into 10ml of 0.1N HCI and rotated on shaker for 20
min. All the samples were filtered and thoroughly
washed several times with deionized water after each
cycle of desorption and the composites were reused
for adsorption in the next cycles. The initial metal ion
concentration used to study adsorption desorption
cycles was 10 mg/L.

All the adsorption experiments were performed in
triplicates and the average values are reported here.
The percentage removal efficiency (% R) and
equilibrium arsenic adsorption capacity d. (mg/g)
were calculated by equations (1) and (2) respectively
as under.

%R = GG, 100
G M

Error! Reference source not found.

- (c,—c)V
Y )

Where C, and C. are the initial and final
equilibrium concentrations of arsenic ions (mg/L) in
aqueous solution, V is the total volume of solution
(L) and M is the adsorbent mass (g).

I11. RESULTS AND DISCUSSION

A. Effect of pH

The adsorption capacity of nanocomposite for
both Pb(Il) and Hg(ll) increases with increase in pH
and maximum removal was seen at pH > 5 (Fig. 1).
Hence further study was done at an optimum pH of 5.
Below pH 7 Pb(ll) predominantly exist as Pb* in
water and above pH 7 Pb(ll) precipitates as Pb(OH),
[10]. As pHpzc of Af-NPC/MnO, was 3.5, adsorption
of Pb was less at lower pH due to repulsion between
Pb? ions and the positive surface of Af-NPC/MnO,
and increases above pH 3.5 due to electrostatic
interaction between Pb?* and negative surface of
composite. Beyond pH 7 adsorption of lead was
mainly due to precipitations of Pb(OH),. In surface
waters HgCl, predominates at lower pH and Hg(OH),
predominates at higher pH (pH < 7.0) [7]. Hence the
sorption of Hg(ll) on the surface of composite
increases with increase in pH due to complex
formation of mercuric hydroxide with oxygen
containing functional groups of composites.
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Fig 1: Effect of pH on adsorption of Pb(ll) and Hg(ll) on Af-
NPC/MnO; (C,= 5 mg/L)

B. Sorption Kinetic studies

Sorption kinetic data was analyzed by Lagergren
pseudo first-order model and Ho’s pseudo-second-
order reaction rate  models, mathematical
representations of these models are given in equations
(3) and (4) respectively [8].

Lagergren pseudo first- order model

d(j{
T (ge — qv) ‘)
Ho’s pseudo-second-order equation
dg, 5
e Ly —a)*
dr Z(CZC Qt) @)

Where ¢, is amount of adsorbate in mg/g sorbed
on the sorbent surface at any time t. k; and k; are the
first order rate constant (min™) and the second-order
rate constant (g/mg min) of sorption respectively and
t is the time (min). The initial adsorption rate (h) at t
Kinetic plots of Pb(Il) and Hg(ll) are represented in
Fig. 2 and 3 respectively. Table 1 gives kinetic
parameters calculated from plots. The initial
adsorption rate (h) at t = 0 can also be calculated from

The pseudo second order model fitted well for
both Pb(ll) and Hg(ll) adsorption as regression
coefficients are higher than first order kinetics and g
values are close to the experimental values. Pseudo
second order kinetics implicate that the adsorption of
Pb(I) and Hg(ll) was taking place through
chemisorptions on the surface of Af-NPC/MnO, and
active functional groups present on the surface were
the t/q, vs t plot, using following equation (5).
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Fig 2: (a) Time profile of Pb(l1) adsorption on Af-NPC
IMnO, for different metal ion concentration (b) The
pseudo first order kinetics model and (c) The pseudo-
second-order kinetics model for adsorption of Pb(I1) on
Af-NPC/MnO, (C, = 10, 20 and 30 mg/L)
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Fig 3: (a) Time profile of Hg(Il) adsorption on Af-NPC /MnO, for different metal ion concentration (b) The pseudo first order
kinetics model and (c) The pseudo-second-order kinetics model for adsorption of Hg(l1) on Af-NPC/MnO, (C, = 10, 20 and 30 mg/L)

m
Pseudo first order rate Pseudo Second order rate
Elements Co
Parameters Parameters
(mg/L)
ks
Qe I(l 2 qe h 2
mgg) | min) | F | mgg) | 99| mgigmin |
Pb(11) 10 1.44 0.235 0.557 20 0.308 123.45 0.999
20 7.88 0.26 0.919 39.84 0.169 270.27 0.999
30 22.13 0.382 0.803 59.52 0.134 476.19 0.999
Hg(ll) 10 3.69 0.237 0.782 19.41 0.193 72.99 0.999
20 2.80 0.156 0.562 37.45 0.109 153.84 0.999
30 5.16 0.110 0.733 53.76 0.108 3125 0.999
o c,_C 1
C. Adsorption isotherms — = +
qc qm KLqm

Adsorption isotherms analysis was done using
Langmuir, Freundlich and Dubinin—Radushkevich
models.

1) Langmuir-Freundlich model
Langmuir isotherms imply that the adsorbent
surface is homogeneous with equal adsorption

affinity sites, while Freundlich isotherm model
assumes the presence of heterogeneous adsorption
sites. The linear form of Langmuir isotherms is given
by following equation (6).

The linear form of the Freundlich isotherm model is
described by equation (8).

1
logg, =logK, +-logC,
) ®)

Where Kg is Freundlich constant which is
measure of adsorption capacity in mg/g and n is
adsorption intensity respectively. The bond energy
increases proportionally with surface density as n is
more than one. Fig 4 shows Langmuir-Freundlich

(6)

Where K_ and g, are the Langmuir adsorption
constant (L/mg) and maximum monolayer adsorption
capacity (mg/g) respectively. K represents affinity
between solute and adsorbent. Another constant
called as separation factor R, was calculated by
following equation where Cgynax iS maximum initial
concentration.

RL: (1/1+KLComax) (7)
isotherm plots and Table 2 gives different parameters
calculated from the slope and intercepts of two
isotherms plots. Both the adsorption models fitted
well for adsorption of these toxic elements. Langmuir
model fitted better to the adsorption as reflected by
high value of correlation coefficient, suggesting
monolayer adsorption of Pb(ll) and Hg(ll) on the
surface of Af-NPC/MnO, and that there is no
interaction among adsorbed ions. Freundlich constant
n was found to be 3 and 2 for Pb(Il) and Hg(ll)
respectively which implies that adsorption of both
Pb(1l) and Hg(ll) was favourable on the surface of
Af-NPC/MnO, and bond energy also increases
proportionally with surface density as n is more than
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1. The maximum adsorption capacities by Langmuir
model were 117.64 mg/L and 90.09 mg/L for Pb(ll)
and Hg(ll) respectively with initial concentration of
60 mg/L. The values of Separation factor R_ 0.084
and 0.024 implies that Langmuir isotherm is
favorable (0< R_ <1). Hence based on isotherm study
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we can conclude that Af-NPC/MnQO, could be an
efficient adsorbent for removal of both Pb(ll) and
Hg(I1) due to good affinity and adsorption capacity.
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Fig 4. (a) Adsorption isotherm of Pb(11) and Hg(l1) (b) and (c) Langmuir (d) Freundlich isotherm graphs of Pb(ll) and
Hg(l1) adsorption on Af-NPC/MnO, at room temperature (C,= 2-60 mg/L)

Table 2. Langmuir and Freundlich isotherm parameters for sorption of Pb(l1) and Hg(ll) on the surface of

Af-NPC/MnQO; at room temperature

Langmuir Freundlich
Elements q ) Ke )
m K (L/m R R n R
(mglg) L (Limg) . (mglg)
Pb(ll) 117.64 6.6 0.084 0.994 1.982 3 0.97
Hg(ll) 90.09 5 0.024 0.996 1.427 2 0.949
C. is concentration of arsenic ions at equilibrium in
2) Dubinin-Radushkevich model (D-R) aqueous medium. The slope of plot of Ing. versus &

D-R model was used to determine nature of
adsorption. The D-R model is represented by
following equation [7].

Inge = INQm — P € )
Where B (mol? KJ?) is a constant related to mean

adsorption energy and ¢ is the Polanyi potential
which can be calculated from the following equation.

£ =RTIn(1+>)
Ce (10)

Where T is the absolute temperature in Kelvin
and R is the universal gas constant (8.314 Jmol™*K™).

gives B (mol* KJ? and the intercept yields the
sorption capacity g, (mg/g). The sorption energy or
mean free energy E can also be calculated by using
following relationship.

found.

Error! Reference

(11)

source not

The value of mean free energy helps in
understanding nature of bonding between adsorbate
and adsorbent. Value of E less than 8 kJ/mol indicates
physical adsorption and value between 8-16 kJ/mol
implies chemisorptions [7]. Fig 5 gives D-R model
plots. The mean free energy calculated for Pb(ll) and
Hg(ll) using equation (11) were 7 kJ/mol and 3.16
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kJd/mol respectively. Since the values of E were less
than 8 kJ/mol, adsorption of Pb(ll) and Hg(ll) was
taking place through physical interaction on the
surface of Af-NPC/MnO..
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Fig 5: D-R plot for Pb(Il) and Hg(ll) adsorption on Af-
NPC/MnO, at room temperature.(C, = 2-60 mg/L)

D. Selective adsorption of lead in binary system of
Pb-Hg

Percentage removal of Hg(ll) by Af-NPC/MnO,
reduces from 94 % to 17 % in increasing
concentration of Pb(ll) from 1 to 20 mg/L. But no
effect was observed on the removal efficiency of
composite for Pb(ll) in increasing concentration of
Hg(ll), hence Af-NPC/MnO, was found more
selective for Pb(Il) as represented in Fig 6. Lead
interacts more strongly with negatively charged
composite due to electrostatic interactions at pH 5
and competitively inhibits adsorption of Hg(ll).
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Fig 6: Effect of increasing ionic concentration (1-20
mg/L) in binary solution of Pb-Hg
F. Mechanism of adsorption

In order to understand the mechanism of
adsorption XPS and FTIR analysis was carried out
after adsorption of lead and mercury on the surface of
Af-NPC/MnO,.

1) XPS analysis

XPS wide spectra show presence of separate
peaks for Cls, Ols, Mn2p, Pb4f and Hg4f in Fig. 8.
As no major changes were observed after adsorption
of Pb(ll) and Hg(ll) in different binding energies
during the process of adsorption, new bonds did not
form after adsorption. XPS results have shown Pb4f
core levels at B.E 138 eV and 143 eV in Pb(ll)
adsorbed Af-NPC/MnO, [12]. Hg4f core levels were
observed at B.E 101.2 eV and 105 eV in Hg(ll)
adsorbed Af-NPC/MnO, [13]. Presence of these

E. Sorbent regeneration

Percentage adsorption desorption efficiency of
Af-NPC/MnO, for metal ions is represented in Fig.
7(a) and (b) for three consecutive cycles. It was
observed that 0.IN HCL could elute 89-95% of
adsorbed Pb(Il) and Hg(ll) from Af-NPC/MnQO,. The
results of these studies showed that Af-NPC/MnO,
has good re-use potential and even at the third cycle
the sorption efficiency was reduced only by 2 %.
From these results, it seems that Af-NPC/MnQO, could
be used as an effective alternative sorbent for removal
of both Pb(Il) and Hg(ll). The ratio of volume of
initially treated solution to the volume of 0.1N HCL
solution used for desorption was 7.
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Fig 7: (a) and (b) % Adsorption / desorption efficiency of
Af-NPC/MnO, for Pb(Il) and Hg(ll) respectively during
three consecutive cycles. (C,= 10 mg/L)

peaks indicates existence of Pb(Il) and Hg(ll) on the
surface of composite after adsorption from an
aqueous medium.
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Fig 8: Wide XPS spectrum of Af-NPC/MnO,
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2) FTIR analysis
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Fig 9. FTIR spectrum of Af-NPC/MnO, before and after
adsorption of Pb(11) and Hg(ll) from aqueous medium at
pH 5

Fig 9 shows FTIR spectra of Af-NPC/MnO,
before and after adsorption of Pb(Il) and Hg(lIl). The
shifts in vibrational frequencies of -C=0, -OH, and -
COO groups were observed after adsorption of Pb(ll)
and Hg(ll). This implies interaction of oxygen
containing groups with metal ions during the process
of adsorption on the surface of Af-NPC/MnQO,. Peaks
at 869 cm™ and 889 cm™ were of Pb-O and Hg-O
stretching frequencies. No major shifts were seen in
vibrational frequency of -C=0, —-OH, and -COO
groups, which proves that the bonding of metal ions
with Af-NPC/MnO, was not strong leading to fast
regeneration.

3) Probable mechanism
As pseudo second order rate fitted well for
adsorption, the mechanism of adsorption must be

chemisorptions, but the mean free energy from D-R
adsorption model imply that the process of adsorption
was physical. XPS and FTIR analysis also indicate
weak bonding between metal ions and adsorbent
surface through oxygen containing functional groups.
Hence we can conclude from all these findings that
physico-chemical interactions were involved during
the process of adsorption of Pb?* through weak
electrostatic interactions and adsorption of Hg**
through complex formation on the surface of Af-
NPC/MnO, (Eqg. no. 12 and 13).

i) 2(CO") + Pb?* — (CO),.....Pb (12)
ii) C-OH + Hg(OH), —»C-HO-Hg(OH),  (13)
4) Comparison of Af-NPC/MnO, with other

sorbents from literature

Table 3 and 4 gives comparison of adsorption
capacity of Af-NPC/MnO, with other adsorbents
from literature. Af-NPC/MnO, composite has better
adsorption capacity and fast removal rate as
compared to other adsorbents mentioned in following
tables for Pb(ll) and Hg(ll). Comparatively higher
surface area could be the main factor responsible for
higher removal efficiency of Af-NPC/MnO, for
Pb(11) and Hg(ll).

Table 3. Summary of comparison of adsorption properties of Af-NPC/MnO, with other adsorbents reported in the

literature for removal of Pb(Il)

Adsorbent pH Adsorption Co Equilibrium | Adsorbent | Surface Ref.
capacity (mg/L) | Time (min) dosage area
(mg/g) (@L) | (m’g)
Maize tassel activated carbon 55 37.31 50 >60min 1.2 250 [5]
MWCNTs-TAA 45 43 140 45 1 [6]
Mucor roxii biomass 5 74.6 100 360 min 5 [4]
MnO, coated Betonite 6 58.88 | --—-- 2 64 [14]
MnO,/CNTs nanocomposite 5 78.74 60 120 min 0.5 275 [15]
AF-NPC/MnO, 5 117.64 60 5-10 min 05 633 ngfl?t
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Table 4. Summary of comparison of adsorption properties of Af-NPC/MnO, with other adsorbents reported in the

literature for removal of Hg(l1)

Adsorbent pH Adsorption Co Equilibrium | Adsorbent | Surface Ref.
capacity (mg/L) | Time (min) dosage area
(mg/g) QL) (m’/g)
MnO,/CNTs nanocomposite 7 58.82 50 80min 1 110.38 [7]
Functionalized mesoporous 3 645 300 [16]
silica materials
lonic liquid [A336][MTBA] [17]
immobilized PVA-alginate 5.8 49.89 50 Several hrs 2 -—--
beads
Functionalized multi-walled 6 84.66 100 | e 04 110 [18]
carbon nanotube
Adulsa (Justicia adhatoda) 6 1075 100 40min 1 [19]
Leaves Powder
Malt spent rootlets 5 50.4 200 >60 min 1 [20]
Acid Acrylic Resin 7 70.42 50 50 min 2 - [3]
AF-NPC/MNO, 5 90.09 60 10 min 05 633 ngfl?t

VI. CONCLUSION

Af-NPC/Mn0O, was found to be an efficient
adsorbent over a wide pH range of 5-12 for removal
of both Pb(Il) and Hg(ll). Adsorption equilibrium
was reached within 10 min. No residual Pb(Il) was
detected after treatment of water with initial
concentration below 6 mg/L and Hg(ll) below 2
mg/L. The maximum monolayer adsorption
capacities were 117.64 mg/g and 90.09 mg/g for
Pb(11) and Hg(ll) respectively. Adsorption of Pb(ll)
was taking place through electrostatic interactions
and that of Hg(ll) through complex formation. Af-
NPC/MnO, was more selective for Pb(ll) when
treated in a binary mixture. Adsorption capacity
reduces only by 2% up to the third cycle of
adsorption. Due to fast removal rate, high adsorption
capacity and regeneration capacity, Af-NPC/MnO,
could be a promising adsorbent for removal of lead
and mercury from water.
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