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Abstract - The ability of nano-silversol-coated activated carbon (NSSCAC) to adsorb Pb* from aqueous
solution has been investigated through batch experiments. The adsorption of lead onto NSSCAC has been
found to depend on adsorbent dose, initial concentration and contact time. The experiments were carried out
at natural solution pH. Equilibrium data fitted well with the Langmuir model and Freundlich model with a
maximum adsorption capacity of 23.81 mg of Pb/g of NSSCAC. The experiments showed that the highest
removal rate was 92.42% for Pb”" under optimal conditions. The sorption of Pb*" on NSSCAC was rapid
during the first 30 min and the equilibrium attained within 60 min. The kinetic processes of Pb*" adsorption
on NSSCAC were described by applying pseudo-first-order and pseudo-second-order kinetic models. The
kinetic data for the adsorption process obeyed a pseudo-second-order kinetic model, suggesting that the
adsorption process is chemisorption. The NSSCAC investigated in this study showed good potential for the

removal of Pb*" from aqueous solution.
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INTRODUCTION

Lead is one of the potentially toxic heavy metals
adsorbed into the body (Friberg et al., 1979). The
pollution of water resources due to indiscriminate
disposal of lead metal has been causing worldwide
concern for the last few decades. The presence of
lead in drinking water even at low concentration may
cause diseases such as anemia, encephalopathy,
hepatitis and nephritic syndrome (Lo et al., 1999).
Lead is non-biodegradable and can accumulate in
living tissues, thus becoming concentrated
throughout the food chain, and can be readily
absorbed into the human body (Wong et al., 2003).
Even a very small amount can cause severe
physiological or neurological damage to the human

*To whom correspondence should be addressed

body. It is a general metabolic poison and enzyme
inhibitor, also causing mental retardation and
semipermanent brain damage in young children.
Lead, an element which has been used by man for
centuries, can be regarded as a longstanding
environmental contaminant. It is released into the
environment in a number of ways: by process
industries engaged in lead acid batteries, pulp and
paper, petrochemicals, refineries, printing, pigments,
photographic materials and explosive manufacturing,
ceramics, glass, paint, oil, metal, phosphate
fertilizer, electronics, wood production and also
combustion of fossil fuel, forest fires, mining
activity, automobile emissions, sewage wastewater,
and sea spray, to mention just a few examples (Jalali
et al., 2002; Gupta et al., 2001; Conrad et al., 2007).
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Industrial wastewaters are considered to be the main
source of lead impurities. Its removal from
wastewater prior to discharge into the environment
is, therefore, necessary. The current EPA drinking
water standard for lead is 0.05 mg/l, but a level of
0.02 mg/l has been proposed and is under review
(Groffman et al., 1992). According to the Indian
Standard Institution, the tolerance limit for discharge
of lead into drinking water is 0.05 mg/l and in land
surface waters is 0.1 mg/l (I.S.1., 1982). Increasingly
stringent legislation on the purity of drinking water
has created a growing interest in the development of
conventional treatment processes. Various chemical
and physical-chemical methods for the treatment of
wastewaters containing lead wastes are known, such
as chemical precipitation, electrochemical reduction,
ion exchange, biosorption and adsorption (Husein et
al., 1998; Lin and Navarro, 1999; Petruzzelli et al.,
1999; Saeed et al., 2005; Doyurum and Celik, 2006).
The choice of treatment depends on effluent
characteristics such as concentration of lead, pH,
temperature, flow volume, biological oxygen
demand, the economics involved and social factors
like standards set by government agencies. Various
methods of wastewater treatment were examined and
adsorption emerged as one of the most promising
techniques (Pollard et al., 1992). It is generally
preferred for the removal of lead due to its high
efficiency, easy handling, availability of different
adsorbents and cost effectiveness.

The use of activated carbon (AC) is still very
popular and different grades are available. Activated
carbon has been chosen as an adsorptive media for
removal of lead by many researchers (Goel et al.,
2005; Issabayeva et al., 2006; Singh et al., 2008;
Mohanty 2005). It is widely used as adsorbent in
wastewater and gas treatments as well as in catalysis.
The inherent drawback of AC, however, is that it has
excellent biocompatibility with bacteria. Bacteria
breed on carbon during the purification process when
left overnight, thus making the carbon materials
themselves pollutants. To address this problem, some
researchers have explored depositing colloidal-sized
silver, a wide-spectrum antibacterial agent, onto the
carbon as bactericide. This is done by coating with
SilverSol, an antibacterial coating agent produced
from pure silver (Ag 99.99%) by using the latest
nanotechnology. In the present paper, NSSCAC was
examined for its sorption properties towards Pb*" ion
at 25°C. The parameters that influence adsorption
are: adsorbent dose, effect of contact time, and effect
of initial Pb*" concentration. The adsorption process
is studied via isotherms and kinetics.

EXPERIMENTAL
Adsorbent

A commercial Nano-SilverSol-Coated Activated
Carbon from Nano Silver Manufacturing Sdn Bhd.
(644873-M), Malaysia, was used as the adsorbent
material in this study. It has an average particle size
of 3-5 mm.

Adsorbate

A stock solution of Pb*" was prepared (1000 mg/I)
by dissolving the required amount of, Pb(NOs), in
double distilled water. The stock solution was diluted
with double distilled water to obtain desired
concentration, ranging from 100 to 1000 mg/1.

Adsorption Experiments

Batch adsorption experiments were performed by
contacting 2.5 g of the selected NSSCAC with 100
mL of aqueous solution of different initial
concentrations (100 to 1000 mg/1) at natural solution
pH (5.5). The experiments were performed in a wrist
action shaker for a period of 1 hour at 120 rpm using
250 mL Erlenmeyer flasks containing 100 mL of
different Pb”>" concentrations at room temperature.
Continuous mixing was provided during the
experimental period with a constant agitation speed
of 120 rpm for better mass transfer with high
interfacial area of contact. The kinetic study was
carried out by agitating 250 mL flasks containing 2.5
g of NSSCAC and 100 mL of lead solution in a wrist
action shaker. The mixture was agitated at 120 rpm
at 25°C. The contact time was varied from 0 to 60
minutes. At predetermined times, the flasks were
withdrawn from the shaker and the reaction mixtures
were filtered through Whatman No. 40 filter paper.
The isotherm study was performed using various
concentrations of lead solutions; 2.5 g of NSSCAC
with 100 mL of lead solution of various initial
concentrations was shaken at 120 rpm for 60 min at
25°C. All the experiments were performed in
duplicate. The remaining concentration of Pb*" in
each sample after adsorption at different time
intervals was determined by atomic-absorption
spectroscopy after filtering the adsorbent with
Whatman No. 40 filter paper to make it carbon free.
The batch process was used so that there is no need
for volume correction. The percentage removal of
lead from the aqueous solution was calculated
according to the following equation:
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% Removal = (C‘(_:& X

i

100 (1)

where C; and C; are the initial and final lead
concentration (in mg/l), respectively.

Analysis

The concentrations of Pb>" in the solutions before
and after equilibrium were determined with a Perkin-
Elmer 3100 Atomic absorption spectrometer. The pH
of the solution was measured with a Hanna pH meter
using a combined glass electrode.

RESULTS AND DISCUSSION
Effect of Adsorbent Dose

The effect of adsorbent dosage on the percentage
removal of Pb>" is shown in Fig. 1. It can be seen
from the figure that the percentage removal initially
increases very sharply with the increase in adsorbent
dosage, but beyond a value of 25 g/L, the percentage
removal reaches an almost constant value. This may
be due to an overlapping of adsorption sites as a
result of over-crowding of adsorbent particles
(Namasivayam et al., 1998). The percentage removal
of Pb* increased from 68.4 to 92.4%, 65.8 to 91.1%
and 63.1 to 89.6% for the three different initial
concentrations of 100, 300 and 500 mg/L,
respectively, with an increase in the adsorbent doses
from 5 g/l to 35 g/l at room temperature (25°C) and
pH 5.5. A maximum removal of 92.42% was
observed at an adsorbent dosage of 35 g/L at pH 5.5
for an initial Pb*" concentration of 100 mg/l.
Therefore, the use of a 25 g/L. adsorbent dose is
justified for economical purposes.

Effect of Contact Time

The relationship between contact time and lead
sorption onto NSSCAC at different initial lead

% Removal of Pb

75 ——100mg/!
72 —m—300 mg/|
69 ——500 mg/|
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Figure 1: Effect of adsorbent dose

% Removal of Pb

concentrations is shown in Fig. 2. The adsorption
was very fast from the beginning to 30 min and the
percentage removal decreased from 90 to 80% over
the lead concentration range of 100 to 500 mg/l at a
contact time of 30 min. With further increase of time,
the sorption kinetics decreased progressively and,
finally, the adsorption approached equilibrium within
60 min in all the cases. The percentage removal
corresponding to equilibrium adsorption decreased
from 93 to 89% with the increase in lead
concentration from 100 to 500 mg/l. The fast
adsorption at the initial stage is probably due to the
increased concentration gradient between the
adsorbate in solution and adsorbate in the adsorbent as
there must be an increased number of vacant sites
available at the beginning. The progressive increase in
adsorption and, consequently, the attainment of
equilibrium adsorption may be due to limited mass
transfer of the adsorbate molecules from the bulk
liquid to the external surface of NSSCAC, initially
and subsequently by slower internal mass transfer
within the NSSCAC particles.

Effect of Initial Concentration

The effect of initial Pb*" concentration in the
range of 100 to 1000 mg/l on adsorption was
investigated and is shown in Fig. 3. It is evident from
the figure that the percentage Pb** removal decreased
with the increase in initial concentration of Pb”" due
to the fixed quantity of adsorbents used in this study.
The initial Pb*>* concentration provides the necessary
driving force to overcome the resistance to the mass
transfer of Pb®" between the aqueous phase and the
solid phase. The increase in initial Pb*" concentration
also enhances the interaction between Pb*" and
NSSCAC. Therefore, an increase in initial
concentration of Pb>" enhances the adsorption uptake
of Pb*". This is due to the increase in the driving
force of the concentration gradient with the increase
in the initial Pb*" concentration. While the
percentage lead removal was found to be 90.08% for
100 mg/l of initial concentration, this value was
70.35% for that of 1000 mg/1.
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Figure 2: Effect of contact time
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Figure 3: Effect of initial concentration

Adsorption Isotherms

Adsorption isotherms are mathematical models that
describe the distribution of the adsorbate species
between liquid and adsorbent, based on a set of
assumptions that are mainly related to the
heterogeneity/homogeneity of the adsorbent, the type
of coverage and possibility of interaction between the
adsorbate species. Adsorption data are usually
described by adsorption isotherms such as the
Langmuir and Freundlich isotherms. These isotherms
relate metal uptake per unit weight of adsorbent (qe) to
the equilibrium adsorbate concentration in the bulk
fluid phase C.. The results of the adsorption experiment
conducted in this study were fitted with the well known
Langmuir and Freundlich adsorption models.

The Langmuir model is based on the assumption
that maximum adsorption occurs when a saturated
monolayer of solute molecules is present on the
adsorbent surface, the energy of adsorption is
constant and there is no migration of adsorbate
molecules in the surface plane. The Langmuir
isotherm is given by:

— quLCe (2)
¢ 1+K.C,

The constants in the Langmuir isotherm can be
determined by plotting 1/(q.) versus (1/ C.) and
making use of above equation rewritten as:

L:L.ﬁ. 1 L (3)
e Adm quL Ce

where q, and K; are the Langmuir constants
representing the maximum adsorption capacity for
the solid phase loading and the energy constant
related to the heat of adsorption, respectively. It can

be seen from Fig. 4 that the isotherm data fits the
Langmuir equation well (R*=0.997). The values of
dm and K; were determined from the figure and were
found to be 23.81 mg/g and 0.0178 I/mg,
respectively.
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Figure 4: Langmuir adsorption isotherm

The Freundlich isotherm model is an empirical
relationship describing the adsorption of solutes from
a liquid to a solid surface and assumes that different
sites with several adsorption energies are involved.
The Freundlich adsorption isotherm is the
relationship between the amounts of lead adsorbed
per unit mass of adsorbent (q.) and the concentration
of the lead at equilibrium (C.).

1
qe = KfCeA (4)

The logarithmic form of the equation becomes,
1
logq. =logK; +—logC, 5)
n

where K; and n are the Freundlich constants

characteristic of the system. K; and n are the
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indicator of the adsorption capacity and adsorption
intensity, respectively. The ability of the
Freundlich model to fit the experimental data was
examined. For this case, the plot of log C. vs log q.
was employed to obtain from the intercept the
value of K; and from the slope that of n. From

Fig. 5, the Freundlich constants K; and n were

found to be 0.798 mg/g and 1.504 respectively. The
isotherm data fit the Freundlich model well
(R’=0.998). The magnitudes of K; and n show
easy separation of Pb®" ions from the wastewater
and indicate favorable adsorption. The intercept

343

capacity of the adsorbent; the slope 1/n indicates
the effect of concentration on the adsorption
capacity and represents adsorption intensity. As
seen from the table, the n value was high enough
for separation.

The Langmuir and Freundlich adsorption
constants with the correlation coefficients are
presented in Table 1. The correlation coefficients
show that the adsorption process could be described
by both Langmuir and Freundlich models. The
comparison of maximum monolayer adsorption
capacity of Pb>" onto various adsorbents is presented
in Table 2. It shows that the NSSCAC studied in this

Kf value is an indication of the adsorption work has a very large adsorption capaci‘[y_
1.4
1.2
1
y=0.665x- 0.098
g 08 R2=0.998
g 0s
04
0.2
0
0.8 1 12 14 16 18 2
log Ce
Figure 5: Freundlich adsorption isotherm
Table 1: Isotherm model constants and correlation coefficients for adsorption
of Pb>* from aqueous solution
Langmuir isotherm Freundlich isotherm
Adsorbent K K
Im L R f ) n R
(mg/g) (L/mg) (mg/g)(L/mg)
NSSCAC 23.81 0.0178 0.997 0.798 1.504 0.998
Table 2: Comparison of maximum monolayer adsorption of Pb* ions onto various adsorbents
Heavy metal Adsorbents qm (mg/g) Reference
Pb>" Granular activated carbon 26.546 Dwivedi et al., 2008
Pb* NSSCAC 23.81 This work
Pb** Activated carbon from Sawdust (ACS) 17.5 Giraldo and Moreno-Pirajan et al., 2008
Pb*" Activated carbon from African palm pit (ACP) 15.2 Giraldo and Moreno-Pirajan et al., 2008
Pb* Activated carbon from cane sugar bagasse (ACB) 13.7 Giraldo and Moreno-Pirajan et al., 2008
Pb** Olive stone 5.802 Calero et al., 2009
Pb** Activated carbon from coconut (CA) 4.38 Gueu et al., 2007
Pb** Activated carbon from Seed hull of the palm tree (GA) 3.77 Gueu et al., 2007
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Adsorption Kinetics

In order to investigate the controlling mechanism
of adsorption processes such as mass transfer and
chemical reaction, the pseudo-first-order and pseudo-
second-order kinetic models were applied to model
the kinetics of lead adsorption onto NSSCAC. The
equilibrium adsorption capacity of NSSCAC was
found to increase with increasing initial lead
concentration. This indicates that there are plenty
adsorption sites in NSSCAC available for the
adsorption of lead. The enhanced adsorption of lead
ion with the increase in agitation time may be due to
the decrease in boundary layer resistance to mass
transfer in the bulk solution and an increase in the
kinetic energy of hydrated ions. By increasing the
agitation time, the boundary layer resistance is
reduced and there is an increase in the mobility of
ions in the solution. The pseudo-first-order rate
equation, given as (Lagergren 1898):

kad
t 6
2.303 ©

log(qe —q) =logq. —
where q; is the adsorption capacity at time t (mg/g)
and k,q (min ") is the pseudo-first order rate constant
of the adsorption, was applied to the present study of
Pb*" ions adsorption. The rate constant, kg and
correlation coefficients for different concentrations
of the Pb*" ions were calculated from the linear plots
of log(qe — qy) versus t (Fig. 6) and are listed in Table
3. The correlation coefficients for the pseudo-first-
order kinetic model are low. Moreover, a large
difference of equilibrium adsorption capacity (qe)
between the experiment and calculation was
observed, indicating a poor pseudo first-order fit to
the experimental data.

The pseudo-second-order equation is expressed as
(Ho and McKay 1999):

y=-0.032x + 1.125

R?=0.944

0.5 \ A
A

rs |
0 u

i:l+it (7)

9 h q.

where h = kq.” (mg g'min") can be regarded as the
initial adsorption rate when t—0 and k is the
pseudo-second-order rate constant of adsorption (g
mg'min™). A plot of t/q; versus t should give a
straight line if pseudo-second-order kinetics are
applicable and q., k and h can be determined from
the slope and intercept of the plot, respectively. The
plots of the linearized form of the pseudo-second-
order reaction at different Pb>" concentrations are
shown in Fig. 7. The pseudo-first-order and pseudo-
second-order rate constants determined from Figs. 6
and 7 are presented in Table 3, along with the
corresponding correlation coefficients.

The plot of t/q; versus t for the pseudo-second-
order model (Fig. 7) yields very good straight lines
(correlation coefficient, R*>0.99) as compared to the
pseudo-first order plot. The pseudo-second-order rate
constants were in the range of 0.0088 to 0.0963
g/mg-min. The theoretical values of q. also agree
very well with the experimental ones. Both facts
suggest that the adsorption of Pb>" ions by NSSCAC
follows the pseudo-second-order kinetic model,
which relies on the assumption that chemisorption
may be the rate-limiting step. In chemisorption, the
metal ions stick to the adsorbent surface by forming
a chemical (usually covalent) bond and tend to find
sites that maximize their coordination number with
the surface (Atkins, 1995). The pseudo-second-order
kinetic analysis reveals that the value of the initial
adsorption rates (h) increases with increase in the
initial Pb>" ion concentration. The lower the
concentration of metal ions in the solution, the lower
the probability of collisions between these species
and, hence, the faster Pb®" ions can bond to the
active sites on the surface of the adsorbent (Wong et
al., 2003).

+ 100 mg/I
W 300 mg/I
A 500 mg/|

log (ge-qt)
(=]
w

-1 y=-0.037x+0.227
R?=0.991

.M é0
4

" y-=-0.043x+0.985
a—R=0942

Time (min)

Figure 6: Pseudo-first-order plot for Pb*" ion adsorption
onto NSSCAC at different concentrations.
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Table 3: Comparison between the adsorption rate constants, q., and correlation coefficients associated
with pseudo-first-order and to the pseudo-second-order rate equations

Initial Pb** pseudo-first-order rate equation pseudo-second-order rate equations
Concn kad 1 Qes cal RZ k Qes cal RZ h (e, €XP
(mg/L) (min") (mg/g) (g/mg-min) (mg/g) (mg/g-min) (mg/g)
100 0.085 1.686 0.991 0.0963 3.891 0.999 1.458 3.7192
300 0.099 9.66 0.942 0.0201 11.764 0.999 2.778 10.926
500 0.074 13.33 0.944 0.0088 19.608 0.997 3.378 17.908
18
16 + 100mg/l
W 300mg/l y=0.257x+ 0.686
14 A 500mg/l R%=0.999,

t/qt

y=0.085x+ 0.360

8
6 R?=0.999

4

2 ¥=0.051x+0.296
: R? = 0.997

0 10 20

30

40 50 60

Time (min)

Figure 7: Pseudo-second-order plot for Pb>" ion adsorption onto NSSCAC at different concentrations.

CONCLUSION

The present investigation shows that NSSCAC is an
effective adsorbent for the removal of Pb*" from
aqueous solutions. From the kinetics studies it is
observed that the adsorption of Pb*" is very rapid in the
initial stage and decreases upon approaching
equilibrium. A maximum adsorption efficiency of
92.42% has been obtained for the initial Pb*"
concentration of 100 mg/L. The percentage removal of
Pb*" increases with the increase in adsorbent dosage
due to the availability of more active sites and the
percentage removal of Pb*" decrease with an increase in
initial Pb*" concentration due to the presence of a fixed
number of active sites. Experimental results are in good
agreement with both the Langmuir and Freundlich
adsorption isotherm models .The kinetics of Pb*" ions
adsorption obey the pseudo-second-order model, which
suggests chemisorption as the rate-limiting step in the
adsorption process.

NOMENCLATURE

List of Symbols and Units

a Langmuir constant mg/g
representing the maximum
adsorption capacity for the
solid phase loading

b Langmuir constant L/mg

representing the energy
constant related to the heat

of adsorption
G Initial concentration of Pb*" mg/L
solution
C. Equilibrium concentration mg/L
of Pb*" solution
h initial adsorption rate mg g"'min’’
k pseudo-second-order rate g mg 'min”'
constant for adsorption
ko4 pseudo-first-order rate min’'
constant for the adsorption
process
K¢ Freundlich constant (mg/g)
representing the adsorption (L/mg)""™
capacity
n Freundlich constant
representing the adsorption
intensity
de amount adsorbed at mg/g
equilibrium
qq amount adsorbed at time t mg/g
t Time min
v Volume L
Y Weight of the adsorbent g
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