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Abstract

Lead adsorption from industrial wastewater was studied with the aim of detoxifying industrial effluents
before their safe disposal onto land or into river waters. Activated periwinkle shell carbon (PSC) was
prepared and characterised for various physiochemical properties. To determine lead(II) removal capacity,
the performance of PSC was compared with that of commercial activated carbon (CAC) and a mixture
of PSC and CAC (PSC: CAC) in a ratio 1:1. The effect of various parameters such as adsorbent dose,
contact time, pH, agitation speed, and particle size of the adsorbent was studied to optimise the conditions
for maximum adsorption. Batch adsorption kinetic experiments revealed that the adsorption of Pb(II)
onto PSC involved fast and slow processes. The mechanisms of the rate of adsorption were analysed using
the Elovich equation and a pseudo-second-order model. It was found that the adsorption mechanisms in
the lead/adsorbent system follow pseudo-second-order kinetics with a significant contribution from film
diffusion. The adsorption isotherms were described by means of the Langmuir and Freundlich isotherms
and both models represent the adsorption process. The percentage removal of lead onto PSC, PSC:CAC,
and CAC was 82.78%, 92.68%, and 88.44%, respectively.
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Introduction

Metals and their compounds are indispensable to the
industrial, agricultural, and technological advance-
ment of any nation. The numbers of applications of
metals for commercial uses continue to grow with the
developments in modern science and technology.

Industrial processes and spent commercial
(metallic) products generate large quantity of metal-
lic waste products, which are discharged into the wa-
ter or land-dump sites. It has been estimated that
the toxicity due to metallic discharge annually into
the environment far exceeds the combined total tox-
icity of all radioactive and organic wastes as mea-
sured by the quantity of waste required to dilute such
wastes to the drinking water standard (Nriagu, 1981;
Bready and Weil, 1999; Abdus-Salam and Adekola,
2005).

Lead contamination of the environment is pri-

marily due to anthropogenic activities, making it
the most ubiquitous toxic metal in the environment
(Amdur et al., 1991; WHO and ILO, 1995). Research
on Pb has become a dominant topic for environmen-
tal and medical scientists for 2 obvious reasons: (i)
it has no known biological use, and (ii) it is toxic
to most living things (Abdus-Salam and Adekola,
2005).

Lead is a metal ion toxic to the human biosys-
tem, and is among the common global pollutants
arising from increasing industrialisation. The as-
similation of relatively small amounts of lead over
a long period of time in the human body can lead to
the malfunctioning of the organs and chronic toxic-
ity. The toxic effects of lead ions on humans, when
present above the threshold level in the hydrosphere,
are well documented (Khurshid and Qureshi, 1984).
Previously, various researchers have studied the ad-
sorption of heavy metal ions from solution using
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naturally occurring minerals. Pyrolusite has been
used for adsorption of lead and magnesium ions from
their aqueous solution (Ajmal et al., 1995). Zeo-
lites have been used for the removal of heavy metals
from wastewater (Yuan et al., 1999). Sigworth and
Smith (1972), and Muscas (1995) have also used ad-
sorption techniques for the removal of heavy metals
from polluted water. Other adsorbents that have
been used for the removal of heavy metals solution
include soils (Campbell and Davies, 1995) and car-
bonaceous material developed from fertiliser waste
slurry (Srivestava et al., 1989). Adsorption of heavy
metal ions from polluted water by activated carbons
from date pits (Girgis and Hendawy, 1997) and by
ferrite and chelating resin method (Tokunaga and
Uthium, 1997) has also been studied. Other re-
searchers reported the adsorption of lead on oxide of
silicon, manganese, aluminium (Bilinshi et al., 1977),
bentonite (Kozar et al., 1992), hydrated titanium
dioxide (Abe et al., 1989), modified silica gel (Volkan
et al., 1987; Mareira et al., 1990), dithizone-anchored
poly (EDGMA-HEMA) micro beads (Salih et al.,
1998), anionic micro gel (Morris et al., 1997), ZnS
surface (Pattrick et al., 1998), magnetite (Georgeaud
et al., 1998), pedogenic oxides, ferrihydrite and leaf
compost (Sebastein et al., 2000), sawdust (Yu et
al., 2001), lateritic minerals (Ahmad et al., 2002),
and carbon (Akhtar and Qadeer, 1997; Qadeer and
Akhtar, 2005).

Marine snails in general are part of the family
Gastropoda and vary in size. They are found in
oceans all over the world. The common periwin-
kle (Littorina littorea) is one of the most abundant
marine gastropods in the North Atlantic but T. fus-
catus is commonly found in the Niger Delta, Nige-
ria. Periwinkles distribute themselves in different
positions on the shore. They are usually 1.3 to 2.5
cm in height, and colouration is grey to black. The
shell is fairly heavy and solid. They live in the in-
tertidal zone (the area of the shore that has alter-
nating periods of exposure to air and then water).
One of the main advantages of lead ion removal us-
ing activated carbon prepared from periwinkle shells
(PSC) over the other chemical treatment methods
and commercial activated carbon (CAC) is that it
is in abundance and its easy availability makes it a
strong choice in the investigation of an economical
way of lead removal.

In this study, PSC as an alternative to CAC
was used for the removal of lead ion from indus-
trial wastewater. Parameters affecting adsorption
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like contact time between the wastewater and the ad-
sorbent, adsorbent dose, pH of the sample, agitation
speed, and size of the adsorbent particles were inves-
tigated, and data on adsorption isotherm were ob-
tained and fitted to common isotherm models, Lang-
muir and Freundlich.

In recent years, development of surface modified
activated carbon has generated a diversity of acti-
vated carbon with far superior adsorption capacity.
The use of periwinkle shell with surface modification
to improve its metal removal performance would add
to its economic value, help reduce the cost of waste
disposal, and, most importantly, provide a poten-
tially inexpensive alternative to existing commercial
activated carbon.

Materials and Methods

Three types of adsorbents, PSC, CAC, and ratio 1:1
mixture of PSC and CAC (PSC:CAC), were used
as the media (precipitating agent and/or adsorbent)
to remove lead ion from industrial wastewater. In-
dustrial effluent was collected from a stream car-
rying wastewater from an industrial plant. Mate-
rials used for sample collection were pretreated by
washing the container with dilute hydrochloric acid
and later rinsed with distilled water. The contain-
ers were later dried in an oven for 1 h at 110 £
5 °C and allowed to cool to ambient temperature.
At the collection point, containers were rinsed with
samples 3 times and then filled with sample, corked
tightly, and taken to the laboratory for treatment
and analysis. The method of analysis was consis-
tent with the standard methods (Goltermann, 1978;
APHA, 1985). The pH of the sample was measured
at the site and other parameters were measured in
the laboratory. Samples were stored at below 3 °C
to avoid any change in physico-chemical characteris-
tics. An atomic absorption spectrophotometer was
used: model Phillip PU 9100 x with a hollow cath-
ode lamp and a fuel rich flame (air acetylene). Each
sample was aspirated and the mean signal response
recorded at the metal ion’s wavelength. This was
used to compute the concentrations of metal ions ab-
sorbed by the adsorbents. Batch experiments were
carried out in different sets by taking PSC in the
range of 20-70 g/100 ml of wastewater sample. The
steps of the experiments are described below:

Effect of adsorbent dose: The experiments were
individually set up for each adsorbent. For each 100
ml of wastewater sample, the amounts of PSC used
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were 20, 30, 40, 50, 60, and 70 g. Samples were with-
drawn regularly after a fixed time interval, filtered,
and analysed for residual lead. The experiment was
repeated for CAC and PSC:CAC.

Effect of mizing time: The experiments were per-
formed by varying mixing time from 30 to 300 min.
The adsorbent dose used was obtained from the best
value received from previous experiments.

Effect of pH: pH plays an important role in the
precipitation and adsorption mechanisms. The ex-
periments were performed by varying pH level of
the samples wastewater ranging from pH 2 to 12
before adding adsorbents. The amount of adsor-
bents and time used were obtained from the best
values received from the previous experiments. The
experiment was carried out using PSC, CAC, and
PSC:CAC, in that order.

Effect of mizing speed: Studies on mixing speed
was performed by comparing the removal efficiency
of lead at various mixing speeds from 100 to 700
rpm. The best treatment conditions for time, pH,
and adsorbent dose were obtained from the 3 sets of
experiment described above.

Effect of particle size: The experiments were per-
formed by varying particle sizes from 0.5 to 3.0 mm.
The best conditions for mixing speed, time, pH, and
dosage were obtained from the 4 sets of experiments
described above.

Periwinkle shell

Periwinkle shell was collected from a large dumpsite
in Port Harcourt, Nigeria. The samples were trans-
ported to the laboratory for immediate use.

The periwinkle shell was washed to remove dirt
and sorted out by removing unwanted ones. The
samples were charred by carbonising them in a fur-
nace at 300 °C for about 2 h, after which it was
ground using a hammer mill (Scotmec model) and
later sifted with 180 pum Standard Tyler Sieve No.
80. The ground sample was later kept in a plastic
container and stored at room temperature.

Periwinkle carbon activation

Activation of the charred periwinkle was carried out
using the method recommended by Mansfield (1998)
with slight modifications as follows: 200 g of the
charred sample was mixed with 250 ml of 5.5 M HCI
and refluxed by boiling for 2 h. After slight cooling,
the slurry was filtered, washed free of acid, and dried
at 110 °C for 3 h, ground using a mortar and pestle,

and sifted using mesh of different sizes to obtain var-
ious particle sizes. The charred periwinkle was char-
acterised for its bulk density as described by Okaka
and Potter (1979). The SiOq, AlsO3, FesO3, CaO,
Nay0, K50, and MgO were determined according to
Jackson (1998). The major compositions of the sam-
ple are alumina, silica, iron oxide, and calcium oxide.
Physical properties such as density and surface area
were also determined.

Commercial activated carbon

The commercial carbon, Calgon carbon (F-300), was
obtained from Calgon Carbon Inc., Pittsburgh, PA,
USA.

Results and Discussion

Table 1 shows the physico-chemical analysis of the
wastewater sample, depicting the level of lead in the
wastewater sample.

Table 1. Characterisation of the effluent wastewater.

Parameter Value
pH 8.7
TSS (mg/1) 42
Lead (mg/1) 19.1

Temperature (°C) 31
Turbidity (NTU) 22.5

The composition of typical Niger Delta (Nigeria)
periwinkle shell carbon is shown in Table 2. The
analysis showed that the periwinkle shell carbon is
predominantly siliceous, followed by the insoluble ox-
ides of aluminium, iron, calcium, magnesium, tita-
nium, alkali oxides, and negligible amounts of phos-
phorus pentoxide and sulphur oxides.

In the case of periwinkle shell carbon as an ad-
sorbent, the metal salt hydrolyses in the presence
of natural alkalinity to form metal hydroxides. The
multivalent cations present in periwinkle shell car-
bon can reduce the zeta potential while the metal
hydroxides are good adsorbents.

Calculation of Pb?* adsorbed

Two important physiochemical aspects for the eval-
uation of the adsorption process as a unit operation
are the equilibria of the adsorption and the kinet-
ics. Equilibrium studies give the capacity of the
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Table 2. Characterisation of activated carbon and ash obtained from periwinkle shell.

Chemical composition (%)

Proximate analysis (%) | General characteristics

Silicon dioxide (SiO2) 60.2 | Ash 4.6 | Surface area, m?/g 840
Aluminium oxide (Al2Os3) 20.5 | Loss on ignition  20.8 | Bulk density, kg/m? 0.147
Iron oxide (FexOs3) 7.0 | Volatile matter 1.7 | Mean particle size, mm  1.75
Calcium oxide (CaO) 3.7 | Fixed carbon 54.9

Magnesium oxide (MgO) 1.12 | Moisture 18.0

Phosphorus pentoxide (P2O5) | 1.82

Titanium oxide (TiOz2) 2.1

Alkali oxide (NagO/K20) 2.3

Sulphur trioxide (SO3) 1.37

adsorbent (Ho et al., 1995). The equilibrium rela-
tionships between adsorbent and adsorbate are de-
scribed by adsorption isotherms, usually the ratio
between amount of solute adsorbed per unit amount
of adsorbent (solid phase concentration) and concen-
tration of solute in solution at a fixed temperature
at equilibrium.

The amount of metal ion adsorbed during the se-
ries of batch investigations was determined using a
mass balance equation:

1= —(Co=Cy) (1)

where q is the metal uptake (mg/g); C, and C; are
the initial and equilibrium metal concentrations in
the wastewater sample (mg/1), respectively; v is the
wastewater sample volume (1); and m is the mass of
adsorbent used (g).

The definition of removal efficiency is as follows:

Removalef ficiency(%) = (%) x 100
(2)

where C, and Cy are the metal concentrations in
the wastewater sample before and after treatment,
respectively.

Comparison of different adsorbents for 2% re-
moval

Equilibrium studies were performed for analysing the
performance of all the adsorbents. The data were
generated by varying the adsorbent doses (20 to 70
g/1) at room temperature with PSC, CAC, and a
ratio 1:1 of PSC:CAC (Figure 1). The influence of
adsorbent dose on adsorption of lead at constant ad-
sorbate concentration was studied for the purpose of
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determining the right adsorbent mass that will bring
about a better decontamination of Pb-contaminated
effluent. The result suggests that after a certain
dose of adsorbent the maximum adsorption sets in
and hence the amount of ions bound to the adsor-
bent and the amount of free ions remain constant
even with further addition of the dose of adsorbent.
About 47.86% of Pb(II) can be removed with PSC
and PSC:CAC, and about 26.42% can be removed
with CAC.

60 7
50 A

40 1
—e—PSC
30 1 —8— CAC
—4— PSC:CAC

% Reduction

20 1

10 20 30 40 50 60 70 80
Adsorbent dose (mg/1)

Figure 1. Effect of adsorbent dose on the adsorption of
lead.

The distribution of lead between the liquid phase
and the solid phase is a measure of the position of
equilibrium in the adsorption process and can be
expressed by the most popular isotherm models —
Langmuir and Freundlich adsorption isotherms.

Effect of reaction time: Figure 2 shows removal
of lead ion from water sample using different ad-
sorbents as a function of time. The result shows
that for PSC the removal rate was rapid within the
first 30 min, sharply increased for 90 min, slowing
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down between 150 and 180 min, and then gradually
approaching equilibrium after 180 min. For CAC,
the removal rate was rapid within the first 60 min,
sharply increased for 30 min, slowing down between
120 and 180 min, and then gradually approaching
equilibrium after 180 min, whilst for PSC:CAC the
adsorption process was rapid, being complete in 90
min.

80 1

70 .//\.\‘\HH_‘

60 T
——PSC
50 1 —a— CAC
—— PSC:CAC

% Reduction

401

30 1

20 T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300

Contact time (min)

Figure 2. Effect of reaction time on the adsorption of
lead.

The initial faster rate may be due to the avail-
ability of the uncovered surface area of the adsor-
bents, since the adsorption kinetics depend on the
surface area of the adsorbents. The lead adsorption
takes place at the more reactive sites. As these sites
are progressively filled the more difficult the sorp-
tion becomes, as the sorption process tends to be
more unfavourable. This is the general character-
istic of adsorption of this metal ion (Smith, 1970;
Johnson, 1990; Appel and Lena, 2002; Abdus-Salam
and Adekola, 2005; Qadeer and Akhtar, 2005).

These changes and differences in metal ion up-
take rate could be attributed to 2 different adsorp-
tion processes, namely a fast ion exchange followed
by chemisorption (Low, 1993).

Effect of pH: pH is an important parameter for
adsorption of metal ions because it affects the solu-
bility of the metal ions, concentration of the counter
ions on the functional groups of the adsorbent and
the degree of ionisation of the adsorbate during re-
action.

The removal of metal ions from wastewater sam-
ple by adsorption is related to the pH of the sample,
as the latter affects the surface charge of adsorbents,

the degree of ionisation, and the species of adsor-
bate. The pH of the aqueous solution is an impor-
tant controlling parameter in the adsorption process
(Baes and Mesmer, 1976) and thus the role of HT
concentration was examined from samples at differ-
ent pH covering a range of 2-12 (Figure 3). The
result shows that adsorption of Pb(II) increased at
a steady rate as pH increased up to about 8, at-
taining a maximum value of around 78.53%, 88.44%,
and 88.44% for PSC, CAC, and PSC:CAC, respec-
tively. However, after pH 8, there was a decrease
in the adsorption. This decrease may be due to the
formation of soluble hydroxyl complexes. According
to Low et al. (1995), at low pH values the surface
of the adsorbent would be closely associated with
hydroxonium ions (H3O7), by repulsive forces, to
the surface functional groups, consequently decreas-
ing the percentage removal of metal. As the solution
pH increase, the onset of the metal hydrolysis and
the precipitation began at pH > 8 and the onset of
adsorption therefore occurs before the beginning of
hydrolysis (Baes Mesmer, 1976). When the pH of the
adsorbing medium was increased from 2 to 8, there
was a corresponding increase in deprotonation of the
adsorbent surface, leading to a decrease in H* ion
on the adsorbent surface. This creates more nega-
tive charges on the adsorbent surface, which favours
adsorption of positively charge species and the pos-
itive sites on the adsorbent surface (Ghanem and
Mikkelsen, 1988; Kadirvelu and Namasivayam, 2003;
Abdus-Salam and Adekola, 2005).
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Figure 3. Effect of pH on the adsorption of lead.

The hydrolysis of cations occurs by the replace-
ment of metal ligands in the inner coordination
sphere with the hydroxyl groups (Badmus et al.,
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2007). This replacement occurs after the removal of
the outer hydration sphere of metal cations. In ad-
dition, the results obtained agreed with the findings
of some researchers showing that the dependence of
metal ion adsorption on pH over a wider range of
pH (3-12) has an S-like adsorption curve (Johnson,
1990; Bruce, 2000; Glover II et al., 2002). The solu-
bility of metals is known to be lowered at higher pH
(at pH > 8) values (Inbaraj and Sulochana, 2002;
Abdus-Salam and Adekola, 2005) due to the likeli-
hood of precipitation of the hydroxide forms of the
adsorbate species. Thus, results that gave the S-like
curve were a reflection of adsorption and precipita-
tion processes on adsorbents rather than adsorption
only.

Adsorption may not be related directly to the hy-
drolysis of the metal ion, but instead of the outer hy-
dration sphere that precedes hydrolysis. Most prob-
ably, the removal of Pb(II) from wastewater samples
by adsorbents involves a complex mechanism that is
partly controlled by adsorption and partly by chem-
ical precipitation at the solid wastewater sample in-
terface and also by the pore filling mechanism.

Effect of agitation speed: The effect of agitation
of the sorbent/sorbate system in lead adsorption was
monitored at low, medium, and high speed of agita-
tion as shown in Figure 4.

100 7
95 1
90

851

—e—PSC
—&— CAC
75 1 —4—PSC:CAC

80 1

% Reduction

70

65

60 T T T T T T T 1
0 100 200 300 400 500 600 700 800

Agitation speed (rpm)

Figure 4. Effect of agitation speed on the adsorption of
lead.

The slight increase in adsorption is primarily due
to the fact that agitation facilitates proper contact
between the metal ions in solution and the adsor-
bent binding sites and consequently promoting ef-
fective transfer of sorbate ions to the sorbent sites.
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This also indicates that a shaking rate in the range
300-700 rpm is sufficient to assure that all the sur-
face binding sites are made readily available for lead
uptake. Then the effect of external film diffusion on
adsorption rate can be assumed to be not significant.

Effect of adsorbents’ particle size: The effect
of altering adsorbents’ particle size on % removal
showed that, between 0.5 and 2 ym, there was a more
rapid removal of Pb(II) by small particles (Figure 5).
This was most probably due to the increase in the
total surface area, which provided more adsorption
sites for the metal ion. The breaking of larger par-
ticles tends to open tiny cracks and channels on the
particle surface of the material, resulting in more ac-
cessibility to better diffusion, owing to the smaller
particle size (Weber and Morris, 1963; Karthikeyan
et al., 2004). The enhanced removal of sorbate by
smaller particles has been noted previously during a
study into the removal of colour by silica (McKay
et al., 1980) and during study on the use of sago
waste for the sorption of lead and copper (Quek et
al., 1998).

95 -
o /&\‘\‘ﬂ
= 4
2 85 ——PSC
3 —=— CAC
g 50 —A— PSC:CAC
75 -
70 . . : .
0 1 2 3 4

Adsorbent particle size (um)

Figure 5. Effect of adsorbent particle size on adsorption
of lead.

Adsorption studies

All the experiments were carried out at ambient tem-
perature in batch mode. Batch mode was selected
because of its relative simplicity. The batch exper-
iments were run in different glass flasks of 250 ml
capacity using a mechanical shaker. Prior to each ex-
periment, a pre-determined amount of adsorbent was
added to each flask. The stirring was kept constant
for each run throughout the experiment, ensuring
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equal mixing. The desired pH was maintained using
dilute NaOH/HCI solutions. Each flask was filled
with a known volume of sample having the desired
pH before the stirring commenced. The flask con-
taining the sample was withdrawn from the shaker at
the predetermined time interval and filtered through
Whatman No. 44 filter paper. The experiments were
carried out under different experimental conditions.
Adsorption model: The result of batch equilib-
rium was used to obtain metal adsorption isotherms
as illustrated in Figure 6. The adsorption isotherm
was used to characterise the equilibrium between the
amount of adsorbate that accumulated on the adsor-
bent and the concentration of the dissolved adsor-
bate. In this study, the experimental isotherm data
set obtained was fitted using adsorption models in-
cluding the Langmuir and Freundlich isotherms.
The Langmuir adsorption isotherm and the Fre-
undlich isotherm are 2 common isotherms used to
describe equilibria (Domenico and Schwartz, 1990;
Reddi and Inyang, 2001; Nitzsche and Vereecken,
2004). The Langmuir isotherm is based on the the-
oretical principle that only a single adsorption layer
exists on an adsorbent and it represents the equilib-
rium distribution of metal ions between the solid and
liquid phases. The basic assumption of the Langmuir
adsorption process is the formation of a monolayer
of adsorbate on the outer surface of the adsorbent
and after that no further adsorption takes place.
The equation is described by

x qokCe

b= 1 T kC.+1

3)
where x is the amount of metal adsorbed, m is the
unit mass of adsorbent, and g, is the amount of metal
ion adsorbed per unit mass of adsorbent; q, and k are
empirical constants, and C, is the equilibrium con-
centration of adsorbate in wastewater sample after
adsorption; q, is the maximum adsorption capacity
corresponding to complete monolayer coverage (mg
of adsorbate per g of adsorbent).
Equation (3) can be re-arranged to yield

Ce C. 1
+

ge 4o gok

(4)

The linearised Langmuir isotherm allows the calcula-
tion of adsorption capacities and the Langmuir con-
stants.

C. is the equilibrium concentration of adsorbate

(mg/1);

o and k are the Langmuir constants and are the
significance of adsorption capacity (mg/g) and en-
ergy of adsorption (1/mg) respectively;

Jo and k are obtained from the intercept and
slope of the plot of C'e/qe and C..

Figures 6 shows the adsorption isotherms of lead,
while Figure 7 shows Langmuir isotherms of lead on
the different adsorbents used.

0.5 7
0.4 1 l\-‘.\k..
%03' ——PSC
E —=— CAC
g 0.2 —+— PSC:CAC
0.1
4 5 6 7 8 9 10 11 12 13 14 15 16

Ce (mg/l)

Figure 6. Adsorption isotherm of lead on activated peri-
winkle shell carbon (PSC).

1807 ¢ PSC

1607 * —=—cac

1401 ——PSC:CAC
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801

Celqe

60 1 .
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*
201 W‘i‘—l"/.'

Ce (mg)

Figure 7. Comparison of Langmuir isotherms of acti-
vated periwinkle shell carbon (PSC), commer-
cial activated carbon (CAC), and mixture of
PSC and CAC (1:1).

The Freundlich adsorption isotherm is an indica-
tor of the extent of heterogeneity of the adsorbent
surface. The general form of the isotherm is given as

qe = kCe n (5)

A linear form of this expression is given as

1
log {%} =logk + - log C, (6)
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k and n are the Freundlich constants and represent
the significance of adsorption capacity and intensity
of adsorption, respectively. Values of k and n were
calculated from the intercept and slope of the plot
log q. and log C. (Figure 8).

‘0.2 T T T 1
ol6 0.8 I 12 1.4
0.4 “‘\‘:\\_*
* PSC
g 067 o = CAC
3
- . 4 PSC:CAC
— -0.8 1
*
-1 - *
424

Log (Ce)

Figure 8. Comparison of Freundlich isotherms of acti-
vated periwinkle carbon (PSC), commercial ac-
tivated carbon (CAC), and mixture of PSC and
CAC (1:1).

This Freundlich type behaviour is indicative of
the surface heterogeneity of the adsorbents, i.e. the
adsorptive sites (surface of activated carbon) are
made up of small heterogeneous adsorption patches
that are homogeneous in themselves. The activation
of adsorption site takes place, leading to increased
adsorption probably through the surface exchange
mechanism.

A comparison of isotherm parameters for all 3
adsorbents was done to determine the effectiveness
of the adsorbents. The coefficients of determina-
tion (r?) and the isotherm constants are given in
Table 3. The high values of r? (>95%) for both
isotherms show that the adsorption of Pb(II) could
be well described by both the Langmuir and Fre-
undlich isotherms.

Adsorption kinetics: Several steps can be used
to illustrate the adsorption mechanism. To investi-
gate the mechanism of lead adsorption and the po-
tential rate controlling steps, such as diffusion mass
transport and chemical reaction processes, it is nec-
essary to characterise the main adsorption mecha-
nisms. The diffusion process can be controlled by
film/external boundary layer diffusion, diffusion in
the liquid filled-pores of adsorbents, or surface dif-
fusion of adsorbed-soluble molecules that migrate
along the surface of the adsorbent. The rate control-
ling mechanism may be one diffusion mass transfer
resistance or a combination of 2 or 3 of these pro-
cesses.

When the water sample is shaken, the adsorbate
species, i.e. lead, are transported to the solid phase
by the intraparticle transport phenomenon. The in-
traparticle transport is supposed to be the rate con-
trolling step. The rate of particle transport through
this mechanism is slower than adsorption on the ex-
terior surface site of the adsorbent. The amount of
adsorbed species, lead, varies proportionately with
a function of retention time. The equation can be
expressed as

X = K" (7)

where X is the % reduction, t is the contact time
in minutes, n is the slope of the linear plot (Figure
9), and Kt is the constant coefficient. The deviation
of the line from the origin shows that intraparticle
transport is not the only rate limiting step (Badmus
et al., 2007). Probably, the transport of the water
sample through the particle-sample interface into the
pores of the particles, as well as the adsorption on
the available surface of the adsorbents, is responsible
for adsorption.

The study of the adsorption kinetics is the main
factor for designing an appropriate adsorption sys-
tem and quantifying the changes in adsorption with
time requires that an appropriate kinetic model is
used.

Table 3. Adsorption isotherm constants and coefficient of determination for different adsorbents.
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Adsorbent Langmuir isotherm constants | Freundlich isotherm constants
9o (mg/g) | k (I/mg) r? k (ng/g) n r?
PSC 0.0558 - 0.1430 0.972 6.5509 | - 0.6554 0.981
CAC 0.2191 0.2751 0.996 1.8621 | - 1.3587 0.998
PSC:CAC 0.2344 0.4983 0.999 0.8043 | -2.1744 0.996
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Figure 9. Log % reduction vs. log time.

The Elovich equation was developed to describe the
kinetics of chemisorption of a gas onto solids (Low,
1960), and its differential form is represented in
Eq. (8). The parameter « represents the rate of
chemisorption at zero coverage and the parameter
0 is related to the extent of surface coverage and
the activation energy of chemisorption. The applica-
tion of the Elovich equation is rapidly gaining popu-
larity (Aharomi and Ungarish, 1976; Sparks, 1986).
Taylor et al. (1995) successfully used the Elovich
equation for the sorption of zinc ions onto solids.
Ho and McKay (2004) studied the sorption of cop-
per from aqueous solution by peat, and Juang and
Chen (1997) studied the sorption kinetics of metal
ions from sulphate solutions onto solvent impreg-
nated resins. Other applications include work on ra-
dioisotopes (Mishra and Singh, 1995; Mishra et al.,
1996; Raouf and Daifullah, 1997).

The Elovich equation is generally expressed as

dgt

— = aexp (=fq) (8)
dt

where q; is the amount adsorbed at time t, and «
and 3 are constants during any one experiment. The
constant a can be regarded as the initial rate since
% — «as q; — 0. Integration of Eq. (8) assuming
the initial boundary conditions q; = 0 at t = 0 yields

@ = (%) In(l + apt) ©)

To simplify the Elovich equation, Chien and Clayton
(1980) assumed aft >> 1 and applying the bound-
ary conditions gt = 0att =0and qt = q: at t =t

Eq. (9) becomes (Sparks, 1986)

g = (%) In(aB) + (%) In(t)  (10)

Hence, the constants can be obtained from the slope
and intercept of the linearised plots of q; against
In(t). Equation (10) will be used to test the ap-
plicability of the Elovich equation to the kinetics of
lead adsorption.

For the rate constant of the pseudo-second-order
chemical adsorption process,

day

o= k(g — @)’ (1)

The concentrations are expressed in terms of lead
adsorbed on adsorbent, q, and for a second-order
process the rate of lead adsorption is expressed to
the power of the adsorbed lead loading difference to
the power of 2.

In Eq. (11), g is the amount of lead adsorbed
at equilibrium, (mg/g); q: is the amount of lead ad-
sorbed at time t, (mg/g) and k is the equilibrium rate
constant of pseudo-second-order adsorption, (g/mg
min). Assuming that q; = 0 at t = 0, the integrated
form of Eq. (11) becomes

1 1
= — + Kkt (12)
de — 4t Qe

Equation (12) can be rearranged to give

t 1 1
— = — 4+ =t 13
@ k2 qe (13)

h can be regarded as the initial adsorption rate since
t — 0, hence,

h = kq? (14)

hence, Eq. (13) becomes

t
a = 1T (15)
Pt
and
t 1 1
— = - + —t 16
qt h ge ( )

Thus, a plot of q—tt against twould yield a linear

relationship with the slope of qi and intercept of

1 1
n or kqg'
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Figure 10. Pseudo-second-order adsorption kinetics of
lead on activated periwinkle shell carbon

(PSC).

Figure 10 shows the linearised form of the pseudo-
second-order model for the adsorption of lead on
PSC. The correlation coefficients, r?, and the pseudo-
second-order rate parameters are shown in Table 4.

Table 4. Pseudo-second-order parameters and coefficient
of determination for different adsorbents.

Adsorbent Pseudo-second-order equatiozl
e H k T
PSC 0.2962 | 0.0036 0.0412 0.927
CAC 0.4054 | 0.1178 0.7168 0.994
PSC:CAC 0.3513 | - 1.3184 | - 10.6829 | 0.999

The data show a good compliance with the
pseudo-second-order equation, and the regression co-
efficients for the linear plots were 0.927, 0.994, and
0.999 for PSC, CAC, and PSC:CAC, respectively.
The results are also shown in Figure 11 as a plot of
q: against In(t) for adsorption of lead for the Elovich
equation. The correlation coefficients, 12, and the
Elovich equation parameters, o and (3, are shown in
Table 5. Comparison of the 2 models reveals that
the 12 for both pseudo-second-order and the Elovich
equations show that the results can be well repre-
sented by the pseudo-second-order model. Hence,
on the basis of the excellent fit of the pseudo-second-
order and the correlation of the experimental results
with the pseudo-second-order model, the main ad-
sorption mechanism is probably a chemisorption re-
action.
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Figure 11. Plot of Elovich equation of lead on activated
periwinkle shell carbon (PSC).

Table 5. Elovich equation parameters and coefficient of
determination for different adsorbents.

Adsorbent Elovich equation ;
Jé] « r
PSC 14.7493 | 0.0073 | 0.903
CAC 26.2467 | 12.4595 | 0.726
PSC:CAC | 41.4938 | 392.1138 | 0.630
Conclusion

PSC has been successfully used to produce high qual-
ity activated carbon because of its inherent high den-
sities and carbon content.

Experiments conducted on the adsorption of
Pb?t by PSC, CAC, and PSC:CAC showed sim-
ilarity in quantity of lead adsorbed. The result
showed that PSC can compete favourably with CAC.
Equilibrium data were well plotted by both Fre-
undlich and Langmuir models. For the kinetic ad-
sorption studies, adsorption data indicate the appli-
cability of the pseudo-second-order kinetics and the
Elovich model. Due to the high correlation coefhi-
cients obtained by using the pseudo-second-order ki-
netic model, the results can be represented well by
the pseudo-second-order model. Consequently, the
main adsorption mechanism is probably a chemisorp-
tion reaction. Hence this model should be used in
design applications.



BADMUS, AUDU, ANYATA

References

Abdus-Salam, N. and Adekola, F.A., “The Influence
of pH and Adsorbent Concentration on Adsorption
of Lead and Zinc on a Natural Goethite”, AJST. 6,
55-66, 2005.

Abe, M., Wang, P., Chitrakar, R. and Tsuiji, M.,
“Kinetics Study of Lead Ion Adsorption on Active
Carbon”, Analyst, 114, 435, 1989.

Aharomi, C. and Ungarish, M., “Kinetics of Acti-
vated Chemisorption. Part 1. The Non-Elovich. Part
of the Isotherm”. J. Chem. Soc.- Faraday Trans., 72,
400-408, 1976.

Ahmad, S., Khalid, N. and Daud, M., “Adsorption
Studies of Lead on Lateritic Minerals from Aqueous
Media” Sep. Sci. Technol., 37, 343-362, 2002.

Ajmal, M., Rifaqt, A.K. and Siddiqui, B.A., “Ad-
sorption Studies and Removal of Dissolved Metals
Using Pyrolusite as Adsorbent”, Environ. Monit.
And Ass. 38, 25-35, 1995.

Akhtar, S. and Qadeer, R., “Active Carbon as an
Adsorbent for Lead Ions”, Adsorp. Sci. Technol., 15,
815-824, 1997.

Amdur, M.O., Doull, J. and Klaasen, C., In
Casarett and Doull’s “Toxicology, the Basic Science
of Poisons”. Pergamon press, New York, 1991.

American Public Health Association, “American
Public Health Association Standard Methods for the
Examination of Wastewater”, 15" Ed., American
Public Health Association, Washington D.C., 1193-
1300, 1985

Appel, C. and Lena, M., “Concentration, pH, and
Surface Charge Effects on Cadmium and Lead Sorp-
tion in Three Tropical Soils”. J. Environ. Qual., 31,
581-589, 2002.

Badmus, M.A.O., Audu, T.0.K. and Anyata, B.,
“Removal of Copper from Industrial Wastewaters by
Activated Carbon Prepared from Periwinkle Shells”,
Korean J. Chem. Eng. 24, 2007.

Baes, G.B. and Mesmer, R.E., “Hydrolysis of
Cations”, John Wiley and Sons, New York, 1976.

Bilinshi, H., Kozar, S., Kwokal, Z. and Branica,
M., “Model Adsorption Studies of Pb(II), Cu(II),
Zn(II), and Cd(II) on MnO2 Added to Adriatic
Sea Water Samples”. Thalassia Jugosl. 13, 101-108,
1977.

Bready, N. and Weil, R., “The Nature and Prop-
erties of Soils”, Prentice Hall. Upper Saddle River,
New Jersey, 1999.

Bruce, J., “Soils: Our Interface with Environment”.
Worner Research Lecture Series La Trobe Univer-
sity, Bendigo, Australia, 2000.

Campbell, L.S. and Davies, B.E., “Soil Sorption of
Cesium Modeled by the Langmuir and. Freundlich
Isotherm Equation” J. App. Geochem., 10, 715-723,
1995.

Chien, S.H. and Clayton, W.R., “Application of
Elovich Equation to the Kinetics of Phosphate Re-
lease and Sorption in Soils”. J. Soil Sci. Soc. Am.
44, 265-268, 1980.

Domenico, P.A. and Schwartz, F.W., “Physical and
Chemical Hydrogeology”, 1°* Ed., John Wiley and
Sons, New York, 1990.

Georgeaud, V.M., Ambrosi, J.P., Bottero, J.Y. and
Rochette, P., “Lead and Cadmium Sorption Onto
Magnetite: Similarities and Differences” Miner.
Mag., 62A (part 1), 513, 1998.

Ghanem, S.A. and Mikkelsen, D.S., “Sorption of Zn
on Iron Hydrous Oxide” Soil Sci., 146, 15-21, 1988.

Girgis, B. S. and Hendawy, A. N. A., “Capacity of
Activated Carbon from Date Pits in the Removal of
Organic Pollutants and Heavy Metals”, in 1°* Inter.
Conference on Chem. Edu. Cairo, Egypt, 1997.

Glover, L.J., II, Eick, M.J. and Brady, P.V., “Des-
orption Kinetics of Cadmium2+and Lead2+ from
Goethite: Influence of Time and Organic Acids”.
Soil Sci Soc Am J (SSSAJ), 66, 3, 2002.

Goltermann, H.L., “Method for Physical and Chem-
ical Analysis of Fresh Wate”r, Well Scientific Publi-
cations, 2"¢ Ed., Black well Scientific Publications,
1978.

Ho, Y.S., Wase, D.A.J. and Forster, C.F., “Kinetic
Studies of Competitive Heavy Metal Adsorption by
Sphagnum Peat”. Environmental Technology, 17,
71-77, 1996.

Ho, Y.S. and McKay, G., “The Sorption of Lead
Tons on Peat”. Water Research, 33, 578-584, 1999.

Inbaraj, B.S. and Sulochana, N., “Basic Dye Ad-
sorption on a Low Cost Carbonaceous Sorbent”.
Ind. J. Chem. Technol., 9, 201-210, 2002.

Jackson, M.L., “Soil Chemical Analysis”, Prentice
Hall, NY, 1998.

Johnson, B.B., “Effect of pH, Temperature and
Concentration on the Adsorption of Cadmium on
Goethite”. Environ. Sci. Technol., 24, 112-118, 1990.

Juang, R.S. and Chen, M.I., “Application of the
Elovich Equation to the Kinetics of Metal Sorption
with Solvent Impregnated Resins”. Ind. Eng. Chem.
Res. 36, 813-820, 1997.

Kadirvelu, K. and Namasivayam, C., “Activated
Carbon from Coconut Corpith as Metal Adsorbent:
Adsorption of Cd(II) from Aqueous Solution”. Adv.
Environ. Res., 7, 471-478, 2003.

261



262

BADMUS, AUDU, ANYATA

Karthikeyan, G., Anbalagan, K. and Muthulakshmi
Andal, N., “Adsorption Dynamics and Equilibrium
Studies of Zn (II) Onto Chitosan” J. Chem. Sci.,
116, 119-127, 2004.

Khurshid, S.J. and Qureshi, I.LH., “The Role of Inor-
ganic Elements in the Human Body”. The Nucleus,
21, 3-23, 1984.

Kozar, S., Bilinski, H., Branica, M. and Schwuger,
M.J., “Adsorption of Cd (II) and Pb (II) on Ben-
tonite under Estuarine and Seawater Conditions”.
Sci. Total Environ., 121, 203, 1992.

Low, K.S., Lee, C.K. and Lee, K.P., “Sorption of
Copper by Dye-Treated Oil Palm Fibre”. Bioresour.
Technol., 44, 109-112, 1993.

Low, K.S., Lee, C.K. and Leo, A.C., “Removal of
Metals from Electroplating Wastes Using Banana
Pith”. Bioresour. Technol. 51, 227-231, 1995.

Low, M.J.D., “Kinetics of Chemisorption of Gases
on Solids”. Chem. Rev. 60, 267-312, 1960.

Mansfield, G.R., “Clay Investigation in Southern
States”, US Geol. Survey, Bull. 901, 1-22, 1996.

Mareira, J.C., Pavan, L.C. and Gushikem, Y., “Ad-
sorption of Cu(II), Zn(IT), Cd(II), Hg(II) and Pb(II)
from Aqueous Solutions”. Mikrochim Acta 3, 107,
1990.

McKay, G., Otterburn, M.S. and Sweeney, A.G.,
“The Removal of Colour from Effluent Using Ad-
sorbents — Silica Rate Processes”. Water Res. 14,
15-2, 1980.

Mishra, S.P. and Singh, V.K., “Efficient Removals of
Cadmium Jons from Aqueous Solutions by Hydrous
Ceric Oxide — a Radiotracer Study”. Radiochimica
Acta 68, 251-256, 1995.

Mishra, S.P., Singh, V.K. and Tiwari, D., “Radio-
tracer Technique in Adsorption Studies: Part XIV.
Efficient Removal of Mercury from Aqueous Solu-
tions by Hydrous Zirconium Oxide”. Appl. Radiant.
Isot. 47, 15-21, 1996.

Morris, G.E., Vincent, B. and Snowden, M.J. “Ad-
sorption of Lead Ions onto N-Isopropylacrylamide
and Acrylic Copolymer Microgels”. Prog. Colloid
Polym. Sci., 105, 16, 1997.

Muscas, L., “Adsorption at Transport of Lead in
Porous Media”. In: European Conference for Young
Researchers in Chemical Engineering, 1, 182-184,
1995.

Nitzsche, O. and Vereecken, H., “Modelling Sorp-
tion and Exchange Processes in Column Experi-
ments and Large Scale Field Studies”. Mine Water
and the Environment, 21, 15-23, 2002.

Nriagu, J.O., “A Silent Epidemic of Environmental
Metal Poisoning?” Environ. Pollut., 50, 139-161,
1988.

Okaka J.C. and Potter N.N., “Physicochemical and
Functional Properties of Cowpea Powders Processed
to Reduce Beany Flavours”. J. Food Sci. 44, 1235-
1240, 1979.

Pattrick, R.A.D., Charnock, J.M., England, K.E.R.,
Mosselmans, J.F.W. and Wright, K., “Lead Sorp-
tion on the Surface of ZnS with Relevance to Flota-
tion: A Fluorescence REFLEXAFS Study”. Miner.
Eng., 11, 1025-1033, 1998.

Qadeer, R. and Akhtar, S., “Kinetics Study of Lead
Ton Adsorption on Active Carbon”. Turk. J. Chem.,
29, 95-99, 2005.

Quek, S.Y., Wase, D.A.J. and Forster, C.F., “The
Use of Sago Waste for the Sorption of Lead and
Copper”. Water SA 24, 251-256, 1998.

Raouf, M.W.A. and Daifullah, A.A.M., “Poten-
tial Use of Bone Charcoal in the Removal of An-
timony and Europium Radioisotopes from Radioac-
tive Wastes”. Ads. Sci. Technol. 15, 559-569, 1997.

Reddi, L.N. and Inyang, H.I., “Geo-Environmental
Engineering Principles and Applications”, Marcel
Decker Inc., New York, 2001.

Salih, B., Denizli, A., Kavakh, C. and Piskin, E.,
“Adsorption of Heavy Metal Ions onto Dithiozone-
Anchored Poly (EGDMA-HEMA) Micro Beads”.
Talanta, 46, 1205, 1998.

Sebastein, S., Enid, C.E., McBride, M. and Hender-
shot, W., “Adsorption of Free Lead (Pb*") by Pe-
dogenic Oxides, Ferrihydrite, and Leaf Compost”.
Soil Sci. Soc. Am. J., 64, 595-599, 2000.

Sigworth, E.A. and Smith, S.B., “Adsorption of In-
organic Compound by Activated Carbon”. J. Am.
Wat. Wks Ass. 64, 386-391, 1972.

Smith, J.M., “Chemical Engineering Kinetics”,
McGraw-Hill, New York, 1970.

Sparks, D.L. “Kinetics of Reaction in Pure and
Mixed Systems”, in Sparks, D.L. (ed.), Soil Phys-
ical Chemistry, CRC Press, Boca Raton, Florida,
83-145, 1986.

Srivestava, S.K., Tyagi, R. and Paut, N., “Adsorp-
tion of Heavy Metals on Carbonaceous Material De-
veloped from the Waste Slurry Generated in Local
Fertilizer Plant”. Wat. Res. 23, 1161-1165, 1989.

Taylor, R.W., Hassan, K., Mehadi, A.A. and Shu-
ford, J.W., “Kinetics of Zinc Sorption Soils”. Com-
mun. Soil Sci. Plant Anal. 26, 1761-1771, 1995.

Tokunaga, S. and Uthium, A., “Survey on Advanced
Treatment of Arsenic — Lead Containing Wastewa-
ter”. J. NIMC, 5, 21-38, 1997.



BADMUS, AUDU, ANYATA

Volkan, M. Ataman, O.Y. and Howard, A.G., “Pre-
Concentration of Some Trace Metals from Sea Water
on a Mercapto-Modified Silica Gel”. Analyst, 112,
1409-1412, 1987.

Weber, W.J. and Morris, J.C., “Kinetics of Adsorp-
tion on Carbon from Solutions”. J. Sanit. Engg.,
Div. ASCE 89 (SA2), 3, 1963.

WHO and ILO, “Environmental Health Criteria In-
organic”, Geneva, 165, 1995.

Yu, B., Zhang, Y., Shukla, A., Shukla, S.S. and Dor-
ris, K.L., “The Removal of Heavy Metals from Aque-
ous Solutions by Sawdust Adsorption — Removal of
Lead and Comparison of Its Adsorption with Cop-
per”. J. Hazard. Mater. 84, 83-94, 2001.

Yuan, G., Seyama, H., Soma, M., Theng, B.K.G.
and Tanaka, A., “Adsorption of Some Heavy Metals
by Natural Zeolites”. J. Environ. Sci. Health, Part
A, 34, 625-648, 1999.

263



