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ABSTRACT

Coconut shell (CS) was used as a neglected agricultural waste to produce the activated
carbon through chemical activation process with phosphoric acid (activated coconut shell
(ACS)). This process is easy and environmental friendly. The activated carbon (ACS) as
biosorbent was evaluated for sorption of lead from wastewater using a series of batch
adsorption experiments and compared with pyrolysis CS. The characterization results
showed that this biosorbent (ACS) has high surface area and functional groups. The effi-
ciency of adsorption process was studied at various parameters: pH, contact time, initial
concentration, and competing ions for the removal of Pb(Il) ions from aqueous solution.
Adsorption equilibrium data were analyzed by the two parameters models (Langmuir,
Freundlich, Temkin, and R-D) and the three parameters models (Generalized, Toth,
Radke-Prausnitz, and Fritz-Sclunder models). The adsorption equilibrium data was well
described by Langmuir and the monolayer adsorption capacities were found to be 49.92
and 26.14 mg/g onto ACS and CS, respectively, which are agreement with those obtained
from the three-parameter isotherm models. The experimental kinetic data were best fitted
with Bangham’s, Weber-Morris and pseudo-second-order models. The diffusion mechanism
was controlled by both boundary layer and pore diffusion for the two adsorbents CS and
ACS. It is noteworthy that the effect of Cd(II) and Fe(III) on the adsorption of Pb(Il) is very
weak, even with high concentration of Cd(II) or Fe(Ill), which means that the investigated
adsorbents have higher affinity for sorption of Pb(Il) than that of the other competing ions.
The results showed that ACS can be used as a low-cost adsorbent for the removal of Pb(II)
ions from aqueous solutions.
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1. Introduction metal ions, due to its severe toxicity and great poten-
tial hazard to the environment and organisms [1].
Lead is used on a large scale in building materials,
storage batteries, bullets, mining, plating, lead smelt-
ing and ceramic glass industries, and it can damage
the nervous systems and reproductive health for the
*Corresponding author. human [2]. According to USEPA, the permissible level

The removal of toxic metal ions from wastewater
is an important and widely studied research area.
Lead is considered as one of the dangerous toxic
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of Pb(Il) in drinking water is 0.015mg/L [3]. The
increasing of lead concentration in drinking water
than the permissible level causes some diseases such
as anemia, encephalopathy, and inflammation of the
kidney and liver. Therefore, the removal and elimina-
tion of lead from contaminated water and wastewater
is necessary for protection of the environment and
human health.

Various treatment methods have been used to
remove lead from wastewater such as chemical pre-
cipitation, solvent extraction, reverse osmosis, ion
exchange, filtration, adsorption, and membrane pro-
cesses [4-11]. While most of previously described
treatment methods have some disadvantages like high
operational cost, low treatment efficiency, and produc-
tion of secondary waste products that also need treat-
ment process [7]. Adsorption is a promising process
due to its high effective, easy operation, fast and eco-
nomical method for removal of Pb(Il) from aqueous
solutions.

Activated carbons are often used as porous adsor-
bents for treatment of aqueous wastes contaminated
with toxic metal ions because of their higher surface
area, high adsorption capacity, microporous structure,
and active functional groups such as carboxylic,
hydroxyl, carbonyl, phenolic, aldehyde, and other
organic functional groups that existed on the edges of
hexagonal carbon layer planes [12,13]. In aqueous
solutions, these functional groups can be ionized
depending on the pH-value, leading to the creation of
charge interface between the adsorbent surface and
the bulk of solution [12].

In recent years, the main focus is on the use of
various industrial wastes and agricultural byproducts
as adsorbent for the removal of Pb(Il) from wastewa-
ter. Natural materials that are available in large quan-
tities or certain waste from agricultural operation is
getting increased attention all over the world as they
are cheap, widely available, renewable, unused
resources, and environmental friendly. Agricultural
byproducts like pine cone [12], apricot stone [14],
sawdust [15], bamboo charcoal [16], rubber leaf pow-
der [17], sugarcane bagasse [18-20], African palm pit
[18], coconut shell (CS) [21-24], and bagasse coconut
[25] have been successfully used for preparation of
activated carbons.

From 1980 to the 2010, the total coconut produc-
tion in the world wide increased greatly from 35 to
50 million tons [21]. Adsorption onto CS activated
carbon as low-cost adsorbent gives great and inex-
pensive choice for the removal of lead. The abun-
dance and availability of CS makes it economically
feasible.
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This paper studies the adsorption of Pb(Il) from
aqueous solutions onto activated carbon prepared
from coconut shell (activated coconut shell (ACS)) and
compare with the pyrolysis CS. Kinetic and equilib-
rium studies are discussed.

2. Materials and methods
2.1. Adsorbent preparation

CSs were obtained locally from Delta Company for
sweets and industrial foods “Jammy”, Tenth of Rama-
dan City, Sharqia governorate, Egypt and used as a
precursor for preparation of two adsorbents using
pyrolysis and chemical activation methods as shown
in Fig. 1. Firstly, the shells were crushed into small
pieces, washed with double distilled water, and dried
in oven at 110°C for 6 h. then sieved to desired mesh
size of 1 mm. Secondly, fifty gram of CS were placed
in stainless steel tube reactor and heated up to 600°C
gradually at rate of 50°C/15 min, and hold time for
2 h. After reaching the final pyrolysis temperature, the
reactor was set to cool to room temperature. The
pyrolysis CS was obtained and taken the abbreviation
(CS). Another fifty gram of CS was impregnated with
certain amount of 80 vol.% H3PO,; for 24 h. The
impregnated solid was filtered, then transferred to a
stainless steel tube reactor and heated up to 500°C
gradually with heating rate of 50°C/15 min and the
sample was held at the carbonization temperature for
2 h. Then the furnace was switched off and the sam-
ple was left to cool down. The cold activated product
was washed with distilled water to remove all the
free acid until a neutral pH was obtained and then
dried at 110°C for 24 h. The final product was
weighed and designated as coconut shell activated
carbon (ACS).

2.2. Characterization of adsorbents

The adsorbents, coconut shell activated carbon
(ACS) and pyrolysis CS were characterized with Four-
ier transform infra-red spectroscopy (FTIR) (Perkin
Elmer Spectrum 100). The porous texture of samples
was determined by liquid N, adsorption at 77 K using
the surface area analyzer (Nova 1000e series, USA).
Texture parameters were determined by applying the
BET-equation (Sggy), total pore volume (V) held at P/
Py =0.95, and average pore radius from the relation-
ship 7 =2V,/Sger. The morphology properties of the
samples were examined by JEOL analytical scanning
electron microscope (SEM, JSM-6510 LA, Japan)
equipped with an EDX detector.
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Fig. 1. Schematic representation of preparation of activated coconut shell ACS and pyrolysis CS and their Pb(II)

adsorption mechanism.

2.3. Determination method of zero-point charge (pHzpc) of
the adsorbents

To define the pHz,c, certain amount (0.1 g) of the
adsorbent (CS or ACS) was added to 50 ml of 0.2 mol/
L NaCl solution, used as an inert electrolyte in 100 ml
stoppered conical flask. The initial pH of solution was
adjusted to pH from 2 to 10 using 0.1 mol/L NaOH or
0.1 mol/L HCI solution. Then the mixture was shaking
for 24 h at 250 r/min. in shaker at room temperature
(21 £ 1)°C. After equilibrium, the mixture was filtered
and the zeta potential was measured using a Zetamas-
ter potentiometer (Malvern Instruments, UK).

2.4. Batch adsorption experiment

A stock solution of 1,000 mg/L Pb(I) was pre-
pared from a known quantity of analytical-grade lead
nitrate (Pb(NOs),) dissolved in deionized water. The
pH values were adjusted with 0.1 M HCl or 0.1 M
NaOH solution, and all of the pH measurements
were carried out using a pH meter (DELTA 320,
METTLER). The adsorption of Pb(Il) onto ACS and
CS was studied by the batch technique. A thermo-
static shaker (THZ-100, Shanghai Yiheng Scientific
Instrument Company) was used for adsorption
experiments.
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In the adsorption equilibrium, experiments were
conducted by adding a fixed amount of carbons (ACS
and CS) (0.02 g) into 50 ml Erlenmeyer flasks contain-
ing 20 ml of different initial concentrations (5-50 mg/L
of Pb(Il) solution. The flasks were agitated in a thermo-
static shaker at 200 rpm, at 25°C for 24 h. to reach equi-
librium of the solid-solution mixture. The samples
were then filtrated and measured using atomic absorp-
tion spectroscopy (AAS) (Perkin Elmer, Analyzer 300).
The adsorption capacity of Pb(Il), g. (mg/g), and the
adsorption percentage were calculated as follows
(Egs. (1) and (2)):

Co—Co)V
q. = u (1)
m
Adsorption % = Co—Ce 100 2)

Co

where Cy and C, are the initial and equilibrium con-
centrations (mg/g), V is the volume of solution (L), m
is the mass of the carbon material (g).

In order to evaluate the effect of pH on Pb(ID)-ions
adsorption, the initial pH values of a series from
20 ml of 20 ppm Pb(II) solutions were varied between
2 and 7 by adjusting with 0.1 M HCI and 0.1 M NaOH
at 25°C and added into different flasks. 0.02 g of the
adsorbent was then added to each flask, and then agi-
tated at a speed of 250 rpm for 24 h. The optimum pH
was then determined and used throughout all the
adsorption experiments.

Several adsorption isotherm models were investi-
gated such as: Langmuir, Freundlich, Temkin, and
Dubinin-Kaganer-Radushkevich (D-R) isotherms in
linear and nonlinear form and Generalized, Toth,
Radke-Prausnitz and Fritz-Sclunder isotherms in non-
linear form. To investigate the adsorption isotherm,
0.02 g of both of ACS and CS was added to each flask
containing on 20 ml of Pb(II) solutions with different
concentrations 5-50 mg/L at pH 5.5. The conical flasks
mounted on a shaker at 250 rpm for a specified time.
Then, the aqueous samples were filtered and the Pb
(I) concentrations were measured using AAS.

In this work, different adsorption kinetic models,
such as pseudo-first-order, pseudo-second-order, Elo-
vich, and mass transfer diffusion models (Mathews—
Weber, Bangham’s, Vermeulen’s, and Weber—Morris’s
diffusion models) were studied. To study the adsorp-
tion kinetic of Pb(Il)- ions, 0.02 g of each ACS and CS
was added to 20 ml of 20 mg/L Pb(Il) aqueous solu-
tion at pH 5. The experiment was carried out in a
manner similar to that described above. Each experi-
ment was carried out in triplicate and the average
results are presented in this work.

28913

3. Results and discussion
3.1. Characterization of CS and ACS
3.1.1. Fourier transforms infrared (FTIR) spectroscopy

The FTIR spectrum of CS and ACS is illustrated in
Fig. 2. A wide absorption band at 3,200-3,600 cm™"
with a maximum at about 3,432 and 3,419 cm ! are
assigned to O-H stretching vibrations of hydroxyl
groups and adsorbed water. Aliphatic C-H stretching
vibration is found as a very weak peak at 2,847 cm™'
while asymmetric vibration of CH, group appears at
2922 cm LA peak around 1,620 cm ! can be ascribed
to C=0 stretching vibrations of ketones, aldehydes,
lactones, or carboxyl groups.

For ACS, the broadbands at 1,300-1,000 cm ™ may
originate from phosphoric compounds developed due
to HzPO, activation. According to this, the peak at
1,175 cm™" is attributed to the stretching vibrations of
hydrogen bonded P=0O, stretching vibrations of O-C
in P-O-C linkage, and P=OOH. The small shoulder
around 1,033 cm™' is attributed to ionized linkage
P"™-O" in acid phosphate and to symmetrical vibration
in a chain of P-O-P [12]. Bands that appear below
900 cm ™" are characteristics of aromatic structures or
P—C phosphorus-containing compound [7]. The activa-
tion using H3PO,4 leads to increase the oxygen-
containing functional groups including acidic hydro-
xyl, carboxyl, phenolic hydroxyl, and phosphate
groups on the carbon surface.

3.1.2. Pore structure characterization

3.1.2.1. Nitrogen  adsorption—desorption  isotherms. The
nitrogen adsorption—-desorption isotherm at 77 K is
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Fig. 2. FTIR of pyrolysis CS and ACS.
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illustrated in Fig. 3 as a relation between the relative
pressure (P/Py) and the volume (V) for the two adsor-
bents (CS and ACS) to estimate several porosity
parameters, which are compiled in Table 1. Fig. 3
shows that all isotherms are belonging to type IV
according to IUPAC classification with a hysteresis
loop typical of mesoporous materials [26]. The shape
of the low-pressure portion of the isotherms depends
on the microporosity of carbon surface [27]. A more
rounded knee appearing in most of the isotherms indi-
cate a widening of the microporosity that extend to
high degree of mesoporosity which conformed by
appearing of hysteresis loop in their isotherms [28].

3.1.2.2. Pore size distribution. Fig. 4 indicates that the
samples exhibit wide pore size distribution, from nar-
row micropores to wide mesopores. The peak in the
region of 1 nm indicates the micropore region where
one model distribution of pore size is obtained in the
two samples. For mesopore region, a broad pore size
distribution was observed with two minima at about
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Fig. 3. Nitrogen adsorption—desorption isotherms at 77 k
for (a) CS and (b) ACS.
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2.2 and 3.6 nm corresponding to the transition from
pore wide accommodating one adsorbed layer to two,
and two layer to three, respectively [28].

From Table 1, the activated carbon (ACS) has
higher micropores structure than of CS. This is due to
the low surface area of CS (Sggr = 19 m?/ g) than the
surface area of activated carbon (ACS)
624 m>/g).

The data indicate that the resulting carbon (ACS)
showed reasonable surface area with mainly microp-
ore structure. Thus, the production of activated car-
bon from agricultural by-products serves a double
purpose. Firstly, it converts unwanted, surplus agri-
cultural waste, of which billions of kilograms are pro-
duced annually, to useful, value-added adsorbents.
Secondly, the activated carbon can be used in aque-
ous phase applications e.g. wastewater treatment
plans. Consequently, production of activated carbon
derived from CS had been demonstrated to be feasi-
ble. However, activation by Hz;PO, followed by pyrol-
ysis at 500°C proved very effective in producing a
good quality activated carbon with well-developed
porosity.

(SBET =

3.1.2.3. SEM and EDX-characterization. The SEM/EDX
images of ACS with and without adsorbed Pb(Il) ions
are shown in Fig. 5. SEM photo of ACS without
adsorbed Pb(Il) shows irregular granules of activated
carbon with each other as conglomerates of ACS gran-
ules, Fig. 5(a). While for samples of ACS adsorbed Pb
(II) ions, the SEM examination detected that the inor-
ganic portions of the adsorbed Pb(Il) ions consist of
dark gray regular balls, Fig. 5(c). Also the image
shows the pores as channels inside the granules of
ACS sample. However, EDX results show interesting
differences in the two samples (prepared ACS before
and after Pb** adsorption) as shown in Fig. 5(b) and
(d). EDX spectroscopy confirms that there is a good
amount of lead ions in ACS/Pb(Il) samples after
adsorption of Pb(Il) ions.

3.1.3. Determination of pHzpc of the two adsorbents
(CS and ACS)

The pHzpc is a concept relating to the phe-
nomenon of adsorption. pHzpc can be defined as the
pH value at which a solid submerged in an electrolyte
exhibits zero net electrical charge on the surface. As
noticed in Fig. 6, the pHzpc values are approximately
42 and 3.3 for CS and ACS, respectively. This
announced that the activation by phosphoric acid
increases the acidic properties of ACS according to
hydrogen bonded P=0O, P=OOH and P-O-P functional
groups.
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Table 1
Several porous characteristics of the adsorbents
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Adsorbent Micropores (%) Mesopores (%) Sper (M*/g) Ve (mL/g) Average pore radius (r, A)
CS 52.9 47.1 19.0114 0.01 10.52
ACS 79.2 20.8 624 0.4492 14.39
(a) 0.1 ] ] 3.2.2. pH dependence
0.16 - f‘. It is known that the pH of a solution is considered
5 014 i as a very important controlling parameter in the
E 0412 - T'._ adsorption process. Where, it affects the degree of ion-
§ 0.10 - Tlr ization of the surface functional groups which define
;’!: 0.08 4 I ._/ \- the surface charge and also influences on the specia-
< 0.06 4 | "-. tion of metal ions. The batch experimental method
° ooa ] Z \_/' o was used to determine the effect of pH on adsorption
0.02 . = \x of Pb(I) on the two adsorbents, at initial Pb(II) con-
0,00 }—m—mt . \-"“"."/'/'/'\""."' s centration of 20 mg/L and adsorbent dosage 1 g/L at
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Fig. 4. DFT pore size distribution of (a) pyrolysis CS and
(b) ACS.

3.2. Adsorption studies of Pb(II) onto CS and ACS
3.2.1. Contact time

The influence of contact time on the adsorption of
Pb(I) on both of CS and ACS was studied and the
results are represented in Fig. 7. The adsorption of Pb
(I) onto CS and ACS increases with time and then
attains equilibrium value at a time of about 3 h. The
maximum adsorption reached to 94.7 and 56.55% at
equilibrium for ACS and CS, respectively. Further
increase in contact time did not show an increase in
adsorption. Thus, 3 h. shaking time was considered to
be the optimum contact time for adsorption of Pb(II)
on the adsorbents.

different pH values (in the range 2-8). The results are
illustrated in Fig. 8(a). From Fig. 8(a), it is clear that
the adsorption of Pb(Il) on ACS is higher than that of
CS, this may be due to the higher surface area of ACS
and higher functional groups including acidic hydro-
xyl, carboxyl, phenolic hydroxyl, and phosphate
groups on the ACS surface. The adsorption of Pb(II)
ions increases slightly with increasing pH until it
reaches the maximum value at pH 5.5, then remains
constant until pH 7.1 for both adsorbents. Therefore,
pH 5.5 was taken as the optimal value for further
adsorption studies. The maximum adsorption capacity
of Pb(Il) onto CS and ACS is 59.5 and 98.4%, respec-
tively, achieved at pH from 5.5 to 7.1.

The results obtained are discussed according to
protonation/deprotonation reactions of the surface
functional groups at low and high pH values, respec-
tively. At low pH values, the surface functional
groups are protonated and thus the removal percent-
age of Pb(Il) decreased due to charge repulsion. In
contrast, at high pH values, the surface functional
groups are deprotonated which facilitated the binding
of Pb(Il) ions with the surface active groups via elec-
trostatic attraction. This can be interpreted according
to the species of Pb(Il) ions at different pH values, as
shown in Fig. 8(b) [29]. It was noticed that, Pb** is the
predominant species at low pH (nearly less than pH
6). At pH from 6 to 7.5, mixture of Pb** and Pb(OH)*
are present. While at pH overstep 7.5, Pb(OH)" starts
to turns to Pb;(OH);" and a precipitate of Pb(OH),.
Thus the adsorption studies for Pb** ions by CS or
ACS were not operated at pH higher than 7.5. There-
fore, the effect of pH on the adsorption of Pb(II) on
both adsorbents was performed at pH ranges from 2
to 7.1.
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Fig. 5. SEM micrographs ACS befor (a) and after (c) adsorbed Pb**, and EDX- of ACS before (b) and after (d) adsorbed

Pb~".

Moreover, the pHzpc values of CS and ACS are
nearly 4.2 and 3.3, respectively, as shown in Fig. 6.
This means, the surface charge becomes positive at
pH < pHzpc while negative at pH > pHzpc If the
solution pH is lower than pHgzpc, the active sites on
the adsorbent surface become inactive for Pb ions
adsorption because the adsorbent surface is proto-
nated. However, increasing pH value decreases the
protonation of the functional groups on the adsorbent
surface and thus enhances Pb(Il) adsorption via elec-
trostatic attractions.

However, the only electrostatic attraction could not
be ascribed to explain the adsorption of metal cation,
but also the surface complexation through ion-
exchange process was postulated for enhancing the
adsorption of Pb(Il) in the range of 2.0-5.5 as H*-Pb**
exchange process.

As we know from IR-analysis, the surface of acti-
vated carbon contains carboxyl and hydroxyl groups.
The ion-exchange mechanism between H* ions on the
adsorbent surface and metal ion may be described by
the following reactions (3, 4) [15,30]:
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Fig. 6. pHzpc for the two adsorbents CS and ACS.
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Fig. 7. Effect of time on adsorption of Pb(II) ions on CS
and ACS [at pH 5, C; =20 mg/Ll].

2(S-OH) + Pb*" — (S-0), Pb + 2H* 3)
or
2(S-COOH) + Pb*" — (S-COO), Pb + 2H* 4)

where S is the adsorbent surface.

The surface of the two adsorbents (CS and ACS)
mainly displays S-OH and S-COOH surface groups
[15,30]. The hydroxyl and carboxyl groups at the sur-
face may exchange a proton with positively
charged Pb(Il) species in aqueous solution forming
ion-exchange complex.

This can be confirmed according to: when the pH
of solution before ACS or CS adsorbed Pb(I) is 5.5,
the pH values of solution after adsorbed Pb(Il) were

28917

(a)

Adsorption %

(b)
D e e e e
P ‘H“\
— ——— Pb{OHY -
B0+ 2% N
3 ———— Phy(OH)¢ \
g ———— Pb(OH) \
= 60 \
2 \
z
= .
2 &
3 \\ r;.
20+ \
P "J \\
0 T T e — ‘

L T T
2 3 4 H 6 7 8

pH

Fig. 8. (a) Effect of pH on adsorption of Pb(Il) ions on CS
and ACS [at C; =20 mg/L, contact time 3 h] and (b) lead
species in aqueous solution as a function of pH.

measured as 4.97 for ACS and 5.20 for CS. This indi-
cated that the pH of solution after Pb(Il) adsorption
was decreased, which confirm the releasing of H ions
in solution, as shown in Egs. (3) and (4) of ion
exchange.

3.2.3. Concentration dependence

The percent removal of lead onto the adsorbents
CS and ACS at different initial metal concentrations is
shown in Fig. 9. Increasing the initial concentration of
Pb(Il) leads to decrease in the percent removal of this
metal ion. This could be attributed to the fact that at
low concentrations, high proportion of active sites on
the adsorbent surface is available for the adsorption of
metal ions. Subsequently, the percentage of adsorption
was optimized at low concentrations. While at high
concentrations, the active surface sites on the adsor-
bents are saturated and covered fully by the adsorbate
caused for a decrease in the adsorption percentage of
Pb(I) ions [31,32].
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Pb(Il) ions on CS and ACS (at pH 5.5, contact time 3 h).

3.2.4. Adsorption isotherms

3.2.4.1. Adsorption isotherm studies using linear form mod-
els. The adsorption data that depends on the extent of
adsorption with the increase in Pb(Il) concentration
were analyzed using isotherm models; Freundlich,
Langmuir, Temkin, and Dubinin—-Radushkevich (D-R)
models in linear form and its corresponding isotherm
parameters were evaluated.

Langmuir isotherm model demonstrates a mono-
layer adsorption mechanism with homogeneous
adsorption energies and is described by the following
Eq. 5) [33]:

1 1 1 1
= 4 —_ 5
Je  GmL <KL qu) <Ce> ©

where g, and Kp are Langmuir constants related to
monolayer adsorption capacity (mg/g) and adsorption
energy (L/mg), respectively.

Freundlich isotherm model describes the multi-
layer adsorption of lead ions on the adsorbent surface
with heterogeneous surface energy and is expressed in
the linear form as (Eq. (6)) [34]:

1
log g. = log Kg + (n_> log C. (6)
F

where g, (mg/g) is the amount of Pb(Il) ions adsorbed
per gram of adsorbent at equilibrium, C. (mg/L) is
the equilibrium concentration of Pb(II) ions remained
in the solution, Ky and 1/ng are Freundlich constants
that can be related to the adsorption capacity of the
adsorbent ((mg/g)(L/mg)'/") and the intensity of
adsorption, respectively.
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Temkin isotherm model assumes that the heat of
adsorption of ions in the layer decreases linearly with
coverage, which is due to the adsorbate and adsorbate
interactions. Temkin model is given by (Eq. (7)) [35]:

RT RT RT
qe = <b> anT + (b) lnCe, 5’1" = 7 (7)

where b is the Temkin constant (J/mol) related to the
adsorption heat, T is the absolute temperature (K), R
is the gas constant (8.314 J/mol K), and Kr is the Tem-
kin isotherm constant (L/g).

Dubinin-Radushkevich (D-R) isotherm model is
applied to identify the nature of adsorption processes.
The linear form of D-R isotherm equation is given by
Eq. (8) [36]:

Ing, = Ingy, — Kpré? ®

where g, is the adsorption capacity (mol/g), gpr is the
maximum adsorption capacity, i.e. the amount of
metal ions at complete monolayer coverage (mol/g),
Kpg is the parameter related to the adsorption energy
(mol?/ k]z) and ¢ is the Polanyi potential (¢ = RT In
(1 +1/Cy)). The value of Kpg is related to the adsorp-
tion energy, E (kJ/mol), which is defined as the free
energy change required to transfer a molecule from
solution to the solid surfaces. The adsorption energy
can be calculated by Eq. (9):

1

R ©

A plot of In g, vs. &2 will give the values of Kpr and
gpr from the slope and intercept.

The adsorption energy, E, gives information about
adsorption mechanism as chemical ion-exchange or
physical adsorption. If E value < 8 kJ/mol, the adsorp-
tion is  physical in  nature, whereas, if
8 < E <16 kJ/mol, the ion exchange is the adsorption
mechanism, while if E>16 kJ/mol, the chemical
adsorption occur [17]. The calculated E values for Pb
(I adsorption onto CS and ACS are lower than
8 kJ/mol, thereby suggesting that the adsorption pro-
cess may be carried out via physical adsorption.

The plots presentation of the adsorption isotherms
of Pb(Il) ions onto CS and ACS are illustrated in
Fig. 10. The values of isotherm constants and the cor-
relation coefficients (R*) are presented in Table 2. The
standard deviation (SD) and the statistical errors as
the residual sum of square error (RSSE) and the root
mean square error (RMSE) are also placed in Table 2
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Fig. 10. (a) Langmuir, (b) Freundlich (c) Temkin, and (d) D-R isotherms for adsorption of Pb(II) ions onto CS and ACS.

and calculated according to Egs. (10)-(12) as follow
[37-39]:

exp _ cal expy2
SD = 100 x \/z[(% qa:")/4: ]

N-1 (10)
Ns
RSSE = > (quyy — Geat)” (1n
i=1
N. _ 2
RMSE — \lNe Z [(qexpN qca]) :| (12)
i=1 e

where ;"7 and ¢ are the amounts of Pb(Il) adsorbed
experimentally and calculated from the model at time
t, respectively, N, is the number of experimental
data points, and e is the number of parameters in
the model. A model is considered as good if the

correlation coefficient (R?) is high, and all statistical
errors and SD are minimum.

From Table 2, it was observed that the Langmuir
isotherm model has higher correlation coefficient (R?)
and lower in SD, RMSE, and RSSE when compared to
the other models. Where R* for adsorption of Pb(Il)
ions onto ACS are 0.99924, 0.84716, 0.99503, and
0.95671 and onto CS are 0.99178, 0.85905, 0.95637, and
0.89431 for Langmuir, Freundlich, Temkin, and D-R
isotherm models, respectively. Also, SD, root of mean
square error (RMSE) and the residual of sum of
square error (RSSE) of Langmuir model for ACS are
0.00319, 1.016 x 10~°, and 4.065 x 10~° and for CS are
0.00855, 7.311x 107 and 2.924 x 107, respectively,
which are lower than that for the other models. Thus
the isotherm data follow the Langmuir model. There-
fore, the adsorption process of Pb(Il) onto CS and
ACS follows the Langmuir isotherm model, indicating
a monolayer adsorption sites with homogeneous nat-
ure of the adsorbent without any interaction between
adsorbed molecules [40].
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Isotherm constants for adsorption of Pb(II) onto CS and ACS for linear models

Isotherm models Parameters

Values for CS Values for ACS

Langmuir Gmax (Mg/g)
b (L/mg)

R2

SD

RMSE

RSSE
Freundlich k (mg/g)(L/mg)"/"
e

SD

RMSE

RSSE

A(L/g)

b (k] /mol)
R2

SD

RMSE
RSSE

Temkin

Jm
k (mol*/kJ?)
E (kJ/mol)
RZ

SD
RMSE
RSSE

26.14 49.92
0.15761 0.35558
0.99178 0.99924
0.00855 0.00319
7.311 x 107° 1.016 x 107°
2.924 x 107* 4.065 x 107°
2.91781 4.63701
1.02201 0.93911
0.85905 0.84716
0.30294 0.47271
0.09177 0.22345
0.36709 0.89382
0.99417 5.09851
0.31317 0.28093
0.95637 0.99503
2.89196 1.43851
8.36344 2.06931
33.4537 8.27721
17.46205 28.35207
1.0844 x 107° 0.1448 x 107
0.67902 1.85829
0.89431 0.95671
0.38313 0.26163
0.14679 0.06845
0.58717 0.27382

The prepared ACS displayed higher sorption
capacity (49.92 mg/g) than that for CS (26.14 mg/g).
This may be due to higher surface area, higher active
sites, and large pore volumes for ACS than CS, which
causes higher sorption process [41]. In addition, the
radius of Pb(Il) ion is 0.119 nm (Pb diameter equal
about 0.24 nm), which Pb(I) ions easily enter inside
the micropores (<2nm) of the adsorbent surface.
Therefore, the higher micropores percent for ACS than
that for CS, as shown in Table 1, led to increase the
adsorption capacity for Pb(Il) ions.

Modified CS was also previously used as activated
carbon for removal of lead ions. Sekar et al. reported
that, the adsorption capacity of Pb(Il) onto activated
carbon prepared from coconut shell using concen-
trated H,SO, reached 12.64 mg/g at 20 mg/L Pb(Il)
concentration [30]. Also Song et al. indicated that the
adsorption capacity of Pb(Il) onto activated carbon
prepared from CS using HCl 2 mol L™") (denoted as
AC0), oxidation of sample ACO with 10 mol L™" H,O,
at room temperature, and at 363 K for 24 h (samples

labeled as AC1 and AC2, respectively), oxidation of
sample ACO with 10 mol L™' HNOj3 at room tempera-
ture and at 363 K for 4 h (samples labeled as AC3 and
AC4, respectively) and with 5 mol L™ HNOj; at 363 K
for 4 h (labeled as AC5) were 17.193, 22.792, 28.458,
25.197, 40.119, and 37.938 mg/g onto AC0O, AC1, AC2,
AC3, AC4, and ACS, respectively [42]. In this study,
the maximum adsorption capacity obtained for chemi-
cally activated CS using H;PO, from Langmuir iso-
therm was 49.92 mg/g for Pb(Il) ions.

The dimensionless separation factor (Rp), defined
by Eq. (13) [2], is an important characteristic of Lang-
muir isotherm. This factor explains the nature of the
adsorption process on the adsorbent (Ry, > 1, unfavor-
able; Ry =1, linear; 0 < Ry, <1, favorable; and Ry, >0,
irreversible):

1

S —
71+ 6G

(13)
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where Cy is the initial Pb(Il) concentration (mg/L) and
b is the Langmuir constant (L/g).

Ry values were calculated from the entire concen-
tration range studied and presented in Table 3. From
this table, it shows that the value of separation factor
(Rp) is greater than 0 and less than 1 for CS and ACS,
indicating favorable adsorption.

3.2.4.2. Adsorption isotherm studies using nonlinear form
models. It is fundamentally required to analyze the
experimental isotherm data of Pb(II) adsorption onto
two activated carbons using nonlinear isotherm mod-
els. These models are: two-parameter isotherm models
namely, Langmuir (Eq. (14)), Freundlich (Eq. (15),
Temkin (Eq. (16)), and D-R (Eq. (17)) models. The fit-
ting of these models are shown in Fig. 11. The three-
parameter isotherm models are namely, Generalized
(Eq. (18)) [43], Toth (Eq. (19)) [43], Radke-Prausnitz
(Eq. (20)) [44], and Fritz-Sclunder (Eq. (21)) [45] mod-
els. The nonlinearized forms of these isotherm models
are given as follows:

_ quKL Ce

e “
q, = KeCI/Nr (15)
q. = 5]‘ IHKT + 5]‘ In Ce (16)
= gpr exp(—Kpr RT In(1 + 1/C,)); E = L
fJe = (DR €XP DR e))s - \/m
17)
Ng
quCe
— _ (18)
qc KG _"_ Ci\](;
gmT Ce (19)

i (Br + )™

Table 3
Different values of Ry at different concentrations of Pb(II)
onto CS and ACS

Co Ry, for CS Ry, for ACS
5 0.55926 0.35998
10 0.38818 0.21950
20 0.24084 0.12328
30 0.17457 0.08571
40 0.13690 0.06568
50 0.11261 0.05325
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where g, is the amount of Pb(Il) adsorbed onto the
adsorbent at equilibrium (mg/g), C. is the concentra-
tion of adsorbate on adsorbent at equilibrium (mg/L),
JmLs 9mG, Gmt, and gmp are the maximum adsorption
capacity (mg/g) of Langmuir, Gereralized, Toth, and
Fritz-Sclunder, respectively. Ng, Br, Krp, Kg, and Kg,
Nrt, p, a are the Generalized, Toth, Radke-Prausnitz,
and Fritz-Sclunder equilibrium constants and the
models exponents. f is the Radke-Prausnitz constant.
The parameters of the Langmuir, Freundlich, Temkin,
and D-R models were defined previously. The param-
eters of all models are calculated by nonlinear fitting
of the experimental adsorption equilibrium data using
Origin Pro 8.5 software, and they are shown in
Table 4. The correlation coefficient values (R?), the
RSSE, and the RMSE values are also listed in Table 4
to distinguish between the investigated models. The
higher R”> values for the two-parameters and the
three-parameters represent that the adsorption data of
Pb(Il) on the synthetic activated carbons are well
depicted by these models. The best isotherm model
was chosen according to the lower values of RSSE
and RMSE and higher values of the correlation
coefficient (R?).

According to the values of RSSE and RMSE that are
shown in Table 4, for adsorption of Pb(Il) onto CS-ad-
sorbent, it was noticed that the three-parameter iso-
therm models have lower error values than that for the
two-parameters isotherm models except for the nonlin-
ear Freundlich model, which has lower RSSE and RMSE
values. Therefore, this suggests that the applicability of
the three-parameter isotherm models and the Fre-
undlich nonlinear model for performing the experimen-
tal isotherm data of Pb(II) adsorbed on the CS is greater
than the other two-parameter isotherm models. For the
two-parameter models, according to the R?, RSSE and
RMSE-values, the adsorption equilibrium data can be
represented well with the Freundlich model, and this
means highly heterogeneous CS-surfaces. The three-pa-
rameter models can be present in the following order of
fitness: (1) based on the maximum adsorption capacity:
Generalized > Fritz—Sclunder > Toth, which confirm
the maximum capacity value of Langmuir model of lin-
ear form, (2) based on the correlation coefficient, RSSE
and RMSE-values:  Fritz—Sclunder > Radke-Praus-
nitz > Toth > Generalized.
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Fig. 11. Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich nonlinear models of (a) CS and (c) ACS. Generalized,
Toth, Radke-Prausnitz, and Fritz—Schlunder nonlinear models of (b) CS and (d) ACS.

For adsorption of Pb(Il) onto ACS-adsorbent, the
experimental data were also analyzed using the last
eight nonlinear models. The models fit for the two-pa-
rameter and for the three-parameter isotherms along
with experimental data are present in Fig. 11(c) and
(d), respectively. The values of the models parameters
along with the R? RSSE, and RMSE values are present
in Table 4. It was noticed that for the two-parameter
models, Langmuir and Temkin models were found to
obey the experimental data in acceptable values of
R*=0.98637, RSSE =9.10, and RMSE = 2.27 for Lang-
muir model and R?= 0.98743, RSSE =8.39, and
RMSE = 2.09 for Temkin model. In addition, the maxi-
mum adsorption capacity value for adsorption of lead
onto the ACS from the nonlinear Langmuir model
was matched with that obtained from the Langmuir
linear model. In addition, the three parameter models
are fit well the experimental data according to
the correlation coefficient, RSSE and RMSE-values
in the order: Toth > Generalized > Radke-Prausnitz >
Fritz-Sclunder. Based on the maximum adsorption
capacity, the fitness order follows: Toth > General-
ized > Fritz-Sclunder and the obtained values of the

maximum adsorption capacities agree with that
obtained from the Langmuir linear model. Generally,
the adsorption capacities for adsorption of Pb(II) on
ACS are higher than that obtained from the models in
case of CS. This means, ACS is more suitable than CS
for adsorption of Pb(I).

Table 5 shows a comparison between the sorption
capacities of the adsorbents (CS and ACS) used in this
work with other adsorbents reported in literature
[8,12,14,46-55]. As can be seen from Table 5, ACS has
the higher adsorption capacity than that for others,
which is the highest capacity in this series. Thus, ACS
is the most effective for the removal of Pb(I) from
aqueous solution.

3.2.5. Kinetic studies

Different adsorption kinetic models, such as
pseudo-first-order,  pseudo-second-order, Elovich,
and mass transfer diffusion models (Mathews—

Weber, Bangham'’s, Vermeulen’s, and Weber—Morris’s
diffusion models) were applied to describe the contact
time’s experimental data.
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Table 4
Isotherm constants for adsorption of Pb(II) onto CS and ACS for nonlinear models

Isotherm models Parameters Values for CS Values for ACS

Nonlinear model in two unknown parameters

Langmuir JmlL 32.6001 43.5818
Ky 0.09288 0.40831
R? 0.92371 0.98637
RMSE 5.98023 2.27502
RSSE 29.90117 9.10006
Freundlich Kg 2.44934 13
Nk 1.33121 2.29195
R? 0.99339 0.96558
RMSE 0.51806 5.74567
RSSE 2.07222 28.72833
Temkin Kt 313.17008 5.09842
ot 0.79362 280.99419
R? 0.89331 0.98743
RMSE 8.36308 2.09882
RSSE 33.45232 8.39527
D-R doR 27.47234 32.62384
kpr 0.02871 6.91014 x 107*
R? 0.77583 0.87633
RMSE 17.57138 20.64281
RSSE 70.28552 82.57124
Nonlinear model in three unknown parameters
Generalized mG 29 45
Ng 1.47086 0.94025
ko 25.6839 2.47788
R? 0.92151 0.99107
RMSE 6.15304 1.49828
RSSE 24.6121 5.99314
Toth GenT 27.5 46
Bt 1.57401 x 107 2.04155
Nr 5.46864 0.87896
R? 0.96076 0.99143
RMSE 3.07561 1.43708
RSSE 12.3024 5.74833
Radke-Prausnitz krp 27.8 45.8
B 2.65206 19.6423
P 1.35328 3.44862
R? 0.99322 0.98089
RMSE 0.53117 12.8179
RSSE 2.12468 1.65739
Fritz-Schlunder mF 28.1 443
ke 2.52554 13.5991
a 0.25351 0.57977
R? 0.99333 0.95842
RMSE 0.52301 6.97489

RSSE 2.09202 27.8995
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Table 5
Comparison of maximum adsorption capacities of Pb(I) by various adsorbents
Jmax (Mg/g) Adsorbent

Adsorbent (from Langmuir) pH dosage (g/L) Refs.
ACS 49.92 5.5 1 This study
cSs 26.14 55 1 This study
Activated carbon from coconut (CA) 4.38 4 120 [46]
Graphite 22 - 1.6 [47]
GO 30.1 - 1.6 [47]
A.C. from Apricot stone 21.38 6 1 [14]
Pine cone A.C. 27.53 52 2 [12]
Magnetic ion-imprinted and —SH functionalized 32.58 67 1 [48]

polymer (Fe;0,@SiO,-1IP)
The magnetic nonimprinted polymer (Fe;0,@5i0,-NIP) 16.50 67 1 [48]
ASG (activated silica gel) 15.62 5.5 2 [49]
TLSG (thiophenecarbonyl loaded silica gel) 17.85 5.5 2 [49]
FLSG (2-furoyl loaded silica gel) 19.60 55 22 [49]
PLSG (L-Proline loaded silica gel) 22.22 5.5 2 [49]
MT (mechanically treated newspaper pulp) 19.01 6 2 [50]
CA-modified 0.5 M 25.71 6 2 [501
CA-modified 1 M 34.60 6 2 [50]
Soil 20.157 4.5 5 [51]
ZnO 26.10 2 or 4 10 or 4 [52]
Calcium chloride-treated U. fasciata carbon (CCUC) 29.93 4 2 [53]
Sodium sulfate-treated U. fasciata carbon (SSUC) 24.154 4 2 [53]
Sodium carbonate-treated U. fasciata carbon (SCUC) 23.47 4 2 [53]
Commercially activated carbon (CAC) 15.62 4 2 [53]
PAN-ACFs 36.6 4 7.5 [54]
A.C. from date stones 38.64 6 - [55]
EDTA-Zr(IV) iodate 26.04 6 10 [8]

The linear form of pseudo-first-order (Lagergren
equation) and pseudo-second-order kinetic models are
expressed as Eqgs. (22) and (23), respectively [56,571:

k
log(q, — q,) =log q, — ﬁt (22)
t1 t
—=— 4+ —t (23)
q kg 4.

where k; (1/min) and k; (g/mg min) are the first-order
and second-order rate constants, respectively. g. and g;
are the amounts of metal ion adsorbed (mg/g) on the
adsorbents at equilibrium and at time t, respectively.
The values of parameters g, k; and k, are calculated
from the intercept and slope of these plots (Fig. 12(a)
and (b)) and presented in Table 6. From Table 6, it can
be seen that the calculated g. values from pseudo-
second-order agree very well with the experimental

values and the correlation coefficients for CS and ACS

(R? = 0.99877 and 0.99975, respectively) are better than
for the pseudo-first-order kinetic model (R* = 0.78458
for CS and 0.90718 for ACS). Therefore, the adsorption
kinetics of Pb(I) onto CS and ACS are described by a
pseudo-second-order model. Pseudo-second-order
kinetic model indicated that the prevailing process is
chemisorption, through sharing of electrons between
the adsorbate and the adsorbent surface [58]. In addi-
tion, the value of k; (0.9592) of ACS is higher than of
CS (0.35075). This result confirms the better sorption
capacity of ACS and this reason agrees with the
literature [46].

The Elovich kinetic model supposes that the adsor-
bent surface is heterogeneous in nature [59].
This model is described by the following equation
(Eq. (24)) [60]:

1

7 In(¥)

m:%mwm+f (24)
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Fig. 12. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) Elovich models for adsorption of Pb(II) ions onto CS and

ACS.

where o (mg/g min) and f (g/mg) are the Elovich
parameters defined as the initial adsorption rate and
the desorption constant, related to the degree of sur-
face coverage, respectively.

The plot of g; vs. In(t) is indicated in Fig. 12(c) and
the kinetic constants a and f are calculated from the
slope and the intercept. The obtained values and the
correlation coefficient (R?), SD, the RSSE, and the
RMSE are presented in Table 6.

From Table 6, the correlation coefficient (R?) values
of Elovich model are lower than that of Pseudo-
second-order, indicating that the kinetic data does not
fit with the Elovich kinetic model. Errors and SD val-
ues as shown in Table 6 are also considerably less for
Pseudo-second-order kinetic model than Pseudo-first-
order and Elovich model, reinforcing the applicability
of the Pseudo-second-order kinetic model.

3.2.5.1. Mass  transfer  diffusion  studies. Different
diffusion models were used to describe the mechanism
of solid-solute adsorption process, through identifica-
tion of the rate determining step. The adsorption of Pb

(I from aqueous solution on the adsorbents depends
on three steps; the first step, transport of the adsorbate
molecules from the bulk solution to the external surface
of the adsorbent by diffusion through the boundary
layer. The second step, transport of the adsorbate
within the pores of the adsorbent, and the third
step indicates adsorption of the adsorbate onto the
adsorbent surface. To determine the diffusion of Pb(II)
ions on CS and ACS as adsorbents, the kinetic results
were further analyzed by different four diffusion
models.

3.2.5.2. Mathews—Weber diffusion model. This model is
used to examine the external mass transfer on the
fluid boundary phase around the solid particles,
which is defined as follows [61]:

C K- A
log == (— t 2
¢, ( 2.303) 25
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Table 6

Kinetic model parameters for adsorption of Pb(II) onto CS and ACS

Kinetic models

Parameters

Values for CS

Values for ACS

.7 (mg/g)
Pseudo-first-order

Pseudo-second-order

Elovich model

Mathews—Weber model

Bangham’s model

Vermeulen’s model

Weber—Morris model

qe® (mg/g)
7" (mg/g)
ki (1/min)
R2

SD

RMSE
RSSE

& (mg/g)

k> (g/mg min)
R2

SD
RMSE
RSSE

a (mg/g min)
f (g/mg)
R2

SD
RMSE
RSSE

Ky A ()
Intercept
R2

SD

RMSE
RSSE

[

R2

SD
RMSE
RSSE

Ky
Intercept
R2

SD
RMSE
RSSE

Kwm (mg/g min®?)

C (mg/g)
R2

SD
RMSE
RSSE

11.78

1.61312
0.35075
0.78458
0.15867
0.02517
0.07552

11.2676
2.01452
0.99877
0.00581
3.317 x 107°
1.979 x 1074

2.597 x 10%
498977
0.71014
0.41559
0.17272
1.03631

0.05501
-0.29579
0.80081
0.01331
1.76806 x 1074
7.07225 x 1074

0.01061
0.05831
0.99394
0.00265
7.01163 x 107°
2.80465 x 107°

0.42944
1.22861
0.95346
0.10796
0.01165
0.04662

1.92509
9.09705
0.98366
0.12521
0.01567
0.01567

19.26

10.6241
0.95921
0.90718
0.24697
0.06099
0.24397

19.4099
0.22381
0.99975
0.00905
8.197 x107°
9.861 x 107*

5.884 x 10*
0.72398
0.94183
1.15551
1.33518
9.34627

0.63722
—0.30204
0.84881
0.13121
0.01722
0.06887

0.01461
0.11881
0.98166
0.00943
8.89237 x 107°
3.55695 x 107

0.77345
0.22663
0.93401
0.23343
0.05449
0.21796

3.60578
10.4823
0.99796
0.11731
0.01376
0.04128
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Fig. 13. (a) Mathews-Weber, (b) Bangham’s, (c) Vermeulen'’s, and (d) Weber-Morris’s diffusion models.

where C; and Cy are the adsorbate concentration at
time f and the initial solute concentration (mg/g),
respectively. K, is the external mass transfer coeffi-
cient (mh™) and A is the external surface per unit
mass (m?/g).

The Mathews—Weber is confirmed, if the linear
plot of log(C;/Cy) vs. t is passing through the origin,
which the kinetic mechanism is controlled by external
mass transfer. At this work, the plot of Mathews-
Weber model for adsorption of Pb(Il) ions on the two
adsorbents CS and ACS is shown in Fig. 13(a) and the
values of the volumetric mass transfer coefficient as
well as the intercept, the correlation coefficient and
the residual sum of square and the RMSEs were tabu-
lated in Table 6. As noticed from the Fig. 13(a) and
Table 6, the linear plot for both adsorbents are not
passing the origin with intercept values and low R?
values. This means, the diffusion of Pb(Il) ions on the
two adsorbents CS and ACS is not defined by the
fluid film diffusion.
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3.2.5.3. Bangham’s  diffusion model. This model is

employed to determine if the rate limiting step is
controlled by the pore diffusion only or not. The Bang-
ham model is given as [62]:

log [log (ﬁ)} =1lo
t

where V is the volume of liquid phase (ml), m is the
weight of adsorbent per liter of solution (g/L), and Kg
and 0 (<1) are constants. Kg and 6 were calculated
from the intercept and the slope of the straight line
plots of logllog(Cy/Cy — qsm)] against log ¢ (Fig. 13(b)),
respectively. Table 6 lists the Bangham’s parameters
as well as the R?, RSSE, and MSE values.

The Bangham’s plot gives straight lines not only
with higher R*-values, but also with very lower RSSE
and RMSE errors for both studied adsorbents. This
indicates that the Bangham’s model is applicable, and

KBWI
&\2.303V

) + Olog t (26)
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the rate determining step for adsorption of Pb(Il) ions
is mainly controlled by pore diffusion for the two
adsorbents CS and ACS.

3.2.5.4. Vermeulen’s diffusion model. If the adsorbate dif-
fusion through the adsorbent beads is the slowest
step, the particle diffusion will be the rate determining
step. The model was expressed by the following
expression [63,64]:

2 >
—1In[1 — <’7f> ] = <anDv>t_Kvt
e "o
where D, is the effective diffusion coefficient, rﬁ is the
radius of the adsorbent particles supposed to spherical
particles, g;/q. is the fraction realization of equilibrium

at time .

When the plot of —In[1 — (§,/4.)°] vs. t give straight
line passing through the origin, Vermeulen’s model is
applicable for these kinetic data. The vermeulen’s plot
for adsorption of Pb(Il) onto CS and ACS adsorbents
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was cleared at Fig. 13(c). The values of Ky, intercept,
R? and errors are calculated and illustrated in Table 6.
As shown from Fig. 13(c) and Table 6, the Vermeulen’
plot did not yield satisfactory linear curves for both
adsorbents where low R* values were obtained
(R?> =0.95346 and 0.93401 for CS and ACS, respec-
tively). This means the diffusion of lead(Il) through
the adsorbent beads is not the rate-controlling step.

3.2.5.5. Weber—Morris’s diffusion model. To predict the
rate determining step in the adsorption process of Pb
(I), Weber and Morris equation (Eq. (28)) was used as
follows [58]:

g, = kwnt'? + C (28)
where kwm (mg/g min®°) is the intra-particle diffusion
rate constant and C (mg/g) is proportional to the
boundary layer thickness. The constants kw,, and C
are obtained from the slope and intercept of the
straight line of g; vs. t/2 (Fig. 13(d)) and listed in
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Fig. 14. Effect of competing ions (a and b) Pb(Il) with Cd(II) on CS and ACS, respectively, and (c and d) Pb(Il) with Fe

(III) on CS and ACS, respectively.
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Table 6. Ho [65] demonstrated that the intra-particle
diffusion is the rate limiting step, when the plot
passes through the origin (i.e. C = 0.0). If the value of
C is higher than zero, difference in the rate of mass
transfer during initial and final stages occurred. It can
be seen from Fig. 13(d) that the plot do not path
through the origin (the value of C>0), hence the
mechanism of the adsorption process is probably a
combination of boundary layer and pore diffusion
which contribute to the rate determining step [66].
Therefore, the adsorption of Pb(II) ions onto CS and
ACS surface is a complex, involving more than one
mechanism as shown in Fig. 1.

3.2.6. Effect of competing ions

The existence of other ions in the solution may
reduce the adsorption process of the given adsorbate
to some extent. Thus the presence of Cd(Il) with Pb(II)
and Fe(IIl) with Pb(II) were chosen for study and the
results are shown in Fig. 14. It pointed out that the
effect of Cd(II) and Fe(IIl) on the adsorption of Pb(II)
was considerably feeble, even with increasing the ions
concentration. Which means that they do not compete
for the active sites with Pb(II) [67]. This may be due to
Pb having a large ionic radii and is more electronega-
tive (0.120nm and 233, respectively) than Cd
(0.097 nm and 1.69) and Fe (0.064 nm and 1.83), indi-
cating that Pb has higher adsorption on both CS and
ACS according to Zhang et al. and Suzuki et al. [2,68].

4. Conclusion

In this study, CS chemically activated by phospho-
ric acid (ACS) was used as a good adsorbent for
removal of Pb(Il) ion from aqueous solution. ACS has
higher efficiency for sorption of Pb(Il) ions than the
pyrolysis CS, and the percent removal was found 98.4
and 59.5% for ACS and CS, respectively. The optimum
pH and contact time was found to be 5.5 and 3 h. The
equilibrium adsorption data indicated best fit to the
Langmuir isotherm model and the maximum mono-
layer adsorption capacity, gmax, was found to be
49.92 mg/g, and this matched with the result obtained
from the nonlinear isotherm models. The values of the
separation factor Ry pointed out that the adsorption
process is favorable for Pb(Il) adsorption onto ACS. It
was found that the kinetic adsorption follows very
well the pseudo-second-order model, indicating the
chemisorption. The adsorption process seems to be
affected by both boundary layer and pore diffusion.
The results show that, ACS has higher affinity for
removal of the Pb(Il) ions in the presence of high
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concentration of Cd(II) or Fe(Ill) ions. Therefore, the
coconut shell activated carbon (ACS) can be effectively
applied as a good adsorbent for removal of Pb(Il) ions
from aqueous solution.
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