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ABSTRACT

Four types of carbonaceous adsorbent materials were applied for the removal of cadmium
ions from water. These materials include fly ash (FA), activated carbon (AC), carbon nanofi-
bers (CNFs), and carbon nanotubes (CNTs). The adsorption mechanisms and the kinetics of
cadmium (II) removal from water were investigated. The effects of pH, the adsorbent dosage,
the contact time, and the agitation speed on the removal process were studied and
optimized. The four carbon adsorbents were characterized by field emission scanning
electron microscopy and transmission electron microscopy. Adsorption isotherms were used
to find the model of the adsorption behavior and to calculate the percentage removal. A 95%
removal was obtained by using FA at pH 7, a dosage of 50 mg, a contact time of two hours,
and an agitation speed of 150 rpm. In case of CNTs, CNFs, and AC, the percentage removals
were found to be 27, 34, and 38%, respectively. The experimental data of the four-based
carbon adsorbents were well fitted with Langmuir and Freundlich adsorption models.

Keywords: Activated carbon; Carbon nanotubes; Carbon nanofibers; Carbon fly ash; Cadmium
removal

1. Introduction potable water is attributed to its severe toxicity,
because it accumulates primarily in the kidneys.
Moreover, its biological half-life of 10-35years [1] in
the human bodies is considered to be relatively long.

As a drinking water pollutant, cadmium toxicity affects

Cadmium is a heavy metal that exists in natural
deposits containing other elements. This element is
highly toxic and considered as one of the major priority
pollutants in drinking water. The World Health Orga-

nization (WHO) guidelines for Cd(II) content in water
is 0.003mg/L [1]. This stringent limit of cadmium in
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the kidneys. Cadmium metal is mainly used in steel
and plastics industries. The industrial wastewater
discharge of those activities is the main source of
cadmium that reaches the environment. Other
industrial sources of Cd(II) contamination include
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cooling tower blow down, electroplating, metal plating,
coating operations, etc. Cadmium is also used in
nickel-cadmium batteries, in Cd-Te thin film solar
cells, and in pigments. Cadmium also exists as impuri-
ties in zinc that is used in the galvanized pipes and
some metal fittings [2]. The common methods that are
usually applied to control cadmium in the environ-
ment include: coagulation, ion-exchange, precipitation,
softening, and membrane separation. Adoption of any
of these technologies depends on the levels of the
initial concentrations of cadmium as well as on the cost
of each technology. Heavy metals are usually removed
during the chemical and physical treatment processes
of the raw water like seawater, brackish ground water,
or surface water. However, in case, the limits set
by WHO are exceeded, then the above-mentioned
methods of water treatment could not be
considered economically feasible. Such methods can be
replaced by the adsorption method which is economi-
cally more feasible. Many adsorbents have been used
to remove metal ions from wastewater including recy-
cled alum sludge [3], peanut hulls [4], resins [5], kao-
linite [6], manganese oxides [7], zeolite [8], and
biomaterials [9,10]. However, the removal efficiencies
of the metal ions using these adsorbents are low. Zhu
et al. studied peanut hull as an adsorbent material for
the removal of copper from waste stream. This study
showed that these materials has a capacity of
21.25mg/g to adsorb copper at a temperature of 30°C,
a pH of 5.5, and a contact time of two hours. According
to this study, the adsorption isotherm model follows
the Langmuir Isotherm [11]. However, the removal
efficiencies of these adsorbents are considered to be
low. Carbon nanotubes (CNTs) and carbon nanofibers
(CNFs) have unique properties that make them poten-
tially useful in various applications such as nanotech-
nology, electronics, optics, water treatment, and other
fields of material sciences. Since their discovery in 1991
[12], CNTs and CNFs have attracted considerable
research interests due to their exceptional mechanical
and electrical properties. These nanomaterials have
high chemical stability and large specific areas [13].
Multiwalled carbon nanotubes (MWCNT) have been
used for the removal of metal ions, such as lead, cop-
per, silver, and nickel [14]. Li et al. have reported that
CNTs as an adsorbent for cadmium have shown lower
adsorption efficiency compared to other metals such as
lead and copper. The removal efficiency of the CNTs
as metal ion adsorbents has been found to be signifi-
cantly influenced by the pH of the medium [15]. The
applications of CNFs, fly ash (FA), and activated
carbon (AC) as adsorbents of the heavy metals from
water have not been thoroughly investigated.
Afsin-Elbistan FA and Seyitomer FA have been applied
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as adsorbents for Cd(Il) at a pH of 7.0 and an agitation
speed of 100rpm [16]. The reported adsorption
capacities of these two mentioned adsorbents for Cd(II)
have been found to be 98.43 and 65.24%, respectively.
Bayat have compared the adsorption effectiveness of
these two types of FA with that of the AC (untreated
powder, 0.150-0.038 mm) derived from charcoal. He
has found that both types of FA are as effective as AC
in the removal of Cd(l) [17]. Two different Brazilian
FA were also evaluated as adsorbents for the removal
of Cd(II) from an aqueous solution [18]. Both types of
FA were found to have high adsorption capacity for
Cd(I) when allowed to reach a required equilibrium
time. The reported adsorption capacities were found to
range from 50 to 100% based on the zeolite treatment
and the initial concentration of cadmium ions in the
original solution. Visa and Duta reported that the
adsorption isotherms for Cd(II) by these two types of
processed ashes follow the Langmuir model with
adsorption capacity that ranges from 57 to 195mg/g
[19]. It has been found that by modifying the FA
surface with methylene blue in alkaline solution, the
efficiency of Cd(Il) removal has increased. This study
has confirmed the Langmuir Isotherm model for the
cadmium adsorption mechanism [19]. Hydari et al.
have studied the removal of cadmium ions using two
type of commercial AC and have achieved 100%
removal of cadmium at a pH of 6. According to this
study, the adsorption isotherms for both the modified
AC and the commercial AC follow Langmiura and
Freundlich model, respectively [20].

The potentialities of four carbon-based adsorbents,
namely: FA, AC, carbon nanofibres (CNFs), and CNTs
in the removal of cadmium have been investigated.
Different aqueous solutions having low initial contam-
inations of cadmium have been prepared and used in
this study. The effects of the pH, the dosage of the
adsorbent, the agitation speed, and the contact time
on the removal efficiency of cadmium have been
studied and optimized.

2. Materials and methods
2.1. Production of CNTs

The experimental setup used to synthesize the
MWCNT is similar to that reported by Muataz et al.
[21-27]. The floating catalyst chemical vapor deposi-
tion reactor was used to produce the CNTs. The
production of CNTs in the present work has been
conducted in a horizontal tubular reactor. The
horizontal reactor is made of a quartz tube of an
internal diameter of 50mm and a length of 900 mm.
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This reactor was heated by silicon carbide heating ele-
ment. In this study, benzene (C¢Hg 99.5% purity) was
used as a hydrocarbon source, ferrocene (FeCioH;g
98% purity) as a catalyst, hydrogen gas as a carrier,
and argon was used to flush the air from the system.
Several experiments were performed at reaction
temperatures ranging from 500 to 1,200°C. Other
conditions like the reaction time (45min) and the
hydrogen flow rate (300 mL/min) were fixed.

The produced CNTs were characterized using field
emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) and the pur-
ity was measured by thermogravimetric analysis.

2.2. Carbon nanofibers

CNFs, CNF>95%, were purchased from Nano-
structured & Amorphous Materials, Inc. USA. The
length of these CNFs is in the range 10-40 um, their
outside diameters are in the range 200-500 nm, while
the inside diameters are in the range 1-10nm.

2.3. Activated carbon

The AC used in this study was a commercial
carbon, CalgonFiltrasorb 400, and it was supplied in
10-30 mesh (1.00-0.60 mm) size. The granular AC was
milled in a hammer cutter mill to form a powder of AC
of a particle size <0.18 mm and it was used as an adsor-
bent for cadmium. The physical and chemical proper-
ties of the AC (Filtrasorb 400) are shown in Table 1.

The surface area of the AC was measured by
nitrogen adsorption at 77K using a Micromeritics
Gemini 2,375 surface area analyzer (Micromeritics,
Norcross, GA) and using a 15-point BET.

2.4. Fly ash

FA is one of the residues generated in the combus-
tion process of coal and liquid fuels and represents
the fine particles that rise with the flue gases. The FA

Table 1
The physical and chemical properties of the AC

Property Value

Activated carbon Filtrasorb 400

Surface area (M?/ g) 1,000
Bulk density 0.44 +0.003
Ash content (%) 8.3+0.8

pH 7.9+05
Attrition (%) 10.8+3.2
Conductivity (uS) 4.7+2.8
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used in this study was produced by burning heavy
fuel oils in one of Saudi Aramco main power plants
and the produced ash contains high percentage of
unburned carbon and some other metals. Saudi
Aramco produces hundreds of thousands of tons of
FA per year. The FA was analyzed by the energy
dispersive X-ray (EDX) to identify its elemental
composition. The EDX analysis of the FA indicates
that carbon represents a 67.56% of its weight beside
many other different metals as is shown in the EDX
spectrum (Table 2).

Recent concerns regarding environment awareness
and the tighter regulations regarding the emission limits
have forced people to utilize the FA produced. Most of
the current research is trying to apply the FA as an
additive to the Portland cement in order to increase the
corrosion resistance of this cement. In this work, the FA,
an adsorbent of low cost, was used in water treatment.

2.5. Stock solutions

The laboratory glass ware was rinsed with a
solution of 2% nitric acid. This step is very important to
remove all impurities from the glassware and to
prevent further adsorption of cadmium (II) on the walls
of the glassware. A cadmium stock solution of
1,000mg/L was prepared. The stock solution was
prepared by adding 2mL of cadmium (II) standard
solution which is of concentration 1,000mg/L into the
volumetric flask (2L). Then, deionized water was added
up to the mark and mixed thoroughly using a magnetic
stirrer. The pH of the stock solution was adjusted by
adding either a solution of 1.0 M nitric acid or a solution
of 1.0M NaOH. Finally, the buffer solutions were
added to maintain constant pH during the experiment.

2.6. Batch mode adsorption experiment

Experiments of batch mode adsorption were
conducted at room temperature to study the effect of
the initial pH of the solution, the CNTs dosage, the
contact time, and the agitation speed on the adsorp-
tion of Cd(II) ions. Each experiment was conducted in
a volumetric flask and the initial and final concentra-
tions of Cd(II) were analyzed using inductively
coupled plasma-mass spectroscopy.

The percentage removed of Cd ions from the solu-
tion was calculated using the following relationship:

G —-Ce

o x 100 (1)

% Removal =

The metal adsorption capacity (g4.) was calculated
by the following equation:
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Table 2

The EDX analysis of FA

Spectrum C ©) Na Mg A% Fe Ni Cu Zn Total
% Components 67.562 3.73 0.12 2.04 4.98 0.76 0.12 0.25 0.25 0.19 100.0

Adsorption capacity (g.) = i Msce x V(mg/g) (2)

where C; is the initial concentration of the metal ion in
the solution (mg/L), C, is the equilibrium concentra-
tion (mg/L), V is the total volume of solution (L), and
M; is the carbon dosage (g).

2.7. Adsorption isotherms model

Adsorption isotherms are mathematical models
that describe the distribution of the adsorbate species
between the liquid and the adsorbent. These models
are established based on a set of assumptions that are
mainly related to heterogeneity/homogeneity of
adsorbents, type of coverage, and possibility of inter-
action between adsorbate species. The Langmuir
model assumes that there is no interaction between
the adsorbate molecules and the adsorption is local-
ized in a monolayer. The Freundlich isotherm model
is an empirical relationship describing the adsorption
of solutes from a liquid to a solid surface and assumes
that different sites with several adsorption energies
are involved. In order to model the adsorption
behavior and calculate the adsorption capacity of the
adsorbents, the adsorption isotherms were studied.
The Langmuir adsorption isotherm is perhaps the best
known of all isotherms describing adsorption and is
often expressed as:

Qe = XmKCe/(l + KCe) (3)

where Q.: adsorption density at the equilibrium solute
concentration C: (mg of adsorbate per g of adsor-
bent), Ce: equilibrium adsorbate concentration in
solution (mg/L), X,: the maximum adsorption capac-
ity corresponding to complete monolayer coverage
(mg of solute adsorbed per g of adsorbent), and K: the
Langmuir constant related to the energy of adsorp-
tion. The above equation can be rearranged to the
following linear form:

Ce/Qe = l/XmK + Ce/Xm (4)

The linear form can be used for linearization of
experimental data by plotting Ce/Q. vs. C.. The
Langmuir constants X, and K can be evaluated from
the slope and the intercept of the linear equation. In

case of a good linearity fit, the adsorption can be
described by the Langmuir isotherm. If the adsorption
mechanism is not monolayer that can be described by
Langmuir isotherm, then the Freundlich isotherm will
be attempted:

Q. = KeC;/" (5)

where Q. is the adsorption density (mg of adsorbate
per g of adsorbent), C. is the concentration of
adsorbate in solution (mg/L), K and n are empirical
constants which are dependent on several environ-
mental factors and #n are greater than one. This
equation is conveniently used in the linear form by
taking the logarithm of both sides as

In(Q.) = In(Kg) + 1/n1n(C,) (6)

A plot of In(C,) against In(Q.) yields a straight line
which indicates that the adsorption is Freundlich
isotherm. The constants can be determined from both
the slope and the intercept.

2.8. Kinetic modeling

The study of sorption kinetics describes the adsor-
bate uptake rate and this rate evidently controls the
residence time of adsorbate at the solid-liquid inter-
face. In order to evaluate the mechanism of desorption
of Cd(Il) by each absorbent, the first-order equation,
the pseudo-second-order rate equation, and the
second-order rate equation are calculated by the
following equations, respectively:

Log(qe — q:) /9. = —Kit/2.303 )
t/qr = 1/(2Kq2) + t/qe (8)
1/(qe — q:) = 1/ge + kt 9)

where g.: sorption capacity at equilibrium, g,: sorption
capacity at time ¢ (mg/g), K.: the Lagergren rate
constant of adsorption (1/min), k: rate constant of the
pseudo-second-order sorption (gmg 'min"), t: time
(min). g, Ki, and k can be determined from the slopes
and intercepts of the linear plots of log (. —g¢) Vs. ¢,
t/qe vs. t, and 1/(g. — qy) vs. t of the above equations.
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3. Results and discussion

3.1. Characterization of the carbon-based adsorbents by
SEM and TEM

The produced CNTs, CNFs, AC, and FA were
characterized by SEM and TEM. Fig. 1 shows the SEM
images of CNTs, CNFs, AC, and FA, respectively. The
diameters of the produced CNTs vary from 20 to

15kV 5000 lpm WD S6mm
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40nm with an average diameter of 24nm while the
average diameter of CNFs varies from 100 to 250 nm.
The size of AC varies in the range 600-1,000 micron,
while in case of FA its size varies in the range 500-
1,500 micron. The SEM image of FA compared to the
AC demonstrates the high surface area of the FA and
its potentiality as an adsorbent. One important feature
of FA over other carbon-based adsorbents is the high

Fig. 1. SEM images: (a) and (b) CNTs, (c) CNFs, (d) AC, and (e) FA.
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contents of metals which help in enhancing the
adsorption process.

TEM which is usually used to characterize the
structure of the nanomaterials was applied to charac-
terize the structure of the CNTs and the CNFs (Fig. 2).
The size of each of the particles of AC and FA is of
few hundred microns and cannot be characterized by
TEM. To prepare the samples for TEM study, some
drops of alcohol were put on films of nanotubes and
then these films were transferred with a pair of twee-
zers to a carbon-coated copper grid. It is obvious from
the images that all the nanotubes are hollow and
tubular in shape. In some of the images, catalyst parti-
cles can be seen inside the nanotubes as well as in the
nanofibers. Fig. 2(a) and (b) shows the TEM images of
the CNTs. The TEM images indicate that the
nanotubes are of high purity, with uniform diameter
distribution and contain no deformity in the structure.
Fig. 2(b) shows the images of the CNTs obtained by
the high-resolution transmission electron microscope
(HRTEM). A highly ordered crystalline structure of
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CNTs is observed. The clear fringes of graphitic sheets
are well separated by 0.34nm and aligned with a
tilted angle of about 2° toward the tube axis. The
HRTEM shows that the CNTs are of about 19
graphitic walls.

Fig. 2(c) and (d) shows the TEM image of CNFs.
These figures show that the graphitic platelets are
precipitated parallel to the surface of the faceted
catalyst particle and hence the angle between the
plane and the fiber axis is determined by the shape of
the catalyst as shown in Fig. 2(c). It is clearly shown
in Fig. 2(c) that the catalyst has two faces capable of
dissociative chemisorbing of hydrocarbon molecules
and four faces that simultaneously precipitate dis-
solved carbon as graphite platelets. It shows that the
formation of the nanofiber is of bidirectional growth
where the catalyst particles were embedded within
the nanofiber structure. Fig. 2(d) shows the high mag-
nification of TEM image of this nanofiber, the graphite
platelets are oriented parallel to the surface of the
catalyst. The nanofiber has herringbone structure.

Fig. 2. TEM Images of CNTs: (a) at low resolution, (b) at high resolution and CNFs, (c) at low resolution, and (d) at high

resolution.
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3.2. Thermal analysis of carbonaceous adsorbents

The thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves obtained for the four
adsorbents at heating rates of 10°C/min are shown in
Fig. 3(a)—(d). The TG thermgrams were carried out in
air and it was noted that there was some residual
remains of the samples, when it was heated to about
900°C. For CNTs (Fig. 3(a)), the residue appears
reddish which shows that all of the CNTs were
oxidized leaving only the catalyst. It can be seen that
this decomposition process is a single-stage decompo-
sition reaction where the procedural decomposition
temperatures are well defined. The initial degradation
temperature (T;) for the CNT occurs at 520°C while
the maximum weight loss was found to be at (T},)
650°C and the final degradation temperature was (Ty)
740°C. For CNFs (Fig. 3(b)), two peaks have been
observed; this is due to the wide difference in the
sizes of CNFs. The CNFs with small diameters decom-
pose first at 500°C while that of the large diameters
takes longer time to decompose at 720°C and shows a
second peak in the thermogram. AC (Fig. 3(c))
apparently contains volatile materials that burn off
during the initial heating process while the metal
impurities remain after the completion of the heating
process. FA, in contrast, shows a mixture of different
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forms of carbon-based materials (Fig. 3(d)). The
obtained TG thermgrams for the FA indicate that the
used FA has three major components: volatile material
(25% wt.), carbon-based material (35% wt.) and other
material of high temperature resistance that include
both the metals and other impurities.

3.3. Cadmium adsorption by the four different carbonaceous
materials

3.3.1. Effect of pH

The pH was found to be a predominant factor
affecting the removal of cadmium ions under the
conditions studied. Cadmium species can be present
in deionized water in the forms of Cd**, Cd(OH)",
and Cd(OH)2,, [28]. At low pH, the dominant
cadmium species is Cd** which exists in the form of a
complex [CA(H,0)e]*" [28]. The removal of cadmium
by the four adsorbents at various pH values has been
studied and the results are shown in Fig. 4.

The variations of pH used in the experiments are
within the range 2-8. The same phenomenon of the
effect of pH was observed for the other adsorbents
CNTs, CNFs, and AC. The removal of Cd(Il) by CNTs,
CNFs, and AC was found to increase by increasing the
pH of the cadmium solutions from pH 4 to 7. There
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Fig. 3. TG curve (wt.%) and DTG curve (Derivative wt.%/°C) for: (a) pure CNTs, (b) CNFs, (c) AC, and (d) FA.
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was no removal of cadmium (Cd**) by these three
adsorbents with each of the solutions” pH lower than
4. This is due to the strong competition between H"
and Cd** ions on the adsorption sites [29]. However,
the number of H" ions decreases on increasing the pH
from 55 to 7.60 and this will in turn increase the
adsorption of Cd**. In slightly alkaline solutions, the
predominant ion will be the HCO; ion [30]. At pH 7,
the maximum percentage removal of cadmium, by
CNTs, CNFs, and AC, was found to be 27, 34, and
38%, respectively. However, FA shows superior
adsorption of Cd** ions from solutions of a pH range
4-7. The reported percentage removal of FA, as shown
in Fig. 4, is 95% that is higher than adsorption capaci-
ties of the other three carbon-based adsorbents. At
pH>6.0, Cd** exists as Cd (OH), while at pH<6.0,
this ion will be available as Cd(OH)" [31]. An increase
in the metal adsorption from solutions of a pH greater
than 6.0 is attributed to withholding of Cd (OH), into
the micropores of carbon particles. The superior cad-
mium removal by FA is attributed to the presence of
many metals (Mg, V, Fe, Zn, Ni, and Cu) on the
surfaces of Saudi Aramco FA. The presence of such
metals will enhance the development of charges on the
surface of the FA. Accordingly, electrostatic attractions
will develop between the Cd(II) ions in the solutions
and the surface of the FA [31].

3.3.2. Effect of agitation speed

The conditions that have resulted in the high
adsorption capacity of Cd(Il) at pH 7 were applied to
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study the effect of the agitation speed on the
adsorption capacity of cadmium by the four
adsorbents. It was observed that the adsorption
capacity of Cd(I) increases when the speed of agitation
was increased from 50 to 150 rpm in case of the four
adsorbents as shown in Fig. 5. However, on increasing
the agitation speed above 150rpm, the adsorption
capacity of the AC was only found to increase [31-33]
while those of CNTs, CNFs, and FA have started to
decline. An increase in the amount of dosage will
furnish more exchangeable sites for ions. Thus, the
adsorption capacity increases with adsorbent dosage
up to the value of 50 mg. However, the increase of the
dosage above this value has resulted in a steady state
of the adsorption capacity. This indicates that the
removal of Cd** is an equilibrium reaction. Agitation
facilitates proper contact between the metal ions in
solution and the adsorbents binding sites and thereby
promotes effective transfer of cadmium ions to the
carbon active sites and improves the diffusion of
cadmium ions towards the surface of the adsorbents.
The increased adsorption of Cd(Il) by AC in case of
agitation speeds above 150 rpm indicates the presence
of small diameter sites in the AC that can become
effective only at high flow speeds. According to
Nomanhay and Palamisamy, the increase in agitation
rate improves the diffusion of metal ions towards the
adsorbent’s surface [34].

3.3.3. Effect of contact time

The adsorption behavior of cadmium by these four
adsorbents as a function of contact time was studied
by varying the contact time from a period of 10 min to
24h using a Cd?** concentration of 1 mg/L, a dose of
an adsorbent of 50mg/L, and an optimum pH of 7.
The agitation speed was fixed at 150 rpm thoroughout
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Fig. 5. The effect of agitation speed on the percentage
removal of cadmium at pH 7.
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the experiments. For each of the adsorbents, the
adsorption rate reaches to equilibrium after two
hours. For CNTs, CNFs, AC, and FA, the percentage
removal of Cd?* is 27, 34, 38, and 95%, respectively.
In case of FA, the reaction is much faster because
the adsorption sites are well exposed compared to
other adsorbents, which show much lower capacity
for adsorption. No further increase in the removal
efficiency was observed with time for the adsorbents
after a contact time of two hours except in case of AC.
It is clear that the removal has increased even after a
time of 24 h confirming the observation of the effect of
agitation speed that indicates the presence of adsorp-
tion sites that are not readily accessible and require
high agitation speed and long diffusion time to be
accessed. According to Bhattacharyya and Gupta [35],
the initial high rate of metal uptake may be attributed
to the existence of the bare surface. The number of the
available adsorption sites decreases as the number of
Cd** ions adsorbed increases. The enhanced
adsorption of metal with increase in agitation time
may also be due to the decrease in boundary layer
resistance in the kinetics energy of the hydrate layer
(Fig. 6).

3.3.4. Effect of adsorbents dosage

The amount of adsorbents in water is considered
as one of the major factors which affect the adsorption
capacity. The batch adsorption experiments were
carried out by using various amounts of FA, AC,
CNFs, and CNTs from 25 to 250mg while the pH,
agitation speed, and contact time were fixed at 7,
150 rpm, and 120 min, respectively. The results shown
in Fig. 7 indicate that the adsorption capacity
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Fig. 6. The effect of contact time on the percentage
removal of cadmium at 150 rpm at pH 7.
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increases with an increase of the adsorbent dosage up
to 50mg and then it becomes almost steady for the
rest of the dosage range. For the range below 50 mg,
the increase in percentage removal with the increase
of the dosage is expected because the higher the dose
of adsorbents in the solution, the greater the availabil-
ity of exchangeable sites for ions. However, after
certain dosage value, which is 50 mg in this study, the
dosage amount was found to have no effect on the
percentage removal. This would indicate that the Cd**
removal is an equilibrium reaction and is not limited
by the number of adsorption sites of the adsorbent up
to the concentrations studied. It has been reported
that the fraction of the cations adsorbed onto the
oxide surfaces has increased from 0 to 1 over a
narrow pH range of one pH unit and the pH edge
shifts from left to right showing an increase of the
adsorbate/adsorbent ratio [36].

3.4. Freundlich and Langmuir isotherms adsorption model

The Freundlich and Langmuir isotherms adsorption
model are the most common model used to quantify
the amount of adsorbate adsorbed on an adsorbent as
a function of the partial pressure or the concentration
at a given temperature. It considers adsorption of an
ideal gas onto an idealized surface. Freundlich and
Langmuir isotherms relate coverage or adsorption of
molecules on a solid surface to gas pressure or
concentration of a medium above the solid surface at
a fixed temperature.
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Fig. 7. The effect of adsorbents dosages on the percentage
removal of cadmium at pH 7.



1426

3.5. Langmuir and Freundlich adsorption isotherm models
for cadmium

The equilibrium adsorption is important in the
design of adsorption systems. Equilibrium studies in
adsorption indicate the maximum capacity of the
adsorbent during the treatment process. Taking into
account that the percentage removal is the highest at
pH 7, thus, the condition was used to further optimize
the adsorption process parameters. The equilibrium
curve was modeled in Fig. 8.

The Langmuir and Freundlich equations were
used to describe the data derived from the adsorption
of Cd(Il) by the different adsorbents over the entire
parameters range studied. Based on Fig. 9, the adsorp-
tion capacities (g) and adsorption intensities were
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Fig. 8. Adsorption isotherm models for cadmium removal
at pH 7: (a) Langmuir and (b) Freundlich.
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determined from the slope and the intercept of each
absorbent graph, respectively.

On comparing Langmuir isotherms with that of
Freundlich isotherms, Freundlich Isotherm shows
better fitting model with higher correlation coefficients
for the AC and FA; whereas the data for both
nanocarbon types (CNTs and CNFs) are better
represented by Langmuir Isotherm. However, the
Freundlich isotherm applications for CNTs and CNFs
are still within the acceptable range (above 90%);
therefore, the applicability of monolayer coverage of
Cd() ions on the surface of the four adsorbents is a
valid assumption. This is due to the fact that all of the
four adsorbents have great surface areas for metal
adsorption. The above analysis also indicates that Cd
(I ions strongly adsorbed to the surfaces of these
adsorbents suggesting that these forms of carbon-
based adsorbents have great potential to be good
adsorbents and can be applied for the removal of Cd
(I) ions in water treatment.

From Table 3, it can be seen that FA has a greater
adsorption capacity when compared to the other three
adsorbents. Each gram of FA can uptake three to four
times the absorbent capacity of other three adsorbents.
This high adsorption capacity could be related to the
high surface area but could be also explained by the
metal content of the FA as suggested by Li et al. [15].

3.6. Modeling of kinetics adsorption

Modeling of kinetic data is fundamental for the
industrial application of adsorption since it gives

essential information required for a comparison
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Fig. 9. Pseudo-second-order kinetics of Cd adsorption by
CNTs, CNFs, and FA.
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Table 3 Table 5
Parameters of Langmuir and Freundlich adsorption Kinetic parameters for pseudo-second-order model of
isotherm models for cadmium removal cadmium adsorptions by CNTs, CNFs, and FA
Langmuir Freundlich Adsorbent (50mg)  g.(mg/g) K, (gmg 'hh) R?
g Ko R n Ke ~ R*  CNT 0.657 0.028 0.999
CNT 1.661 0.761 0979  2.008 0.791 0.912 ;:EF ?Zgg (1)(1);2 gggg
CNF 2123 0555 0993 2141 0851  0.982 ‘ i i
AC 2725 0456 0976 2033 0906  0.991
FA 1123 1435 0968 2247 2028 0998  1/(g. —gq,) = 1/4. + kot (11)
among different adsorbing materials under different This has a linear form:
operational conditions. This type of comparison is B )
important for designing and optimizing the 1/g:=1/kaq; + /3. (12)
operational conditions to be applied in the process of . L
pollutant removal from wastewater systems [16]. The integrated form of the equation is
The kinetics was investigated by wusing the /a0 =1/h+ (1/g.)/t (13)

information obtained from the effect of dosage (dry
weight basis) at 25°C at several different time intervals
up to 480min. Table 4 shows the correlation
coefficients for each model used to describe each of
the four adsorbents. From Table 4, the first-order
kinetic equation can be used to describe Cd** adsorp-
tion by AC; however, the pseudo-first-order kinetic
equation was not applicable for CNTs, CNFs, and FA
because R* for these adsorbents is small compared to
R* of pseudo-second-order equation. Therefore, the
pseudo-second-order equation was used in this study
in order to investigate the mechanism of adsorption of
Cd(I) by the three adsorbents and the potential rate
controlling steps, such as mass transport and chemical
reactions. The pseudo-second-order kinetic equation
is:

dg./dt = ka(qe — q:)° (10)
where g, and g; are the sorption capacity (mg/g) at
equilibrium and at time (¢), respectively, and k; is the
rate constant of the pseudo-second-order sorption
(gmg 'min"). For the boundary conditions t=0 to
t=t, =0 and g,=q, the integrated form of (10)
becomes:

Table 4
Correlation coefficients for kinetic models of cadmium
adsorption by CNTs, CNFs, AC, and FA

Adsorbent First- Pseudo-second Second-
(50 mg) order order order
CNTs 0.974 0.999 0.809
CNFs 0.937 0.976 0.826
AC 0.956 0.725 0.913
FA 0.904 0.999 0.971

where h (gmg ' min ') can be regarded as the initial
sorption rate g/t —0, hence h=ky.>. If the pseudo-
second-order kinetics is applicable to the experimental
data, the plot of t/gq. vs. time of (13) gives a linear
relationship from which g.,, k, and h can be deter-
mined from the slope and the intercept of the plot,
respectively.

3.7. Kinetics adsorption model of cadmium (II)

Parameters of the kinetics adsorption model for
cadmium (II) at pH 7 are shown in Table 5 for CNTs,
CNFs, and FA. Plotting t/q; vs. time (Fig. 9) yields
very good straight lines. From the second-order rate
constant, shown in Fig. 9 and Table 5, it can be
concluded that the time to achieve -equilibrium
concentration of Cd(II) using FA is less than that
required for both CNTs and CNFs. For the AC, it is
best represented by the first-order equation with a
correlation coefficient R* =0.956.

The equilibrium adsorption capacity, g, is obtained
from the graph and Table 5 also implies that FA has
much higher adsorption capacity (g.=1.838mg/g),
compared to the other adsorbents. AC still shows
approximately equal adsorption capacity (7.=0.8mg/g)
when compared to nanocarbons.

4. Conclusion

Four types of carbonaceous adsorbent materials
were found to be efficient for the removal of Cd(I)
from aqueous solutions. Characterization of the Cd(II)
uptake showed that cadmium ions binding is depen-
dent on the initial pH, agitation speed, amount of
dosage, contact time morphology of the surface, and
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metal content of the surface of adsorbents. Percentage
uptake of Cd(Il) increased with the pH from a value of
2-7. The optimum pH was found to be 7 that resulted
in percentage removal of 30-40% removal of Cd(II)
ions using regular CNTs, CNFs, and AC, respectively.
However, the FA gives percentage removal of 95%.
The percentage uptake increased slightly with an
increase in agitation speed from 50 to 150rpm, for
which 150rpm gave slightly higher removal for
cadmium. While the percentage removal of Cd(II) was
observed to increase with an increase in the adsorbent
dosages, it was found that beyond 50mg the dosage
amount has no effect on the percentage removal of Cd
ions under the conditions specified in this study.

Highest removal of cadmium ions was archived
using FA as an adsorbent. The high removal of Cd(II)
by FA is due to the strong tendency towards chemical
bonding between the Cd(Il) ions and the metals
contained in the FA. One concern about FA is the fact
that FA composition changes according to its source,
therefore, the results of this study cannot be expected
to all types of FA. FA was found to be a good
candidate as Cd(II) adsorbent. FA is a waste material
that could be used as a good adsorbent for water
treatment. This should help in both improving the
waste management and establishing a new low-cost
water treatment material.
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