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ABSTRACT

Heavy metals in water resources are one of the important environmental problems. These
metals have hazardous effects on human health. This study was conducted to investigate
the comparison between adsorption of cadmium from aqueous solution using nano/milli-
sized adsorbents of cedar leaf ash by batch experiments and with variation of impressive
parameters such as pH, contact time, and adsorbent amount. The results showed, the
optimum pH of adsorption was 5. Adsorption equilibrium times for nano/milli-sized adsor-
bents were obtained in 30 and 45 min, respectively. With increasing the amount of milli-
sized adsorbent, adsorption efficiency increased but increasing of nanosized adsorbent at
first, caused the increase in adsorption efficiency and then adsorption efficiency decreased
because of clogging phenomenon of adsorbent in aqueous solution. The experimental data
were analyzed using two isotherm models (Langmuir and Freundlich) and two kinetic
models (pseudo-first-order and pseudo-second-order). Based on the results, adsorption of
cadmium followed from the models of pseudo-second-order kinetic and Langmuir isotherm
well. Adsorption capacity of nanosized adsorbent was about two times more than adsorp-
tion capacity of milli-sized adsorbent. This case indicated the high ability of nanoparticles
in adsorption of cadmium from aqueous solution.
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1. Introduction

Toxic heavy metals pollution is one of the influen-
tial environmental problems, because they are nonde-
gradable and harmful for public health, even at very

*Corresponding author.

low concentrations [1]. One of the most pollutant
heavy metals is cadmium, which is extensively used
in industrial processes. Cadmium removal from
water and wastewater has become a main environ-
mental matter due to its hazardous effects on human
health [2-5]. The US Environmental Protection
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Agency has set new stringent standards for cad-
mium, at 5.00pgL™" [6]. Various methods were
applied to remove heavy metals from waters and
wastewaters including ion exchange, adsorption,
precipitation, coagulation/flocculation, ~membrane
filtration, and electrolysis [6-10]. These methods have
some disadvantages, for example, high cost, time-
consuming, and secondary waste [11]. The use of
nanotechnology is one of the fundamental methods
to solve the shortcomings of mentioned methods [10].

Nanoparticles due to their unique specifications
such as small size, large surface area, crystal shape, and
high reactivity are used for refining pollutants from
aqueous solution [12]. In recent years, the application of
agricultural wastes as low-cost adsorbents has attracted
attention of many researchers [8,13-15]. These materials
consist mainly of lignin and cellulose [16].

Cedar with scientific name of Zizyphus spina
christi grows in Saudi Arabia, north of Africa, and in
Iran in provinces of Khuzestan, Fars, and Hormozgan.

In the present study, a series of batch experiments
were performed to assess the ability of nano/milli-
sized particles prepared from the cedar leaf ash for
cadmium removal. Effects of various parameters were
examined, such as pH, contact time, and adsorbent
amount, on the adsorption of cadmium. Finally,
adsorption processes were evaluated with kinetic and
isotherm models and the best models were defined.

2. Materials and methods

This research was conducted in lab scale via batch
experiments. Soluble metals with a volume of 100 mL
at a concentration of 10 mgL™" was prepared from
cadmium chloride. HCl and NaOH were used to
adjust the pH values. All the experiments were con-
ducted at a constant temperature of 20 +2°C.

2.1. Preparation of adsorbent

Cedar leaves after washing were dried at tempera-
ture of 105°C for 1h, and then the leaves were carbon-
ized by muffle furnace at 600°C for 40 min to obtain the
ash. For preparing adsorbent with millimeter size,
leaves ash were crushed by mortar. For preparing
adsorbent in nanometer scale, the crushed ash was spilt
to ball mill (D-56070 KOBLENZ model, Germany).
Then stearic acid (material process controller) was
added to adsorbent with amount of 2% of the adsor-
bent weight. Particle size analyzer (PSA, Malvern Zeta-
sizer 3000, and UK) was used to characterize the
particles size of nanosized adsorbent. For millimeter
particle size, the adsorbent grading between two sieve
numbers of 18 and 20 (0.841-1mm) were used.
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The specific surface area of the adsorbents was charac-
terized by the method of methylene blue [17-19].
Elemental (C, H, N, S, and O) analyses were conducted
using a CHNSO analyzer (vario ELIllI-elementar,
Germany). Morphology of adsorbent surfaces was
determined by scanning electron microscopy (SEM,
Leo 1455 VP model, Germany) [2]. Fourier transform
infrared spectroscopy (FTIR) spectra were obtained
with a FTIR (Spectrum GX, Perkin-Elmer).

2.2. Determination of optimum pH

Determination of optimum pH was performed by
mixing 1g adsorbent with a 100 ml cadmium solution
at a concentration of 10mgL™". The pH value of solu-
tions was adjusted between 3 and 8. Then, they were
shaken in controlled temperature for 12 h with a speed
of 150 rpm. For determination of the adsorbent pH,,.,
100mL 0.01M NaCl solution was spilt into several
closed Erlenmeyer flasks. The initial pH of solutions
was adjusted between 3 and 8 by adding 0.1 M HCI or
0.1M NaOH. Then 1g adsorbent was added to each
solution, the mixtures were shaken in controlled tem-
perature for 48h with a speed of 150 rpm. The final
pH was measured after 48 h [20,21].

2.3. Kinetic adsorption experiments

A Kkinetic study was performed to examine the rate-
controlling mechanism of the adsorption of cadmium
ions by prepared adsorbents [22]. One gram of adsor-
bent was added to 100mL solution containing cad-
mium ions with an initial concentration of 10mgL™".
These solutions were shaken at time of 5, 10, 15, 30, 45,
60, 90, and 120 min and with a speed of 150 rpm [23].
After that, liquid and solid phases were separated and
the concentration of cadmium was determined by
atomic adsorption spectrometry (Varian 220 FS AA
model). Pseudo-first-order and pseudo-second-order
kinetic models were used to illustrate the experimental
data.

2.4. Adsorption isotherm experiments

The equilibrium adsorption isotherms are one of
the most important approaches to understand the pro-
cedure of adsorption [24]. Batch isotherm studies were
conducted by varying mass of adsorbate. One gram of
nano/milli-sized adsorbents were mixed with 100 mL
of solutions containing cadmium ions at the concentra-
tion range of 2, 10, 25, 40, and 50 mg L. The mixtures
were shaken at 20°C with 150 rpm for 30 and 45 min
for nano/milli-sized adsorbents, respectively [23,25].
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Then Langmuir and Freundlich models were fitted
on experimental data. The Freundlich isotherm is
appropriate to both monolayer and multilayer adsorp-
tion and is based on the assumption that the adsor-
bates are adsorbed onto the heterogeneous surface of
an adsorbent [26]. The Langmuir isotherm assumes
monolayer adsorption on a uniform surface with a
finite number of adsorption sites [27].

The equations and parameters of kinetics and iso-
therms of this research have been presented in Tables
1 and 2, respectively.

Root mean square error (RMSE) and coefficient of
determination (R?) were used to evaluate the models
of this research.

e Coefficient of determination (R?)

(=X (0 -0) (- 7))’
S (0 -0 S, (- P)

R* = 1

The values of R? ranges from 0.0 to 1.0, indicating a
better agreement for the values close to 1.0.

e RMSE

1T 2
RMSE = sziﬂ(@ —P;) 2

The RMSE has minimum value of 0.0, with a better
agreement close to 0 [31]. Here n, number of observa-
tions; O;, ith value of the observed measurement; P;, ith
value of the predicted measurement; O, mean of the
observed values; and P, mean of the predicted values.

3. Results and discussion
3.1. Adsorbents properties

Figs. 1 and 2 show the SEM images of adsorbents.
These figures show pores with different sizes on the
adsorbent surface.

Table 1
Equation model used in this study

Nonlinear equation Model

qr = qe[1 —exp(—Kqt)]  Pseudo-first-order (Kinetic) [28]

Kog?t
qr = #q:l(zt Pseudo-second-order (Kinetic) [28]
Ge = Kfce% Freundlich (isotherm) [28,29]
_ bguc. o
“ =T b Langmuir (isotherm) [28,30]
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Table 2

Model parameters used in this study

Coefficient Description

e adsorption capacity at equilibrium (mgg™")

q: adsorption capacity at time t (mgg ")

Gm maximum adsorption capacity (mgg ")

Ky rate constant of the pseudo-first-order
adsorption (min~")

K, rate constant of the pseudo-second-order
adsorption (g mg_1 min)

Ce concentration of solute in solution at
equilibrium time (mgcm ™)

n Freundlich isotherm exponent (dimensionless)

Ky Freundlich isotherm constant (dimensionless)

b Langmuir constant (L mg™")

shahid chamran university central laboratory
Zone Mag= 110K X

EHT = 20,00 kv

Signal A= SE1 Date :20 Dec 2010 cl-mf
= WD= 8mm

Photo Mo, = 7641 Time :12:38:40

Fig. 1. SEM image of nanosized adsorbent of cedar leaf
ash.

shahid chamran university central laboratory

Em EHT = 2000k Signal A= SE1  Date 220 Dec 2010 chmf
— wo= emm ZoneMag= 110K X  piuone =7ess Time 1252142

Fig. 2. SEM image of milli-sized adsorbent of cedar leaf
ash.
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Fig. 1 shows that nanoparticles have a tendency to
clog up. It reveals that the agglomeration process
significantly causes change in size of the particles and it
depends on the amount of adsorbent in the solution [32].

The particles of milli-sized adsorbent of cedar leaf
ash were obtained with diameter of 0.841-1 mm (the
adsorbent grading between two sieve numbers of 18
and 20). The particles size results of nanosized adsor-
bent of cedar leaf ash is shown in Fig. 3. The results
of particle size analyzer showed that all particles were
smaller than 207 nm.

Specific surface area of nano/milli-sized adsorbent
of cedar leaf ash was measured 33.53 and 20.38 m*g ™!
respectively by the methylene blue method. The
results of elemental (C, H, N, S, and O) analyses are
listed in Table 3.

FTIR is often used to characterize functional
groups of the adsorbents for heavy metal ions adsorp-
tion [3,24]. FTIR spectrum of cedar leaf ash before and
after adsorption, in the range of 500-4,000cm™" is
shown in Fig. 4. FTIR spectrum of after adsorption
shows wavenumber and the intensity of some peaks is
shifted or substantially lower than those before
adsorption.

The adsorption band of O-H and N-H groups is
shifted from 3,342 to 3,195cm ' [33-36]. The peak at
1,616cm™" indicates the presence of C=O or C=C
groups [36,37]. The peaks at 1,313 and 1,396 cm™' show
the presence of N-H group [33]. The peak at 1,078 cm™"
is attributed to C-OH stretching vibration [33,36]. The
absorption band appearing at 1,078 cm ™" has shifted to
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Table 3
Elemental contents of cedar leaf ash (%)
C 57.46
H 4.205
N 2.808
S 0.829
O 34.698
80
Before
After
70 1 AT "_ N
— _//'.' ) | .
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Fig. 4. FTIR spectrum of cedar leaf ash.

1,124 cm ™ !. The weak bands at 418 and 516 cm ™! in the
spectrum show N-H and P-O groups, respectively [33].
After cadmium adsorption, peak at 418 and 516 cm™"
has shifted to 470 and 603 cm ™', respectively.

40
Diam. (nm) Volume (%) Width (nm)
10 Peak 1: 2073 100 47.02
Peak 2: 0 0 0
Peak 3: 0 0 0
~
=
S
o
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=
-
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Size (d.nm)

Fig. 3. The particles size distribution of nanosized adsorbent.
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3.2. Effect of pH

One of the most important parameters that effect
on adsorption, is pH of solution [5,38]. It seems that at
low pH (pH 3) H" ions are serious competitor for cad-
mium ions, so that affected the performance of adsor-
bents for the adsorption of cadmium. With the
increasing pH and decreasing competitor ions, differ-
ence between the nano/milli-sized adsorbents of cedar
leaf ash performance in absorption of cadmium is
determined. At high pH, presence of OH™ ions on the
surface of adsorbent provide the higher potential for
cadmium adsorption.

The adsorption percentage of cadmium vs. pH var-
iation is shown in Fig. 5.

The minimum and maximum adsorptions occurred
at the pH of 3 and 5, respectively. In this research
with increase in the pH from 3 to 5, adsorption per-
centage increases. For experiments of determination of
the optimum pH, at first, ranges of pH were 3-8. Dur-
ing the experiments, with increasing pH (pH>5), no
adsorption experiments were conducted because white
Cd (OH), precipitate was formed. Similar behavior
has been reported by Huang and Chen [39]. In fact
since at pH more than 5, Cd (OH), will precipice and
some cadmium ions will omit, and according to the
main objective of this research which was cadmium
elimination only by adsorption mechanism, surveying
the amount of adsorption at pH more than 5 by nano-
milli structure of cedar leaf ash was not possible. Cad-
mium ions adsorption efficiency was determined from
the following equation [6,9,40]:

CO *Ce

E —
a CO

x 100 3)

100

80+

60+

40

20

—a— Cd (nm)

Adsorption percentage (%)

—a— Cd (mm)

2 3 4 5 6
pH

Fig. 5. Effect of pH on adsorption of cadmium (initial
concentration of solution, 10mg L', adsorbent amount,
10gL™).
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where E, is adsorption efficiency, Cp and C, are the
initial and equilibrium concentrations of cadmium
ions in the solution (mgL™"), respectively.

Considering to resemblance the chemical structures
of two adsorbents, difference in their performance is
related to particle size of adsorbents. In fact, there is
an inverse relationship between the particle size and
removed contaminants percentage. Whenever the par-
ticle size of adsorbents decreases, the adsorption effi-
ciency increases because of the enlargement of the
specific surface area and more availability of metal
ions for adsorption locations. The result showed that
the pH,,. is equal to 3.76. At the pH higher than the
pHp., the surface of the adsorbent is negatively
charged, favoring the adsorption of cationic species.
Also, adsorption of anionic species will be favored at
pH lower than the pH,. [23,24].

3.3. Kinetic study

Fig. 6 shows the adsorption of cadmium vs. time.
Results showed for two adsorbents, with increase of
contact time, adsorption percentage increases. Maxi-
mum percentage of adsorption was obtained after 30
and 45min for nano/milli-sized adsorbent, respec-
tively. Increase in contact time after mentioned times
is not effective in adsorption of cadmium ions. Also,
results of other researchers confirm the positive effect
of contact time of adsorbent and solution on contami-
nation removal [32,38,41,42].

The kinetic parameters computed from the
pseudo-first- and the pseudo-second-order models are
listed in Table 4, and the plots of two kinetic models
are shown in Figs. 7 and 8.

100
80
%)
o0
S 60 -
4
D
2
£
=
(="
St
=]
ﬁ 20 1 —=— Cd (nm)
—— Cd (mm)
0
0 20 40 60 80 100 120

t (min)

Fig. 6. Effect of contact time on adsorption of cadmium
(initial concentration of solution, 10mg L% adsorbent
amount, 10gL71; pH 5).
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Considering Table 4 for study of adsorbents, both
mentioned models, describe adsorption process well
but the pseudo-second-order model for nanosized
adsorbent of cedar leaf ash (RMSE =0.00624 and R*=
0.9995) compared with the pseudo-first-order model
(RMSE = 0.01531 and R*=0.9969) has a better fitting of
experimental data. Also this model has best fitting on
adsorption of cadmium by milli-sized adsorbent of
cedar leaf ash (RMSE =0.01223 and R*=0.9981). The
results indicate that the rate constant of pseudo-sec-
ond-order adsorption for nano/milli-sized adsorbents
are 1.728 and 1.132, respectively. The rate constant of
pseudo-first-order adsorption for nanosized adsorbent
compared with milli-sized adsorbent has a greater
amount (0.4249-0.3174). This indicates that nanosized
adsorbent of cedar leaf ash adsorbs cadmium ion
more quickly and adsorption equilibrium time occurs
rapidly, probably because of small size, large surface
area, crystal shape, unique regular structure, and high
reactivity of nanoparticles.

3.4. Effects of adsorbent amount

Fig. 9 shows the effect of the adsorbent amount on
the adsorption percentage of cadmium. The trend
shows that with the increasing adsorbent amount from
1 to 10gL™", adsorption of cadmium increases extre-
mely. After that, with increasing the adsorbent amount,
the change of adsorption percentage is reduced slightly.
Also the results indicate that for cadmium solution
with initial concentration of 10 mg Lfl, the amount of
20 g L™ nanoparticles of cedar leaf ash is sufficient and
with increasing the amount of the adsorbent after this
point, the adsorption percentage reduces.

Considering the large surface area of nanoparticles,
their reactivity is high and with increasing the
adsorbent amount, nanoparticles aggregate and their
surface area reduces and the adsorption efficiency of

Table 4
Adsorption kinetic models parameters
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Fig. 7. Adsorption kinetics of cadmium ions on nanosized
adsorbent of cedar leaf ash (initial concentration of
solution, 10 mg L™'; adsorbent amount, 10 gL_l; pH 5).
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pseudo-first order
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Fig. 8. Adsorption kinetics of cadmium ions on milli-sized
adsorbent of cedar leaf ash (initial concentration of
solution, 10 mg L%, adsorbent amount, 10 gL_1 ; pH 5).

cadmium ions decreases. The results of other
researchers confirm this [43]. On the other hand, with
increasing the milli-sized adsorbent amount from 1 to

Model Parameter Nanosized adsorbent Milli-sized adsorbent
Pseudo-second-order e 0.8 0.6640

K, 1.728 1.132

R? 0.9995 0.9981

RMSE 0.00624 0.01223
Pseudo-first-order e 0.782 0.6400

K 0.4249 0.3174

R? 0.9969 0.9905

RMSE 0.01531 0.02201
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100
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Fig. 9. Effect of adsorbent amount on adsorption of
cadmium (initial concentration of solution, 10 mg L. pH 5).

50mgL~!, the number of available adsorption sites
increases and the trend of the adsorption efficiency of
cadmium goes upward.

3.5. Isotherm studies

The isotherm parameters calculated from the Lang-
muir and Freundlich models are listed in Table 5, and
the plots of two-mentioned models are shown in
Figs. 10 and 11. For adsorption of cadmium by nano-
sized adsorbent of cedar leaf ash, the best fitting of
experimental adsorption data was obtained by the
Langmuir isotherm (RMSE =0.06931 and R*=0.9957)
compared with Freundlich model (RMSE =0.08916
and R*=0.9874). Also this model has best fitting on
cadmium adsorption data by milli-sized adsorbent of
cedar leaf ash (RMSE =0.1775 and R*=0.9733).

The Freundlich isotherm exponent n values fulfilled
the condition of 0 <n <10 for favorable adsorption [32].
This parameter for nano/milli-sized adsorbent of cedar
leaf ash is 1.413 and 1.645, respectively.

Table 5
Adsorption isotherm models parameters

q, (mg.g™)

Fig. 10. Adsorption

—— Langmuir
=+ =Freundlich
® adsorption data
10 15 20
C,(mg.L")

isotherm of cadmium ions on

nanosized adsorbent of cedar leaf ash (adsorbent amount,

10gL™"; pH 5).

q. (mg.g?)

Langmuir

=+ = Freundlich
®  adsorption data

Fig. 11. Adsorption

10 15 20 25
C,(mg.L1)

isotherm of cadmium ions on

milli-sized adsorbent of cedar leaf ash (adsorbent amount,

10gL™"; pH 5).

Model Parameter Nanosized adsorbent Milli-sized adsorbent
Freundlich n 1.413 1.645

k 0.4933 0.4145

R? 0.9874 0.9467

RMSE 0.08916 0.2507
Langmuir b 0.0741 0.0714

Gm 7.85 4.333

R? 0.9957 0.9733

RMSE 0.06931 0.1775

143 0.57 0.58
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Comparison of the parameter g,, (Langmuir model)
between the nano/milli-sized adsorbent of cedar leaf
ash indicates that the maximum adsorption capacity of
nanosized adsorbent (7.85mgg ") is almost two times
higher than the milli-sized adsorbent (4.33mgg ).
This case implies the ability of nanoparticles in adsorp-
tion of cadmium from aqueous solutions.

The essential characteristics of the Langmuir iso-
therm model can also be expressed in terms of a
dimensionless constant of separation factor or equilib-
rium parameter, R;, which is calculated using the
following equation [32,44-48].

1

Ri=AaToxcy)

)

where b is the Langmuir constant, and Cj is the initial
concentration of metal ions.

R; values between 0 and 1 indicate favorable
adsorption, while R;>1, R.=1, and R;=0 indicate
unfavorable, linear, and irreversible adsorption iso-
therms, respectively [32,47,48]. In this research, Ry for
nano/milli-sized adsorbent of cedar leaf ash is 0.57
and 0.58, respectively which indicates the favorability
adsorption of Langmuir model.

4. Conclusions

In this study, nano/milli-sized particles of cedar
leaf ash were used as an adsorbent for the adsorption
of cadmium from aqueous solutions. The adsorption
process was evaluated by parameters such as pH, con-
tact time, and adsorbent amount. The optimum solu-
tion of pH for the adsorption obtained was 5. The
adsorption kinetic results showed that the adsorption
of cadmium by both adsorbents mentioned followed
the second-order kinetics model. The adsorption iso-
therm data were described well by the Langmuir iso-
therm model. The specific area of the nanosized
particles is greater than that of the milli-sized parti-
cles, therefore the maximum adsorption capacity of
the nanosized adsorbent was almost two times higher
than the maximum adsorption capacity of milli-sized
adsorbent (7.85 and 4.33mgg '). Furthermore, the
findings indicate high capability of nanosized particles
in adsorption of cadmium from aqueous solutions.
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