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a b s t r a c t

Batch adsorption experiments were conducted for the adsorption of Cd (II) ions from aqueous solution
by bamboo charcoal. The results showed that the adsorption of Cd (II) ions was very fast initially and
the equilibrium time was 6 h. High pH (≥8.0) was favorable for the adsorption and removal of Cd (II)
ions. Higher initial Cd concentrations led to lower removal percentages but higher adsorption capacity.
vailable online 29 December 2009
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As the adsorbent dose increased, the removal of Cd increased, while the adsorption capacity decreased.
Adsorption kinetics of Cd (II) ions onto bamboo charcoal could be best described by the pseudo-second-
order model. The adsorption behavior of Cd (II) ions fitted Langmuir, Temkin and Freundlich isotherms
well, but followed Langmuir isotherm most precisely, with a maximum adsorption capacity of 12.08 mg/g.
EDS analysis confirmed that Cd (II) was adsorbed onto bamboo charcoal. This study demonstrated that

e use
ater treatment
sotherm

bamboo charcoal could b

. Introduction

The increasing use of heavy metals over the past few decades has
nevitably led to an increased flux of metallic substances in ground

ater and surface water, as well as drinking water, and posed seri-
us ecological and health risks. Cadmium (Cd) is considered to be an
xtremely toxic metal without known biological function. Contam-
nation of drinking water may occur as a result of the presence of Cd
II) as an impurity in the zinc of galvanized pipes or Cd-containing
olders in fittings, water heaters, water coolers and taps. Cd can
ccumulate in the human body especially in kidneys, thus leading
o disfunction of the kidney. Thus, Cd has been included in the red
ist of priority pollutants by the Department of Environment, UK
nd in the black list of Dangerous Substance Directive in European
conomic Community. US Environment Protection Agency has also
lassified Cd as group B1 carcinogen. The permissible limit for Cd
n drinking water in China, as well as the drinking water guideline
alue recommended by World Health Organization, is 0.005 mg/L.
t is of great importance for water purification to develop efficient
rocedures for the removal of Cd from aquatic environments.
Among numerous clean-up techniques for water treatment,
dsorption techniques are widely used for the removal of diverse
ontaminants. Commercial activated carbon is a preferred adsor-
ent used to remove impurities from liquid solutions; however,

∗ Corresponding author. Tel.: +86 10 62772137; fax: +86 10 62771472.
E-mail address: wanghui@mail.tsinghua.edu.cn (H. Wang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.032
d for the removal of Cd (II) ions in water treatment.
© 2009 Elsevier B.V. All rights reserved.

its widespread use is restricted due to the high cost. As such,
alternative non-conventional low-cost adsorbents have been
investigated and natural, industrial as well as synthetic materi-
als have been tested for the removal of heavy metals from water
[1–3].

Bamboo charcoal is produced from the rapidly growing moso
bamboo plants, which is distributed widely in China. Currently, the
area of bamboo forests is 4.84 million hm2 in China. The annual
growth of bamboo area averages 126,000 hm2, according to the
statistics of the Sixth National Forest Resources Survey. The bam-
boo charcoal is low cost, and its price is only about 1/3 to 1/5 of that
of activated carbon in China. It has been applied for many roles in
various fields, such as to supply negative ions, to emit far-infrared
rays, to prevent oxidation, to remove microbes from water, as a
humidity regulator and a rich source of minerals, in China, Japan
and Korea [4]. Bamboo charcoal burnt at high temperatures (over
800 ◦C) is characterized by a high density, a porous structure and a
huge specific surface area [4]. Its adsorption capacity has attracted
more attention in recent years [5,6]. Several studies have found
that activated bamboo charcoal has excellent adsorption capacity
for a wide variety of substances, such as nitrate-nitrogen [7], heavy
metals [8,9], dibenzothiophene [10] and phenol [11], harmful gases
[6], and can be potentially used for the purification of water or

air. Therefore, as a new, innovative and cost-effective adsorbent,
bamboo charcoal may provide an alternative option and be used to
partly replace the activated carbon, and decrease the consumption
of wood. As a low-cost absorbent, the use of bamboo charcoal may
deserve more attentions in water treatment.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wanghui@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.12.032
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Numerous studies have found that Cd (II) can be adsorbed and
asily removed by activated carbon, activated carbon fibers, or
ther low-cost adsorbents, such as agricultural waste [1–3,12,13].
owever, the adsorption characteristics of Cd (II) ions by bamboo
harcoal still remain unclear, and the potential use of this adsor-
ent in the removal of Cd (II) ions deserves study. In the present
xperiment, the adsorption characteristics of Cd (II) ions onto
amboo charcoal were investigated under varying experimental
onditions, such as contact time, solution pH, initial concentra-
ion, and adsorbent dosage. The kinetic and equilibrium data for
he adsorption studies, as well as energy-dispersive spectrometry
nalysis, were processed to understand the adsorption mecha-
ism.

. Materials and methods

.1. Bamboo charcoal

Bamboo charcoal was provided by the Department of Material
cience and Engineering, Tsinghua University. Before use, car-
onized bamboo was boiled in distilled water for 1 h to remove
ome ash and impurities, and then oven-dried at 105 ◦C for
4 h. Then they were ground and passed through 200 mesh (i.e.,
.074 mm) and stored in desiccators. The BET surface area is
120 m2/g and the bulk volume is 0.538 cm3/g. The pHzpc of bam-
oo charcoal is 7.15 and the iodine number is 811 mg/g, determined
ccording to Zhang et al. [14] and ASTM D4607-94 (1999) [15],
espectively.

.2. Preparation of solutions

Stock solution of Cd (II) ions with a concentration of 1000 mg/L
as prepared by dissolving Cd(NO3)2·4H2O (analytical reagent

rade) in distilled water. The desired Cd (II) concentrations were
repared from the stock solution by making fresh dilutions for each
orption experiment.

.3. Adsorption procedure

All adsorption experiments were performed on a mechanical
haker equipped with a thermostatic water bath at 120 rpm using
50 mL conical flasks. A series of adsorption experiments were car-
ied out at room temperature (25 ◦C). The first experiment was to
nvestigate the effect of adsorbent contact time and equilibrium
ime. Cd (II) solution (150 mL, 100 mg/L) and 0.5 g bamboo charcoal
ere added into the flasks and then agitated at 120 rpm for con-

act times ranging from 5 min to 8 h. The second experiment was
o study the pH of the adsorbate solution. The pH values of Cd (II)
olutions were adjusted to 2.0, 4.0, 5.93 (initial pH), 8.0, 10.0, and
2.0 respectively with HCl (0.1 M) or NaOH (0.1 M) solutions. Then
00 mL Cd (II) solution (100 mg/L) and 0.5 g bamboo charcoal were
dded into the flasks and then agitated for 6 h (equilibrium time) at
20 rpm. The third experiment was to study the effect of adsorbent
osage. Bamboo charcoal at different doses, i.e. 0.2, 0.5, 0.8, 1.5, 3.0,
nd 5.0 g, respectively, were added into the flasks with 100 mL of
d (II) solution (100 mg/L), and then agitated for 6 h at 120 rpm.
he fourth experiment was to study the isotherm and the effect of

nitial Cd (II) concentration. Solutions of Cd (II) at different concen-
rations of 20, 40, 60, 100 mg/L were prepared and then treated as
he procedure in the first experiment. All solution samples were
aken with a syringe and filtered through 0.45 �m filter membrane
or analysis. Cd (II) concentrations in samples were determined by
n IRIS Intrepid IIXSP inductively coupled plasma atomic emission
pectroscopy.
Materials 177 (2010) 300–306 301

2.4. Calculation of removal percentage and adsorption capacity

The removal percentage (A%), the amount of adsorbate adsorbed
per unit mass of adsorbent at time t (qt, mg/g), and the amount of
adsorbate adsorbed per unit mass of adsorbent at equilibrium (qe,
mg/g), were calculated from the following equations:

A% = C0 − Ce

C0
× 100 (1)

qt = V × C0 − Ct

ms
(2)

qe = V × C0 − Ce

ms
(3)

where C0 and Ce (mg/L) are the initial and the final concentrations
of adsorbates in flasks, respectively, Ct (mg/L) is the concentrations
of adsorbates at time t. V is the volume of the solution (L) and ms is
the mass of dry adsorbent used (g).

2.5. Kinetic models

The sorption kinetics of Cd (II) were tested using pseudo-first-
order and pseudo-second-order sorption equations. The pseudo-
first-order equation is shown below:

log(qe − qt) = log qe − k1t (4)

where k1 (g/mg min) is the rate constant of the pseudo-first-order
sorption, which can be calculated by plotting log(qe − qt) versus t.

The pseudo-second-order equation can be written as:

t

qt
= 1

k2q2
e

+ t

qe
(5)

where k2 (g/mg min) is the rate constant of the pseudo-second-
order sorption.

2.6. Sorption isotherm models

The sorption equilibrium data of Cd (II) on bamboo char-
coal were analyzed in terms of Langmuir, Freundlich and Temkin
isotherm models. The linear form of Langmuir’s isotherm model is
given by the following equation:

Ce

qe
= 1

bqm
+ Ce

qm
(6)

where b (L/mg) is the Langmuir constant related to the rate of
adsorption.

The essential characteristics of the Langmuir isotherm can also
be expressed in terms of a dimensionless constant separation factor
or equilibrium parameter, RL, which is defined as:

RL = 1
1 + bC0

(7)

where b is the Langmuir constant and C0 is the initial concentration
of Cd (II) ions. The value of RL indicates the type of the isotherm to
be either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) or
irreversible (RL = 0).

The Freundlich isotherm equation can be written in the linear
form as given below:

log qe = log kf + 1
n

log Ce (8)
where kf [(mg/g) (L/g)1/n] and n are the Freundlich constants that
are related to the adsorption capacity and intensity, respectively.
The Freundlich constants kf and n can be calculated from the slope
and intercept of the linear plot, with log qe versus log Ce.
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Fig. 1. Effect of the contact time on th

The linear form of Temkin isotherm can be expressed as:

e = B log kt + B log Ce (9)

here B = RT/b represents heat of adsorption, T is the absolute tem-
erature in Kelvin and R is the universal gas constant, 1/b indicates
he adsorption potential of the adsorbent while kt (L/mg) is the
quilibrium binding constant corresponding to the maximum bind-
ng energy. The plot of qe versus log Ce enables the determination
f isotherm constants kt and B.

.7. Energy-dispersive X-ray spectrometry analysis

The element analysis of bamboo charcoal before and after
dsorption of Cd (II) ions is carried out by the energy-dispersive X-
ay spectrometry (EDS) detector attached on the scanning electron
icroscopy (SEM) (JEOL-6301F).

. Results and discussion

.1. Effect of contact time

The results in Fig. 1 show that the adsorption rate was very fast
nitially; about 40% of total Cd (II) was removed within 5 min. There-
fter, the adsorption capacity increased slowly with the contact

ime before reaching a plateau value after the contact time of 6 h,
nd then remained constant. Thus, equilibration time was consid-
red as 6 h, which was considered as sufficient for the removal of Cd
II) ions by this adsorbent. Consequently the contact time was set
o 6 h in the following experiments to ensure adsorption equilib-

Fig. 2. Effect of pH on the adsorption of
rption of Cd (II) by bamboo charcoal.

rium. The time curves in Fig. 1 are smooth and continuous, leading
to saturation suggesting the possibility of monolayer coverage of
Cd (II) ions on the adsorbent surface. The amount of adsorbed Cd
(II) ions by bamboo charcoal (qe) from an initial concentration of
100 mg/L after a 6 h equilibration time was 18.20 mg/g.

Obviously, the initial high adsorption rate is due to the abun-
dance of free binding sites. The meso-pores become almost
saturated with Cd (II) ions during the initial stage of adsorption
process. Thereafter, the Cd (II) ions have to traverse farther and
deeper into the micro-pores encountering much larger resistance,
thus leading to decreased driving force and adsorption rate. Addi-
tionally, with the process of adsorption, desorption rate increased,
adsorption–desorption equilibrium is also affected around equilib-
rium.

3.2. Effect of pH

Fig. 2 shows that with an increase in pH, the residual of Cd (II)
(Ce) decreased, and adsorbents are effective for the quantitative
removal of Cd (II) ions at pH = 8.0. A sudden change occurred at pH
ranging from 6.0 to 8.0. At higher pH (>8.0), the adsorption of Cd (II)
ions is nearly constant. The maximum removal (A%) and adsorption
capacity (qe) of bamboo charcoal occurred at the pH 12.0.

Similar results with pH have been reported by many studies

that adsorption capacity of adsorbents is low at acidic pH while
increases at higher pH values [16–19]. When the pH is <6.0, the
surface charge on the surface of bamboo charcoal is positive. A
significant electrostatic repulsion exists between the positively
charged surface and the cationic Cd (II) ions, which inhibits the

Cd (II) ions by bamboo charcoal.
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Fig. 3. Effect of initial concentration on the removal and adsorption of Cd (II) ions
by bamboo charcoal.
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dsorption of Cd (II). Besides, a higher concentration of H+ in the
olution competes with Cd (II) ions for the adsorption sites, result-
ng in the reduced uptake. The increase in adsorption with the
ncrease in pH can be attributed to the fact that the positively
harged metal cations are repulsed less by the oxide surfaces at
igher pH values. As the pH of the system increases, the number
f positively charged sites decreases and the number of negatively
harged sites increases on the surface of adsorbents. Obviously, a
egatively charged surface site favors the adsorption of cationic Cd
II) ions due to electrostatic attraction.

Cd species are found to be present in deionized water in the
orms of Cd2+, Cd(OH)+, Cd(OH)2

0, Cd(OH)2(s), etc. [20]. Cd2+ is the
nly ionic species present in the solution at pH < 6.0, and the domi-
ant Cd (II) species at pH < 8.0 is Cd2+ and Cd(OH)+ and at pH > 8.0 is
d(OH)2 [12,19]. In the alkaline range, precipitation plays the main
ole in the removal of Cd attributed to the formation of precipi-
ate of Cd(OH)2(S). The precipitation of metal hydroxides into pores
r spaces around the adsorbent particles is nearly impossible as
he adsorption process is kinetically faster than the precipitation
21,22]. Therefore, it can be stated that Cd (II) removal by bam-
oo charcoal was dominantly controlled by adsorption at pH values
8.0 but it could be slightly enhanced by Cd(OH)2 precipitation at
H > 8.0.

The effect of pH can also be explained in terms of pHzpc of the
dsorbent. The pHzpc of bamboo charcoal is 7.15, and the surface
harge of the adsorbent was positive when the pH of the adsorbate
olution was below the pHzpc value while it was negative at a pH
bove the pHzpc; thus at acidic pH, the surface charge of the bamboo
harcoal was also positive and hence the uptake of Cd2+ was low.

hen the pH of the adsorbate solution increased above 7.15, the
urface was negatively charged, leading to a higher adsorption of
d2+. Furthermore, higher pH may change the chemical properties
f functional groups, thus further influence the adsorption process.
or example, the −COOH groups present in the bamboo charcoal
re converted into −COO−, which favors the adsorption of Cd2+.

.3. Effect of initial concentration

The effect of initial concentration on the adsorption of Cd (II) ions
y bamboo charcoal was investigated with varying solution con-
entrations (20, 40, 60, and 100 mg/L) using 0.5 g adsorbent dose
Fig. 3). With increasing concentration of solution, qe increased,
hile A% decreased. At low initial solution concentration, the sur-

ace area and the availability of adsorption sites were relatively
igh, and the Cd (II) ions were easily adsorbed and removed. At
igher initial solution concentration, the total available adsorption
ites are limited, thus resulting in a decrease in percentage removal
f Cd (II) ions. The increased qe at higher initial concentration can
e attributed to enhanced driving force.

.4. Effect of adsorbent dosage

The A% increased with an increase in the adsorbent dosage

rom 0.2 to 1.5 g, but remained almost unchanged when adsorbent
osage ranged from 1.5 to 5.0 g (Fig. 4). The increase in A% with an

ncrease in adsorbent dosage is due to the availability of larger sur-
ace area and more adsorption sites. At adsorbent dosage >1.5 g, the
ncremental Cd (II) ion removal becomes very low as the surface

able 1
irst- and second-order adsorption rate constants and calculated and experimental qe va

C0 (mg/L) qe,exp (mg/g) First-order kinetics

k1 (g/mg min) qe,cal (mg/g)

150 18.20 0.0034 6.12
Fig. 4. Effect of adsorbent dose on the removal and adsorption of Cd (II) ions by
bamboo charcoal.

metal ions concentration and the solution metal ions concentra-
tion come to equilibrium with each other [23]. Thus, increased
adsorbent dosage did not enhance the removal percentage of Cd
(II).

The decrease in qe with increase in the adsorbent dose is mainly
due to the unsaturation of adsorption sites through the adsorption
reaction. Another reason may be due to the particle interactions,
such as aggregation, resulting from high sorbent concentration.
Such aggregation would lead to a decrease in the total surface area
of the adsorbent [24].

3.5. Adsorption kinetics
The adsorption kinetics were investigated in the contact time
of 480 min. Kinetic parameters including the first-order rate con-
stant k1, second-order rate constant k2, calculated equilibrium
adsorption capacity qe,cal and experimental equilibrium adsorption
capacity qe,exp for Cd (II) ions, and regression coefficients (R2), were

lues.

Second-order kinetics

R2 k2 (g/mg min) qe,cal (mg/g) R2

0.9639 0.0049 18.28 0.9983
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Table 2
Equilibrium model parameters for adsorption of Cd (II) ions by bamboo charcoal.

Equilibrium model Parameter Value

Langmuir isotherm qm (mg/g) 12.08
b (L/mg) 0.485
R2 0.9932

Freundlich isotherm kf (mg/g) (L/g)1/n 5.32
1/n 0.2173
R2 0.9892

Temkin isotherm kt (L/mg) 41.93
ig. 5. Pseudo-second-order kinetic model for adsorption of Cd (II) ions on bamboo
harcoal.

ll shown in Table 1. The dramatic difference between qe,exp and
e,cal from first-order model indicates that the adsorption of Cd (II)
ons onto bamboo charcoal does not follow first-order kinetics. The
e,cal using the pseudo-second-order model is in good agreement
ith the experimental qe,exp values. The R2 value for the second-

rder kinetic model is 0.9983, indicating that the system under
tudy is more appropriately described by the pseudo-second-order

odel (Fig. 5). This confirms that in the adsorption process, concen-

rations of both adsorbate (Cd2+) and adsorbent (bamboo charcoal)
re involved in rate determining step, which may be a chemical
orption or chemisorption [24,25].

Fig. 6. Freundlich (a), Langmuir (b) and Temkin (c) adsor
b (J/mol) 706.91
B (L/g) 3.50
R2 0.9901

3.6. Adsorption isotherms

The adsorption studies were conducted at a fixed adsorbent
dosage (0.5 g) by changing initial concentrations of Cd (II) ions
(Fig. 6). The equilibrium data were analyzed using Freundlich, Lang-
muir and Temkin equilibrium models (Eqs. (6), (8) and (9)) in order
to obtain the best fitting isotherm. The isotherms were shown
graphically in Fig. 6 and the isotherm parameters were listed in
Table 2. All the plots showed a straight line, indicating that the
adsorption of Cd (II) ions follows the three isotherms well. Compari-
son of coefficients indicates that the Langmuir isotherm fitted more
precisely (R2 = 0.9932) than the Temkin isotherm (R2 = 0.9901) and
the Freundlich isotherm (R2 = 0.9892). The basic assumption of

Langmuir adsorption isotherm is based on monolayer coverage of
the adsorbate on the surface of adsorbent [26,27], which is an indi-
cation of the fact that the adsorption of Cd (II) ions onto bamboo
charcoal generates monolayer formation.

ption isotherms of Cd (II) ions on bamboo charcoal.
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Fig. 7. Plot of RL against initial Cd (II) ion concentration.

Values of RL were shown in Fig. 7, confirming that the bam-
oo charcoal is favorable for the adsorption of Cd (II) ions under
onditions used in this study.

Numerous studies have investigated Cd (II) adsorption by acti-
ated carbon or various low-cost adsorbents [1–3]. The adsorption
apacity of different types of adsorbents used for removal of Cd (II)
as compared (Table 3) and it is found that bamboo charcoal may

e a highly efficient adsorbent for the removal of Cd (II) ions from
ater.

.7. EDS analysis

Fig. 8 shows typical EDS pattern for bamboo charcoal before and
fter the adsorption of Cd (II) ions. EDS analysis did not show the
haracteristic signal of Cd (II) ions in the control bamboo charcoal
Fig. 8a), whereas clear signals were observed at about 2.8, 2.95,

.15, 3.35 and 3.95 keV in the bamboo charcoal absorbed Cd (II) ions
Fig. 8b), which was quite similar to the observations by Saeed et al.
28], who observed clear signals of Cd (II) ions at the same energy
n the Cd-loaded mungbean husk. They also found signals for some

able 3
omparison of adsorption capacities of Cd (II) ions with some low-cost adsorbents.

Adsorbent qm (mg/g) Reference

Bamboo charcoal 12.08 This work
Coconut copra meal 1.84 [30]
Hazelnut shell 5.42 [31]
Almond shell 3.18 [31]
Rice husk 8.58 [32]
Rice husk 0.89 [33]
Saw dust 0.29 [33]
Rice polish 9.72 [34]
Wheat bran 0.70 [27]
Areca waste 1.32 [35]
Cassava waste 18.05 [36]
Mungbean husk 35.41 [28]
Spent grain 17.3 [37]
Sugar beet pulp 17.2 [13]
Corncobs 8.89 [13]
Pine Park 14.16 [13]
Olive cake 10.56 [38]
Oak wood char 0.37 [39]
Pine bark char 0.34 [39]
Oak bark char 5.40 [39]
Carbon F-400 8.00 [39]
Bagasse fly ash 6.19 [19]
Fig. 8. Energy-dispersive X-ray spectrometry (EDS) analysis of bamboo charcoal:
(a) before and (b) after the adsorption of Cd (II) ions.

metal cations such as Ca2+, Mg2+, Na+ and K+ disappeared from the
EDX spectrum of mungbean husk, and suggested the involvement
of ion exchange mechanism for the adsorption of Cd2+ by mung-
bean husk. In our results, we did not observe the exchange between
Cd2+ and other metal cations (Fig. 8), indicating ion exchange may
not be the major mechanism for Cd (II) adsorption by bamboo char-
coal.

The mechanisms of biosorption process include chemisorption,
complexation, adsorption on surface, diffusion through pores, ion
exchange, etc. [2]. The adsorption process and capacity closely
correlate to physical and chemical characteristics of adsorbents,
such as grain size, exchangeable cation capacity, pore diameter
and quantity, specific surface area, surface chemical characteris-
tics. FTIR analysis revealed that –OH, C–H bending, C–O stretching
vibration and carbonyl functional groups were mainly responsible
for Pb (II) biosorption by activated charcoal of bamboo (Melo-
canna baccifera Roxburgh) [9]. Different manufacturing conditions,
including carbonization temperature and time, activator, activa-
tion temperature and time, significantly influence the adsorption
capacity of heavy metals by bamboo charcoal [8]. On the other hand,
chemical modifications generally enhance adsorption capacity of
natural adsorbents [29]. In future, the adsorption mechanisms of
heavy metals by bamboo charcoal, as well as optimization of man-
ufacturing conditions and chemical modifications to increase the
adsorption capacity, need further studies for more effective use in
water treatment.

4. Conclusions

In the present study, batch adsorption experiments for the
adsorption of Cd (II) ions from aqueous solutions have been carried
out using activated bamboo charcoal as adsorbent. The adsorption

characteristics have been examined at different contact times, pH
values, initial Cd (II) ion concentrations, and different adsorbent
dosage levels. The obtained results can be summarized as follows:
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. The adsorption rate of Cd (II) ions was very fast initially, and
about 40% of total Cd (II) was removed within 5 min. Thereafter,
the adsorption capacity increased slowly with the contact time
before reaching a plateau value after the contact time of 6 h, and
then remained constant.

. Generally, adsorption capacity of Cd (II) ions by bamboo charcoal
increased with an increase in the pH of the adsorbate solution.
The optimum pH for Cd (II) removal is 8.0.

. With an increase in initial Cd (II) ion concentration, adsorption
capacity of Cd (II) ions by bamboo charcoal increased but the
removal percentage of Cd (II) ions decreased.

. Increase in adsorbent dosage led to increase in Cd (II) removal
but decrease in adsorption capacity.

. Adsorption of Cd (II) ions by bamboo charcoal was found to fol-
low the pseudo-second-order model.

. Langmuir adsorption model was better fitted for the adsorption
of Cd (II) ions than Temkin and Freundlich isotherms. The highest
monolayer adsorption capacity was obtained 12.08 mg/g for the
adsorption of Cd (II) ions by bamboo charcoal.

. Studies on batch adsorption indicate that bamboo charcoal has
efficient adsorption capacity for Cd (II) ions and its use may sig-
nificantly lower the cost of water treatment.

cknowledgements

This work was supported by the Water Pollution Control and
anagement Project of China (2008ZX07313-001) and by the
ational Key Technologies R&D Program of China (2007BAC22B02).

eferences

[1] S. Babel, T.A. Kurniawan, Low-cost adsorbents for heavy metals uptake from
contaminated water: a review, J. Hazard. Mater. B 97 (2003) 219–243.

[2] A. Demirbas, Heavy metal adsorption onto agro-based waste materials: a
review, J. Hazard. Mater. 157 (2008) 220–229.

[3] D. Sud, G. Mahajan, M.P. Kaur, Agricultural waste material as potential adsor-
bent for sequestering heavy metal ions from aqueous solutions—a review,
Bioresour. Technol. 99 (2008) 6017–6027.

[4] R.S. Zhao, X. Wang, X. Wang, J.M. Lin, J.P. Yuan, L.Z. Chen, Using bamboo
charcoal as solid-phase extraction adsorbent for the ultratrace-level deter-
mination of perfluorooctanoic acid in water samples by high-performance
liquid chromatography–mass spectrometry, Anal. Bioanal. Chem. 390 (2008)
1671–1676.

[5] I. Abe, T. Fukuhara, J. Maruyama, H. Tatsumoto, S. Iwasaki, Preparation of car-
bonaceous adsorbents for removal of chloroform from drinking water, Carbon
39 (2001) 1069–1073.

[6] T. Asada, S. Ishihara, T. Yamane, A. Toba, A. Yamada, K. Oikawa, Science
of bamboo charcoal: study on carbonizing temperature of bamboo char-
coal and removal capability of harmful gases, J. Health Sci. 48 (2002) 473–
479.

[7] K. Mizuta, T. Matsumoto, Y. Hatate, K. Nishihara, T. Nakanishi, Removal of
nitrate-nitrogen from drinking water using bamboo powder charcoal, Biore-
sour. Technol. 95 (2004) 255–257.

[8] S.Y. Wang, M.H. Tsai, S.F. Lo, M.J. Tsai, Effects of manufacturing conditions on the
adsorption capacity of heavy metal ions by Makino bamboo charcoal, Bioresour.
Technol. 99 (2008) 7027–7033.

[9] H. Lalhruaitluanga, K. Jayaram, M.N.V. Prasad, K.K. Kumar, Lead (II) adsorp-
tion from aqueous solutions by raw and activated charcoals of Melocanna
baccifera Roxburgh (bamboo)—a comparative study, J. Hazard. Mater. (2009),
doi:10.1016/j.jhazmat.2009.10.005.
10] D.S. Zhao, J. Zhang, E.H. Duan, J.L. Wang, Adsorption equilibrium and kinetics
of dibenzothiophene from n-octane on bamboo charcoal, Appl. Surf. Sci. 254
(2008) 3242–3247.

11] J.T. Zhu, Z.H. Huang, F.Y. Kang, J.H. Fu, Y.D. Yue, Adsorption kinetics of acti-
vated bamboo charcoal for phenol, New Carbon Mater. 23 (2008) 326–330 (in
Chinese).

[

[

Materials 177 (2010) 300–306

12] R. Leyva-Ramos, J.R. Rangel-Mendez, J. Mendoza-Baron, L. Fuentes-Rubio, R.M.
Guerrero-Coronado, Adsorption of cadmium(II) from aqueous solution onto
activated carbon, Water Sci. Technol. 35 (1997) 205–210.

13] R. Zacaria, C. Gerente, Y. Andres, P.L. Cloirec, Adsorption of several metal ions
onto low-cost biosorbent: kinetic and equilibrium studies, Environ. Sci. Tech-
nol. 36 (2002) 2067–2073.

14] J.N. Zhang, Z.H. Huang, R.T. Lv, Q.H. Yang, F.Y. Kang, Effect of growing CNTs onto
bamboo charcoals on adsorption of copper ions in aqueous solution, Langmuir
25 (2009) 269–274.

15] American Society for Testing and Materials (ASTM), D-4607-94 (Reapproved),
Standard test method for determination of iodine number of activated carbon,
1999.

16] J.R. Evans, W.G. Davids, J.D. MacRae, A. Amirbahman, Kinetics of cadmium
uptake by chitosan-based crab shells, Water Res. 36 (2002) 3219–3226.

17] K. Kadirvelu, C. Namasivayam, Activated carbon from coconut coirpith as metal
adsorbent: adsorption of Cd(II) from aqueous solution, Adv. Environ. Res. 7
(2003) 471–478.

18] V.C. Srivastava, I.D. Mall, I.M. Mishra, Equilibrium modelling of single and binary
adsorption of cadmium and nickel onto bagasse fly ash, Chem. Eng. J. 117 (2006)
79–91.

19] V.C. Srivastava, I.D. Mall, I.M. Mishra, Adsorption of toxic metal ions onto
activated carbon. Study of sorption behaviour through characterization and
kinetics, Chem. Eng. Process. 47 (2008) 1269–1280.

20] V.L. Snoeyink, D. Jenkins, Water Chemistry, John Wiley & Sons, New York, 1980.
21] S.V. Dimitrova, D.R. Mehandgiev, Lead removal from aqueous solutions by gran-

ulated blast-furnace slag, Water Res. 32 (1998) 3289–3292.
22] F.M.M. Morel, J.G. Hering, Principles and Applications of Aquatic Chemistry,

Wiley, New York, 1993.
23] T.K. Naiya, A.K. Bhattacharya, S.K. Das, Adsorption of Cd(II) and Pb(II) from

aqueous solutions on activated alumina, J. Colloid Interface Sci. 333 (2009)
14–26.

24] M.M. Rao, G.P. Rao, K. Seshaiah, N.V. Choudary, M.C. Wang, Activated car-
bon from Ceiba pentandra hulls, an agricultural waste, as an adsorbent in the
removal of lead and zinc from aqueous solutions, Waste Manage. 28 (2008)
849–858.

25] Y.S. Ho, G.A. McKay, Comparison of chemisorption kinetic models applied to
pollutant removal on various sorbents, Trans. Inst. Chem. Eng. B 76 (1998)
332–340.

26] M. Nadeem, A. Mahmood, S.A. Shahid, S.S. Shah, A.M. Khalid, G. McKay, Sorption
of lead from aqueous solution by chemically modified carbon adsorbents, J.
Hazard. Mater. B 138 (2006) 604–613.

27] K.K. Singh, A.K. Singh, S.H. Hasan, Low cost biosorbent ‘wheat bran’ for the
removal of cadmium from wastewater: kinetic and equilibrium studies, Biore-
sour. Technol. 97 (2006) 994–1001.

28] A. Saeed, M. Iqbal, W.H. Holl, Kinetics, equilibrium and mechanism of Cd2+

removal from aqueous solution by mungbean husk, J. Hazard. Mater. 168 (2009)
1467–1475.

29] W.W.S. Ngah, M.A.K.M. Hanafiah, Removal of heavy metal ions from wastew-
ater by chemically modified plant wastes as adsorbents: a review, Bioresour.
Technol. 99 (2008) 3935–3948.

30] A.E. Ofomaja, Y.S. Ho, Effect of pH on cadmium biosorption by coconut copra
meal, J. Hazard. Mater. B139 (2007) 356–362.

31] Y. Bulut, Z. Tez, Adsorption studies on ground shells of hazelnut and almond, J.
Hazard. Mater. 149 (2007) 35–41.

32] U. Kumar, M. Bandyopadhyay, Sorption of cadmium from aqueous solution
using pretreated rice husk, Bioresour. Technol. 97 (2006) 104–109.

33] N. Sharma, K. Kaur, S. Kaur, Kinetic and equilibrium studies on the removal of
Cd2+ ions from water using polyacrylamide grafted rice (Oryza sativa) husk and
(Tectona grandis) saw dust, J. Hazard Mater. 163 (2009) 1338–1344.

34] K.K. Singh, R. Rastogi, S.H. Hasan, Removal of cadmium from wastewater using
agricultural waste ‘rice polish’, J. Hazard. Mater. A 121 (2005) 51–58.

35] W. Zheng, X.M. Li, F. Wang, Q. Yang, P. Deng, G.M. Zeng, Adsorption removal of
cadmium and copper from aqueous solution by areca: a food waste, J. Hazard.
Mater. 157 (2008) 490–495.

36] A.A. Abia, M. Horsfall, O. Didi, The use of chemically modified and unmodified
cassava waste for the removal of Cd, Cu, and Zn ions from aqueous solution,
Bioresour. Technol. 90 (2003) 345–348.

37] K.S. Low, C.K. Lee, S.C. Liew, Sorption of cadmium and lead from aqueous solu-
tions by spent grain, Process Biochem. 36 (2000) 59–64.
38] S. Doyurum, A. Celik, Pb(II) and Cd(II) removal from aqueous solutions by olive
cake, J. Hazard. Mater. B 138 (2006) 22–28.

39] D. Mohan, C.U. Pittman Jr., M. Bricka, F. Smith, B. Yancey, J. Mohammad, P.H.
Steele, M.F. Alexandre-Franco, V. Gomez-Serrano, H. Gong, Sorption of arsenic,
cadmium, and lead by chars produced from fast pyrolysis of wood and bark
during bio-oil production, J. Colloid Interface Sci. 310 (2007) 57–73.


	Adsorption of cadmium (II) ions from aqueous solution by a new low-cost adsorbent—Bamboo charcoal
	Introduction
	Materials and methods
	Bamboo charcoal
	Preparation of solutions
	Adsorption procedure
	Calculation of removal percentage and adsorption capacity
	Kinetic models
	Sorption isotherm models
	Energy-dispersive X-ray spectrometry analysis

	Results and discussion
	Effect of contact time
	Effect of pH
	Effect of initial concentration
	Effect of adsorbent dosage
	Adsorption kinetics
	Adsorption isotherms
	EDS analysis

	Conclusions
	Acknowledgements
	References


