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a b s t r a c t

Cadmium pollution is known to cause severe public health problems. This study is intended to examine
the effect of an activated Firmiana Simplex Leaf (FSL) on the removal of Cd(II) from aqueous solution.
Results showed that the active Firmiana Simplex Leaf could efficiently remove Cd(II) from wastewater
due to the preservation of beneficial groups (amine, carboxyl, and phosphate) at a temperature of 250 ◦C.
The adsorbent component, dosage, concentration of the initial solute, and the pH of the solution were all
eywords:
irmiana Simplex Leaf
d(II)
dsorption

found to have significant effects on Cd(II) adsorption. The kinetic constants were predicted by pseudo-
first-order kinetics, and the thermodynamic analysis revealed the endothermic and spontaneous nature
of the adsorption. FT-IR and XRD analyses confirmed the strong adsorption between beneficial groups
and cadmium ions, and the adsorption capacity was calculated to be 117.786 mg g−1 according to the
Langmuir isotherm.
hosphate

mine
arboxyl

. Introduction

Recently, the presence of heavy metals in the aquatic envi-
onment has attracted the attention because of their toxicity,
ccumulation in the food chain, and persistence in nature [1–4].
hese toxic metals are released into the environment in numerous
ays, including from painting, mining drainage, car manufacturing,

melters and metal refineries, and industrial and domestic sewage
5–7].

Cadmium is frequently used in metallurgical alloying, ceramics,
etal plating, photograph development, pigment works, tex-

ile printing industries, lead–zinc mining, alkaline batteries, and
lectroplating [8,9]. By the early 1990s, statistical calculations
ndicated that the worldwide cadmium release rate had reached
2,000 tons/year [10]. Cadmium is not biodegradable [11] and is

ikely to cause a number of acute and chronic disorders, such as

tai-itai disease; renal damage; emphysema; hypertension; testic-
lar atrophy [12]; damage to the kidneys, lungs, and liver [13];
nd carcinogenesis [14]. Therefore, the maximum concentration
imit for Cd(II) in drinking water has been strictly regulated. The

orld Health Organization (WHO) and the American Water Works
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Association (AWWA) have recommended that the concentration of
cadmium in drinking water should not exceed 0.005 mg L−1.

The conventional methods for removing heavy metals include
precipitation, oxidation, adsorption, coagulation, evaporation,
membrane filtration, and extraction. Among these, adsorption has
been the most widely used because it is an economically feasible,
versatile, effective, simple, and environmentally friendly method in
practice [15–18]. Biosorption has been the focus of recent research
for the removal of heavy metals [19–24].

Most Firmiana Simplex grows in areas of medium latitudes, such
as Europe, the U.S., Japan, and China. Every autumn, the mass of
fallen leaves must be swept up, landfilled, incinerated, or incubated
[25]. Due to the limited capacity of landfills and harmful emissions
during incineration, the Firmiana Simplex Leaf (FSL) was utilized
as a potentially promising adsorbent in this study. The behaviors of
the adsorption of Cd(II) on the adsorbent were evaluated by con-
sidering a variety of factors, and the governing mechanisms are
assessed and discussed in this paper. Furthermore, investigation of
the environmental character of FSL would deepen and broaden our
understanding of its viability as an adsorbent for Cd(II).

2. Materials and methods
2.1. Preparation of the adsorbent

The FSL was acquired from Hangzhou, China, in October 2008,
oven dried at 45 ◦C overnight, and then pulverized to pass through

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tangxiaowu@zju.edu.cn
mailto:lazyhero@live.cn
dx.doi.org/10.1016/j.jhazmat.2010.02.062
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24-mesh screen with diameters of 355 ± 13 �m. The stock solu-
ion of Cd(II) at analytical reagent grade was prepared by dissolving
d(NO3)2 (Sinopharm, China) in de-ionized water to reach the
arget concentration. Conical flasks and polyvinyl chloride (PVC)
entrifuge tubes were immersed in a 0.01 mol L−1 HNO3 solution
vernight and then rinsed three times with de-ionized water.

The FSL powder was placed in an oven (15 cm ×
5 cm × 40 cm = 15,000 cm3). The oven was sealed except for
0.5-cm-diameter hole to allow any volatile emissions to escape.
he temperature was separately regulated at 150, 200, 250, 300,
nd 350 ◦C with an increment of 25–30 ◦C/min, and then the pow-
er was kept for 5 h. Once the treatment duration was reached,
he product was cooled to room temperature, after which the acti-
ated ashes that remained were collected and stored for further
tudy.

.2. Characterization

FT-IR spectra of the samples before and after adsorption were
ecorded using a Nexus-670 FT-IR spectrophotometer (Nicolet Cor-
oration, USA) to study changes in the functional groups in order
o investigate the mechanism of Cd(II) adsorption. The Cd(II)-laden
eaf sample (400 mg) was first equilibrated with 40 mL of 5 g L−1

d(II) solution for 24 h at 55 ◦C and then centrifuged from the mix-
ure at 3000 rpm for 5 min. The supernatants were discarded and
eplaced by fresh de-ionized water to decrease or remove Cd(II)
rom the solution and further to obtain theoretical Cd(II)-laden
amples without disturbance. The mixture was intensely stirred
or 5 min and then separated by centrifugation. The sediments were
ollected and cleaned two more times. After that, the Cd(II)-laden
dsorbent was dried under infrared radiation for 10 min, encap-
ulated in KBr, ground into fine powder in a carnelian mortar,
ompressed into a translucent slice at a pressure of 40 MPa, and
nally exposed to infrared radiation to determine the functional
roups.

The pH values of the samples were determined by a PHS-25
lass electrode potentiometer (Precision Scientific Instrument Co.
td., China), following the method used by previous researchers
26]. XRD patterns of Activated Leaf (AL) and Cd(II)-laden leaf
ere obtained by a D/MAX-RA revolving target X-ray diffraction

pparatus (Rigaku Corporation, Japan). The Cd(II)-laden leaf sam-
les were treated following the above-mentioned processes. The
admium content of the AL was determined by Atomic Absorp-
ion Spectroscopy (AAS) (Hitachi Corporation, Japan) following
omplete digestion of a 1-g sample in 10 mL of a 1:1 mixture of
F/HNO3.

.3. Experiment

.3.1. Adsorption isotherms and thermodynamics
The AL samples (10 g L−1) obtained at various treatment tem-

eratures were separately blended with eight sets of cadmium
olutions with increasing initial Cd(II) concentrations of 25, 50,
00, 200, 300, 400, 500, and 600 mg L−1 at 25 ◦C. All samples were
quilibrated for 24 h in the temperature-controlled agitator, and
he equilibrium Cd(II) concentrations were measured by an atomic
bsorption spectrophotometer (AAS). Control tests and parallel
ests were conducted, and the results were averaged.

The equilibration temperatures for the most promising adsor-

ent (obtained at 250 ◦C in this study) were 5–55 ◦C at increments
f 10 ◦C in order to investigate the thermodynamic adsorption
ehaviors. Apart from this, some samples with other initial con-
entrations (0.8, 1, 2, and 5 g L−1) at 55 ◦C were also tested in order
o obtain more information about adsorption capacity. Other pro-
esses followed the previous tests.
Fig. 1. Isothermal adsorption lines (25 ◦C) under different calcination temperatures.

2.3.2. Effect of adsorbent dosage
In order to investigate the effect of adsorbent dosage, the adsor-

bent dosages of AL in the aqueous solution were 0.5, 1, 2, 5, 10, and
20 g L−1, and each solution was mixed with three different initial
Cd(II) concentrations (50, 100, and 200 mg L−1), which were pre-
pared earlier and placed in stoppered conical flasks. Then, the flasks
were put into a thermostatic agitator (25 ◦C) for 24 h at 180 rpm
without pH adjustment. The supernatants were obtained by cen-
trifugation at 3000 rpm for 5 min, then subjected to AAS analysis
to determine the Cd(II) concentration. Adsorption on the inner sur-
face of the flasks was evaluated by a series of parallel blank tests
using a control and averaging the results.

2.3.3. Adsorption kinetics
The Cd(II) solutions had concentrations of 50, 100, and

200 mg L−1, while the AL adsorbent dosage was fixed at 10 g L−1

in this test. The reaction temperature was maintained constant at
25 ◦C without pH regulation. The test durations were 3, 6, 9, 12, 15,
20, 40, 60, 120, 180, 240, 360, and 420 min. Afterward, the mix-
ture was transferred to PVC tubes and centrifuged at 3000 rpm for
3 min. The Cd(II) concentration in the supernatant was determined
by AAS. In addition, duplicate and blank tests were conducted to
obtain an average value for each test.

2.3.4. Effect of pH
The adsorbent and Cd(II) solutions were separately mixed in

nine pretreated PVC tubes, with the parameters fixed as follows:
dosage = 10 g L−1 and initial Cd(II) concentration = 100 mg L−1.
Then, pH values of the initial solution of the samples were modified,
ranging from 2.0 ± 0.2 to 10.0 ± 0.2 in increments of 1.0 by adding
0.1 mol L−1 HCl or NaOH solution. After that, these samples were
placed into a thermostatic agitator (25 ◦C) and rotated at 180 rpm
for 24 h. Finally, the pH values of the solutions were measured.

The supernatants were obtained through centrifugation at
3000 rpm for 5 min and then sampled to determine the Cd(II) con-
centration by AAS. All experiments were conducted in duplicate.

3. Results and discussion

3.1. Adsorption isotherms at different temperatures
Fig. 1 shows isothermal adsorption (25 ◦C) at different calcina-
tion temperatures. Fig. 2 shows the adsorption isotherms of Cd(II)
on AL at different equilibration temperatures (calcination tem-
perature = 250 ◦C). A gradual ascending trend for unit adsorption
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Fig. 2. Isothermal adsorption lines under different temperatures (calcination tem-
perature = 250 ◦C).
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Fig. 3. Isothermal adsorption lines under temperature 55 ◦C.

mount was observed, and, eventually, a maximum adsorption
mount was achieved with increasing equilibrium solute con-

entrations. Thus, it could be predicted that the unit adsorption
mount would not increase any more after the adsorbent reached
ts ultimate adsorption amount, as shown in Fig. 3. Three general
sothermal equations, including the Langmuir, Freundlich, and D–R
Dubinin–Radushkevich) models, were used to evaluate the test

able 1
redicted constants of isothermal models for Cd(II) adsorption.

AL (250 ◦C)

Adsorption temperature (◦C) 5 15 25 35 45

Langmuir model
Q0 (mg g−1) 45.147 46.620 52.632 54.915 4
b (L mg−1) 0.027 0.076 0.044 0.071
R 0.981 0.984 0.973 0.980

Freundlich model
KF (mg g−1) 2.296 5.290 3.780 4.785
n 1.751 2.180 1.819 1.788
R 0.943 0.959 0.929 0.967

D–R model
qm (mg g−1) 172.554 142.938 210.105 246.585 12
k (mol2 kJ−2) 0.0063 0.0043 0.005 0.0045
E (kJ mol−1) −8.909 −10.783 −10.000 −10.541 −1
R 0.953 0.972 0.940 0.976
Materials 179 (2010) 95–103 97

results in order to obtain more information about the adsorption
mechanisms.

The Langmuir isotherm can be written as [27]:

1
Cs

= 1
Q 0

+ 1
bQ 0Ce

, (1)

where Ce is the equilibrium concentration of solute solution
(mg L−1), Q0 is the maximum adsorption capacity of the adsorbent
(mg g−1), and b (L mg−1) is the Langmuir constant.

The Freundlich model stipulates that the ratio of solute adsorbed
to the solute concentration is a function of the solution. The
empirical model was shown to be consistent with the exponential
distribution of active centers and characteristic of heterogeneous
surfaces. The Freundlich isotherm can be expressed as:

Cs = KFCe
1/n, (2)

where KF is the Freundlich constant (mg g−1) indicating the adsorp-
tion capacity and strength of the adsorptive bond, and n is the
heterogeneity factor.

The D–R model assumes a uniform, pore-filling sorption and can
predict the free sorption energy change [28–30]. The D–R model is
written as:

ln Cs = ln qm − kε2, (3)

where qm is the maximum adsorption capacity (mol g−1), k is a
model constant related to the free sorption energy, and ε is the
Polanyi potential, which is written as

ε = RT ln
(

1 +
(

1
Ce

))
(4)

The mean free energy of adsorption (E) is:

E = − 1√
2k

(5)

The results of predicted isothermal constants for the adsorp-
tion of Cd(II) are shown in Table 1. The Langmuir model produced
the best fit of the test data based on the correlation coefficients
(R ≥ 0.97). Sari and Tuzen also concluded that the parameters cal-
culated by the Langmuir model were more accurate than those
produced by other models [31]. With respect to the Langmuir
isotherm, the adsorption was uniformly distributed among the
active sites of the adsorbent, and, once adsorbate occupies a site, no

further adsorption can take place at this site [32]. The correlation
coefficients between the test data and the fitted curves predicted
by the Freundlich and D–R models were reasonably high, close to
1.00, implying that these models could be used to help explain the
adsorption performances under particular circumstances.

AL (150 ◦C) AL (200 ◦C) AL (300 ◦C) AL (350 ◦C)

55 25 25 25 25

5.475 117.786 16.210 30.665 55.340 66.138
0.167 0.012 0.029 0.053 0.046 0.065
0.994 0.992 0.998 0.999 0.977 0.970

8.203 7.375 1.809 2.780 3.813 4.738
2.621 2.492 2.721 2.178 1.741 1.515
0.857 0.931 0.985 0.959 0.921 0.905

5.551 190.263
0.0029 0.0034
3.131 −12.127
0.869 0.960
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to mention that the duration required to reach equilibrium in this
study was far less than those of other adsorbents in previous studies
[41,42].
Fig. 4. Variation of equilibration concentration with the dosage.

Based on the test results, it is obvious that 250 ◦C is an effec-
ive activation temperature. The Langmuir adsorption capacities
f the five adsorbents obtained at 150, 200, 250, 300, and 350 ◦C
or Cd(II) were 16.2, 30.7, 52.6, 55.3, and 66.1 mg g−1, respectively.
ncreased activation temperatures directly resulted in increased
d(II) adsorption capacity. The increase was sharp within the range
f 150–250 ◦C, but little benefit was obtained when the tempera-
ure was increased in the range of 300–350 ◦C, as shown in Fig. 1.
t treatment temperatures around 250 ◦C, an increase of 50 ◦C just
esulted in an increase of 2.7 mg g−1 in Cd(II) adsorption. Therefore,
e considered 250 ◦C as the most suitable treatment temperature

n this study.
From the analysis with the Langmuir model, the maximum Cd(II)

dsorption capacities of AL (250 ◦C) were estimated to be 45.147,
6.620, 52.632, 54.915, 45.475 and 117.786 mg g−1 at equilibration
emperatures increasing from 5 to 55 ◦C, respectively. Similar to
he work of Unuabonah et al., this study shows that the adsorption
apacity peaked at the highest temperature [33]. The parameter
of the Freundlich model ranged from 1.751 to 2.621 at different

emperatures, indicating a highly heterogeneous surface and multi-
ayered adsorption.

The adsorption capacities estimated by the D–R model were
72.554, 142.938, 210.105, 246.585, 125.551 and 190.263 mg g−1

t temperatures from 5, 15, 25, 35, 45 and 55 ◦C, respectively. These
alues were considerably higher than those obtained by the Lang-
uir model since the inherent assumption of the D–R model is

hat all the micropores are available to the solute. This is an ideal
tate that cannot be achieved in practice. Following the D–R theory,
he adsorption is basically a surface adsorption associated with ion
xchange when |E| is between 8 and 16 kJ mol−1, whereas, for |E| in
he range of 1.0–8.0 kJ mol−1, the mechanism is physical adsorption
34,35]. Thus, it could be speculated that there is a chemical bond
etween the adsorbent and Cd(II), because most of the absolute val-
es of estimated free adsorption energy were around 10 kJ mol−1.

.2. Effect of adsorbent dosage

The effect of adsorbent dosage is shown in Fig. 4. Based on
hese results, the Cd(II) removal efficiencies of the AL adsorbent
ere calculated, and they are shown in Fig. 5. It is apparent that,

lthough the amounts of Cd(II) removed increased with increasing

osage (Fig. 1), the unit adsorption amount decreased continually
rom 68.9 to 49.65 mg g−1, and 62.6 to 9.84, 4.84, and 2.46 mg g−1,
espectively (Fig. 5) as a result of less availability to adsorbent. This
rend was not linear, because the sharp decrease in the first stage
0.5 g L−1 < dosage < 10 g L−1) was interrupted and gradually leveled
Fig. 5. The effect of dosage on unit adsorption amount.

at higher dosage (dosage >10 g L−1), similar to the results obtained
in earlier studies [36–40].

Comparing Fig. 4 with Fig. 5, the total removal percent and the
unit adsorption amount of the adsorbent appeared to change with
dosage in a contradictory manner. Thus, there is a need to find an
optimum adsorbent dosage to satisfy both the total Cd(II) uptake
and the adsorption efficiency. Based on the trend of the variation
of Ce (equilibrium concentration) of Cd(II) solution and Cs (unit
adsorption amount), the optimum adsorbent dosage was deter-
mined to be 10 g L−1, and this concentration was used in subsequent
experiments.

3.3. Adsorption kinetics

The variation of the equilibrium concentration of Cd(II) with the
equilibration duration at different initial solute concentrations is
shown in Fig. 6. It is obvious that the reaction equilibrated very
quickly. The duration required for reaching adsorption equilibrium
increased with increasing initial Cd(II) concentration, e.g., equilib-
rium was reached in only 6 min when Ci was 50 mg L−1, but it took
about 20 min when C was 200 mg L−1. However, it is noteworthy
Fig. 6. Variation of equilibrium concentration of Cd(II) with equilibration duration.
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Table 2
Predicted kinetic constants of Cd(II) adsorption on activated leaf.

Ci (mg L−1) 50 100 200

The pseudo-first-order kinetics equation
Qe (mg g−1) 4.992 9.743 19.710
k1 (min−1) 0.313 0.494 0.207
R2 0.879 0.979 0.720

The pseudo-second-order kinetics equation
k2 (g mg−1 min−1) 0.127 0.143 0.017
Qe (mg g−1) 5.165 9.940 20.623
R2 0.709 0.795 0.566

The intra-particle diffusion model

T
T

Fig. 7. Effect of duration on the unit adsorption amount.

Fig. 7 shows Cs of Cd(II) on the AL adsorbent as a function of
quilibration durations. The plot indicates a two-step adsorption
rocess, which consisted of a rapid adsorption process and a slow
dsorption step during which equilibrium was obtained. The unit
dsorption amount of Cd(II) reached a relatively high value within
fairly short time period (about 10 min from 0 to 18.36, 9.4, and
.82 mg g−1), and then it slowly increased until it reached a plateau
fter 20 min. The test data were further analyzed with three kinetic
odels (a pseudo-first-order kinetic model, a pseudo-second-order

inetic model, and the intra-particle diffusion model), as follows:
The pseudo-first-order kinetic equation is [43]:

og(Qe − Cs) = log(Ce) − k1

2.303
t, (6)

here Qe and Cs are the amounts of solute adsorbed per unit adsor-
ent at equilibrium and any time (mg g−1), respectively, and k1 is
he pseudo-first-order rate constant (min−1).

The pseudo-second-order kinetic equation is [43]:

t

Cs
= 1

k2Q 2
e

+ 1
Qe

t, (7)

here k2 is the pseudo-second-order rate constant (g mg−1 min−1).
The equation for the intra-particle diffusion model is [43]:

s = kintt
1/2 + C, (8)

here kint is the relevant rate constant (mg g−1 min−1/2), and C is
he intercept.
Table 2 lists the critical parameters of adsorption kinetics.
ccording to the correlation coefficient (R2) value listed in the

able, the pseudo-first-order kinetics equation (R2 = 0.879, 0.979,
nd 0.720) could better fit the test data than the pseudo-second-
rder kinetics equation (R2 = 0.709, 0.795, and 0.566).

able 3
hermodynamic parameters for adsorption of Cd(II) on activated leaf.

Ci (mg L−1) 25 50

Temperature (◦C) 1/T ln KD G◦ (kJ mol−1) ln KD

5 0.003597122 6.613 −15.284 7.263
15 0.003472222 8.511 −20.380 8.386
25 0.003355705 7.357 −18.227 8.047
35 0.003246753 8.081 −20.694 8.640
45 0.003144654 8.766 −23.175 8.642
55 0.00304878 8.400 −22.906 8.927

�S◦ (J mol−1 K−1) 142.110 139.440
�H◦ (kJ mol−1) 22.947 21.230
R 0.693 0.880
kint (mg g−1 min−1/2) 0.042 0.044 0.260
C 4.374 9.139 15.583
R2 0.177 0.211 0.126

In addition, there was a slight decrease in the rate constant k1
from 0.313 to 0.207 g mg−1 min−1 when the initial Cd(II) concen-
tration was increased from 50 to 200 mg L−1. This indicates that
a solution with a lower solute concentration is likely to equili-
brate much faster. This is consistent with the previously observed
Zn(II) adsorption on Chinese loess [44]. The predicted adsorption
amounts per unit mass were 4.992, 9.743 and 19.710 mg g−1 by the
pseudo-first-order kinetics for solutions with initial Cd(II) concen-
trations of 50, 100, and 200 mg L−1, respectively.

3.4. Thermodynamics

For the sake of studying the thermodynamic behaviors of Cd(II)
adsorption, thermodynamic considerations was evaluated. Ther-
modynamic parameters such as enthalpy change (�H◦), Gibbs free
energy change (�G◦), and entropy change (�S◦) can be estimated
with the following Gibbs free energy equations:

�G◦ = −RT ln KD, (9)

�G◦ = �H◦ − T�S◦, (10)

where R is the ideal gas constant (8.314 J mol−1 K−1), T is the abso-
lute temperature (K), and KD is the distribution coefficient of the
solute between the adsorbent and the solution in equilibrium Cs/Ce

(mL g−1).
Eqs. (9) and (10) can be written in linearized form between KD

and 1/T as:

ln KD = �S◦

R
− �H◦

RT
, (11)

Values of �H◦ and �S◦ can be determined from the slope and

the intercept of the plot between ln KD versus 1/T [45,46].

The predicted constants of thermodynamics shown in Table 3
can be determined through linearization of the test data, as shown
in Fig. 8. The correlation coefficients were less than 0.80 at Ci = 25
and 100 mg L−1, but they were larger than 0.80 at Ci = 50 and

100 200

G◦ (kJ mol−1) ln KD G◦ (kJ mol−1) ln KD G◦ (kJ mol−1)

−16.787 7.539 −17.425 6.759 −15.621
−20.079 8.789 −21.045 7.975 −19.096
−19.938 7.864 −19.484 8.269 −20.486
−22.125 8.316 −21.294 8.143 −20.852
−22.849 9.256 −24.472 10.257 −27.117
−24.344 8.575 −23.383 8.842 −24.112

120.837 194.192
15.429 37.624
0.610 0.808
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remain stable even after mulched for 2 months [49], were greatly
Fig. 8. Fitting test data with Gibbs free energy equations.

00 mg L−1. Accordingly, the latter two series of test data are used
n the following discussions. The calculated Gibbs free energy
ecreased as reaction temperature increased at a fixed initial solute
oncentration. At initial solute concentrations ranging from 50 to
00 mg L−1, the Gibbs free energy was negative, approximating the
esults of Lin and Juang [47], which suggested that the adsorption
rocess was spontaneous and could be promoted by increasing
he temperature. This could also explain the phenomenon that
he adsorption capacity peaked at the highest temperature. The
alues of the adsorption enthalpy changes extrapolated in this
tudy (21.230 and 37.624 kJ mol−1), which approached the value
f 39.52 kJ mol−1 that was published by Yavuz et al. [48], imply-
ng that the adsorption process was endothermic and implied an
ncreasing disorder in the system (the change of entropy: 139.440
nd 194.192 J mol−1 K−1).

.5. Effect of pH

Fig. 9 shows the Cd(II) adsorption percent of the AL adsorbent
ersus the initial solution pH (pHi). The pH values of the solutions
ere influenced significantly by the amounts of Cd(II) that were

dsorbed on the AL adsorbent. A sharp pH-adsorption edge was

bserved between pH 3.0 and 6.0, while the Cd(II) removal per-
entage increased from 0% to 94.8%, and the curve then flattened
t almost 100% Cd(II) removal with continuously increasing pHi
alues. Almost all of the cadmium had been removed from the solu-
ion near neutral conditions (pHi around 6.0). Therefore, raising

ig. 9. Variation of Cd(II) removal percentage with varied initial solution pH (pHi).
Fig. 10. Variation of equilibrium pH (pHe) under different initial solution pH (pHi).

the solution pH to maintain a neutral or alkaline solution would
promote the adsorption of Cd(II) by the adsorbent.

Fig. 10 shows that the equilibrium pH (pHe) values lie approxi-
mately above the diagonal line for pHi < 5.21, on the diagonal line
for 5.21 < pHi < 6.28, and below the diagonal line for pHi > 6.28. It
is obvious that the AL adsorbent has good buffering capability,
which means it can effectively resist the pH changes in solution. The
change of pHe might reflect the inherent mechanism that governs
the adsorption of Cd(II) on the AL adsorbent, particularly regarding
the effect of solution pH.

4. Discussion of adsorption mechanism

The FT-IR bands of the adsorbent before and after Cd(II) adsorp-
tion were taken in the range of 400–4000 cm−1, as shown in Fig. 11,
to obtain information on the adsorption mechanism. The relevant
functional groups on the samples could be determined based on the
FT-IR adsorption band listed in Table 4. The weak band intensity of
the CH group at 2920 cm−1, as shown in Fig. 11(a), means that the
content of the CH group is very low after activation at 250 ◦C. The
natural macromolecules (i.e., lignin) contained in the FSL, which
decomposed in this respect.
According to the FT-IR test, the bands at 475, 1319, and

1620 cm−1 could be regarded as bending vibrations of N–H group

Fig. 11. IR spectra of activated leaf and Cd(II)-laden leaf ((a) Activated Leaf; (b)
Cd(II)-laden leaf).
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Table 4
Band position in the FT-IR spectra.

Sample Assignment Reference

Activated leaf Cd(II)-laden leaf

875 875 C O
475 475 N–H [50]
713 713 C O [53]
781 781 Si–O

1319 1319 N–H
3420 3420 O–H [55]
1110 1110 C O
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1620 1620 N–H
516 P–O [54]

2920 2920 C–H

50]. As an alkaline functional group, amine could raise the solu-
ion pH, corresponding to the fact that the equilibrium pH of the
dsorbent/water slurry (10 g L−1) was higher than 8.60 in this study.
owever, the deprotonated amine group would turn to possess
ositive charges at pH < 2.0. This behavior might reduce the Cd(II)
dsorption capacity significantly, which could explain the minor
emoval percent (almost 0%) at solution pH 2.85 and the sharp pH-
dsorption edge between 3.0 and 6.0 observed in Fig. 9. Amine was
ound in both samples, but the band intensity of N–H in the Cd(II)-
aden leaf shown in Fig. 11(b) decreased greatly after adsorption
475 cm−1) compared to the AL adsorbent, indicating the decreased
ercent of the N–H group in the Cd(II)-laden leaf. According to
revious research, the amine group was reported as a significant
inding site for metal uptake in biosorbents [51]. The high affin-

ty of amine for Cd(II) would contribute to the adsorption of Cd(II)
n the AL adsorbent. Specifically, the disappearance of some N–H
roup indicated the following reaction:

− NH2 + Cd2+ → S − NHCd+ + H+ (12)

Eq. (12) would be also helpful to explain why pH always dropped
pHi > pHe) after Cd(II) adsorption, especially when pH > 6.28. In
ig. 11(b), function group such as O–H (3420 cm−1) remained stable
ccording to their band intensities.

The bands at 1431, 1110, and 875 cm−1 were observed before
nd after adsorption, and these bands were considered to result

rom a carboxyl group in the form of organic matter or carbon-
te, which provided a preferential adsorption site for heavy metals
26]. The weak band at 713 cm−1 was relevant either to hydrogen
onding with the vanadyl group [52] or to carbonate components
53]. In the XRD patterns, as shown in Fig. 12, calcite was observed

ig. 12. XRD spectra of (a) activated Leaf and (b) Cd(II)-laden leaf [w: whewellite, q:
uartz, shp: sodium hydrogen phosphate hydrate, cp: calcium phosphate, al: albite,
hp: calcium hydroxide phosphate, ca: calcite, cdp: cadmium phosphate].
Materials 179 (2010) 95–103 101

according to the characteristic peaks at 2� = 31.4◦, and 35.9◦, con-
sistent with the presence of the carboxyl group in the IR spectra,
indicating the possible interaction modes:

–COOH + Cd2+ → –COOCd+ + H+ (13)

The carbonate component, i.e., the calcite identified by the XRD
patterns (2� = 31.4◦ and 35.9◦) in Fig. 12, was hardly seen after Cd(II)
adsorption. Assuming that the calcite had been proved to be an
effective adsorbent for removing heavy metals from solutions [26],
the adsorption of Cd(II) on the AL adsorbent might be written as:

CaCO3 + Cd2+ → CdCO3(s) + Ca2+ (14)

This is a chemical adsorption and could be linked to the results of
D–R analysis (the least adsorption energy (−8.909 kJ mol−1), indi-
cating the presence of chemical adsorption). In view of the weak
intensities of the IR band and XRD patterns relevant to carbon-
ate in the original AL adsorbent, the carbonate contained in the AL
adsorbent, while it contributes to Cd(II) adsorption, might not be
the dominant adsorption site.

In Fig. 11(a), the IR band at 516 cm−1 relevant to phosphate [54]
was also observed in the AL adsorbent, implying that a proper acti-
vation temperature (around 250 ◦C) was beneficial to preserve the
originally contained phosphor element in the leaf [51]. In addition,
characteristic peaks at 2� = 15.23◦, 29.4◦, 30.1◦, and 30.88◦ in the
XRD pattern, as shown in Fig. 12, were attributed to sodium hydro-
gen phosphate hydrate and calcium hydroxide phosphate. Calcium
phosphate was also present in the AL adsorbent according to the rel-
evant peak at 2� = 40.53◦, corresponding to the bands of phosphate
observed in Fig. 11.

New peaks were observed at 2� = 30.14◦ and 36.0◦, compared
to the original AL adsorbent, while some peaks at 2� = 20.8◦, 26.6◦,
39.4◦, 59.96◦, 29.4◦, 30.1◦, 40.53◦, and 30.88◦ weakened or disap-
peared when the AL adsorbent was laden with Cd(II). The peaks at
2� = 30.14◦ and 36.0◦ could be attributed to Cd3(PO4)2. The forma-
tion of Cd3(PO4)2 and the change in the characteristic peak intensity
of phosphate (at 2� = 29.4◦, 30.1◦, 30.88◦, and 40.53◦, as exhibited
in Fig. 12) suggest the adsorption of Cd(II) in the following forms:

MHPO4 + Cd2+ → CdHPO4(s) + M2+ (15)

Ca3(PO4)2 + 3Cd2+ → Cd3(PO4)2(s) + 3Ca2+ (16)

The component of MHPO4 in the adsorbent was soluble. It is
noteworthy to mention that if the cation M were magnesium, the
Eq. (15) reaction would become insignificant with respect to its
comparatively low dissolution coefficients.

Furthermore, some other main minerals in the AL adsorbent,
such as quartz, whewellite, and albite, were determined from the
characteristic peaks in the XRD pattern. (See Fig. 12.) In Fig. 12(a),
the peaks at 2� = 14.9◦, 24.5◦, 38.1◦, and 50.1◦ could be assigned to
whewellite (calcium oxalate hydrate). The peak at 2� = 24.5◦ was
sharp and strong, indicating that this crystalline component was
well preserved at 250 ◦C.

In addition, quartz (silicon dioxide) possibly played an impor-
tant part in metal adsorption due to the relatively weakened
characteristic peaks in XRD pattern (at 2� = 20.8◦, 26.6◦, 39.4◦,
and 59.96◦), in agreement with the decreasing IR bands (Si–O at
781 cm−1), as shown in Fig. 11. As mentioned above, the natural
pH of the AL adsorbent is above 8.60. Under strong alkaline con-
ditions, some SiO2 could hydrolyze to form SiO3

2−, and then the
combination of SiO3

2− and Cd2+ could form CdSiO3, which helped

to immobilize soluble Cd(II) from solutions. The reactions could be
written as:

SiO2 + H2O → SiO3
2− + 2H+ (17)

SiO3
2− + Cd2+ → CdSiO3 (18)



102 Q. Tang et al. / Journal of Hazardous

Table 5
Reported adsorption capacity of Cd(II) on various adsorbents.

Materials Predicted adsorption
capacity (mg g−1)

Reaction
duration

Reference

Carbonized coirpith 93.2 40 min [20]
Bagasse 54 About 5 h [56]
Areca 1.12 30 min [57]
Olive cake 10.560 20–30 min [58]
Olive stone waste 7.73 100 min [59]
Peat 50.247 60 min [60]

t
a
f
S
a
A
v
a
a
w

5

(

(

(

(

(

(

A

n
s

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Activated Firmiana
Simplex Leaf
(250 ◦C)

117.786 About 10 min This study

Various biosorbents have been investigated with respect to
heir Cd(II) adsorption performance. Table 5 shows the Cd(II)
dsorption capacities of some recently reported biosorbents. Dif-
erent and superior to other biosorbents, the activated Firmiana
implex Leaf has comparatively higher Cd(II) adsorption capacity
nd the fastest rate of reaction among the reported adsorbents.
lso, as a widely distributed tree, the Firmiana Simplex pro-
ides a locally available, inexpensive source of adsorbent. The
ctivation method provided here proved to be effective and
ppeared to be promising for the removal of heavy metals from
astewaters.

. Conclusions

1) Proper activation temperature (250 ◦C) helps to preserve the
amine, carboxyl groups, and phosphate component, which are
beneficial to Cd(II) adsorption. The Firmiana Simplex Leaf stud-
ied in this paper appeared prominent in Cd(II) removal from
aqueous solution and exhibited promising potential for appli-
cation in industry.

2) The required duration for equilibrium was about 10 min
while the initial Cd(II) concentration was raised from 50 to
200 mg L−1, and the kinetics data were well fitted by the
pseudo-first-order kinetics equation.

3) The Langmuir model fits test data better than the Freundlich
model or the D–R model. The Langmuir model predicted
that the Cd(II) adsorption capacity of the AL adsorbent was
117.786 mg g−1.

4) The adsorption of Cd(II) on the AL adsorbent could be viewed
as an endothermic and a preferential process with enthalpy
change at around 25 kJ mol−1. The negative Gibbs free energy
changes indicated a spontaneous adsorption procedure.

5) The optimum conditions for Cd(II) adsorption included:
pH ≥ 6.0; dosage = 10 g L−1; temperature ≥55 ◦C; and duration
≥10 min.

6) The adsorption occurs between the cadmium ions and various
species, including amine, carboxyl, phosphate, and quartz, all
of which benefit the process.
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