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a b s t r a c t

Although various biosorbents have been reported effective to purify wastewaters containing heavy metals,
the high tendency to decomposition in the environment makes them unsuitable for long-term persistent
utilization. In this paper, a simple and new activation method was proposed to mineralize the Firmiana
Simplex leaf (FSL) into an enhanced adsorbent for Pb(II) removal from aqueous solution. The leaves acti-
vated at various temperatures were characterized with BET N2 adsorption test, FT-IR test and XRD test.
After activation, the mass percent of inorganic components (including whewellite, quartz, phosphate and
calcite) increased and the specific surface area increased from 0.08283 to 9.32 m2 g−1 with the increasing
activation temperature (AT) from 100 to 400 ◦C. Proper activation temperature (200 ◦C) helps to preserve
the beneficial groups (amine and carboxyl). The affinities of the adsorbents towards Pb(II) were increased
with increasing AT from 300, 100, 200 to 400 ◦C according to the adsorption isotherms. The adsorbent
activated at 200 ◦C (AL2) was found most suitable for Pb(II) adsorption regarding the high yield efficiency

−1
(36.52%), high Pb(II) adsorption capacity (136.7 mg g by Langmuir model), high adsorption affinity (H
type isotherm) and rapid adsorption rate (within 20 min by kinetic study). The Pb(II) removal efficiency
of AL2 was obviously affected by the solution pH rather than by the adsorbent dosage. The adsorption
was viewed as a chemical process based on IR spectra along with a physical process based on the correla-
tion between the average pore size of the adsorbent and the adsorption capacity. The activation method
proposed in this paper was proved effective and potentially applicable in the treatment of Pb(II) polluted

wastewaters.

. Introduction

Lead is toxicant to living things and has been strictly legislated
n drinking water in many countries [1]. The lead concentration is
eported very high in acid mining drainages from lead zinc mining
ites [2,3]. In developing countries, the uncontrolled discharge of
ead contaminated wastewater has caused serious health problems
s well as potential threats to the long-term sustainable develop-
ent of the local economy [2,3]. It is stringent to develop efficient

nd cost-effective treatment methods based on the local situations.
lthough many methods are applicable for wastewater treatment,

he adsorption method seems as one of the most prominent choice
4–11].

Firmiana Simplex tree is widely planted throughout China. In

eep autumn, the fallen leaf covers the land surface (several inches
epth) and always imposes great burden on the street sweeping.
he fallen leaf could be landfilled, incinerated or incubated [12].
ecause of the large production and low combustion energy of the

∗ Corresponding author. Tel.: +86 571 88208791; fax: +86 571 85023966.
E-mail address: tangxiaowu@zju.edu.cn (X. Tang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.03.108
© 2009 Elsevier B.V. All rights reserved.

fallen leaf, the limited capacity of landfills and harmful emissions
by incinerations, it is necessary to develop new treatment methods.

In China, lead zinc mining sites are always located in mountain
areas in southern China where the humid and warm climate results
in luxuriant vegetations. One cost-effective method to remove
heavy metals from the wastewaters is to make the locally available
leaves into utilizable biosorbents. Biosorption of heavy metals with
natural products has been widely reported [4–11,13]. Firmiana Sim-
plex leaf (FSL) shows satisfactory performance in dyes adsorption
from discharged wastewaters [14]. But the long-term biodegrada-
tion of these natural adsorbents limits the practical application.

Activated carbon made from leaf by calcination under nitro-
gen atmosphere was reported with large adsorption capacity with
respect to the relevant structure and morphology [15]. However,
the high energy and nitrogen consumption significantly increase
the preparation cost and thus make it too expensive to apply in
practice. In this paper, the authors attempted to develop a method

(i) to reach the similar target of making leaf into activated carbon
under relatively common conditions; (ii) to mineralize the natural
organics to prevent possible natural decomposition; (iii) to pertain
certain part of beneficial functional groups of crude leaf to enhance
the adsorption behavior.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tangxiaowu@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.03.108
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From this perspective, a simple and new method was devel-
ped to activate FSL by calcination at specific temperatures in the
resence of limited oxygen. The adsorption behavior of Pb(II) on
he obtained adsorbents (activated leaf, AL in short) and the rel-
vant affecting factors were investigated using Batch method. N2
dsorption test was carried out to evaluate the change in the surface
roperties of various adsorbents. FT-IR patterns and XRD spectra
ere used to explain the mechanism of the activation of natural

eaf and the adsorption of Pb(II).

. Materials and methods

The FSL was collected from fallen leaves in the campus of Zhe-
iang University in October, 2007. There was no visually observed
sh on the leaf surface due to the good air quality in the city. The col-
ected leaf was oven dried at 45 ◦C overnight and then pulverized
o pass 24 mesh screen with diameters 355 ±13 �m. The powder
as stored in plastic bags for further tests. Stock solution of lead
itrate in analytical grade was prepared and diluted to target con-
entration for further tests. Conical flasks and centrifuging tubes
ere immersed in 0.01 M HNO3 solution overnight and then rinsed
times with de-ionized water.

.1. Preparation of the adsorbent

The leaf was weighed (350 g) and placed on a ceramic plate
hich was then transferred into an oven (15 cm × 25 cm × 40 cm).

he door of the oven was closed and sealed except that a small hole
0.5 cm diameter) was left open to release the possible air emission.
he temperature was increased from room temperature to 100, 200,
00, and 400 ◦C (the activated leaf shorten as AL1, AL2, AL3 and AL4
ccordingly), separately with an increment of 25–30 ◦C/min, and
hen pertained for 5 h. There was no gas supply into the oven during
he calcination process. Once the treatment duration was reached,
he power of the oven was shut off and the product was allowed
o cool to room temperature. The obtained ashes were collected,
eighed and stored in sealed plastic bags.

.2. Characterization

Natural pHs (pHna) of various ALs were measured by glass elec-
rode potentiometer following the method used by previous works
16]. BET N2 adsorption test was conducted to determine the spe-
ific surface area (SSA) of the crude leaf and the activated adsorbents
sing Autosorb 1-MP apparatus (Quantachrome Corporation, USA).
he test results were analyzed using BET adsorption theory to pre-
ict the relevant parameters for each adsorbent.

FT-IR spectra of various activated leaf were recorded using
exus-670 (Nicolet, USA) to study the changes in the functional
roups. The sample was dried under infrared radiation for 10 min,
round into fine powder with KBr in a carnelian mortar, com-
ressed into a translucent slice under 40 MPa and then exposed
o infrared radiation to determine the functional groups. The XRD
pectra of ALs were investigated with D/MAX-RA (Rigaku Corp.,
apan, equipped with a Cu K� tube and Ni filter) apparatus. The
amples were dried by infrared radiation and then pulverized and
ubjected to X-ray radiation.

The FT-IR spectra of Pb(II) laden adsorbents (AL2) were obtained
o investigate the mechanism of Pb(II) adsorption. Solutions with

ncreasing initial Pb(II) concentration from 10 to 20, 40 and
0 mg L−1 were equilibrated with the adsorbent (0.1 g/50 mL),
espectively, for 24 h in order to prepare the Pb(II) laden adsor-
ents. The samples were treated following the above-mentioned
rocesses.
aterials 169 (2009) 386–394 387

2.3. Experiments

2.3.1. Isothermal adsorption of Pb(II) on ALs
The AL (0.100 ± 0.002 g) was sampled and placed in glass conical

flask. Pb(II) solution (50 mL) with increasing solute concentration
from 10 to 900 mg L−1 was then poured into the flask. The mixture
was equilibrated in agitator at 25 ◦C, 180 rpm for 24 h. After that,
the slurry was poured to a centrifuge tube and then centrifuged at
3000 rpm for 5 min. The Pb(II) concentration of the supernatant
was determined by Atomic Absorption Spectroscopy (AAS) with
Hitachi 180-80 apparatus (Japan). The duplicates and blanks were
conducted.

Four ALs (calcinated at 100, 200, 300 and 400 ◦C, separately),
were separately subjected to Pb(II) adsorption using the afore-
mentioned Batch method. The adsorption amount was obtained
by subtracting the initial solute amount (concentration × volume,
C0 × V) by the equilibrium concentration (concentration × volume,
Ce × V) and the quantity of Pb(II) adsorbed on the flask (from blank
test).

Judged by the yield efficiency (mass ratio of the activated leaf to
the original dry leaf), energy consumption and the Pb(II) adsorption
isotherm of each adsorbent, AL2 was found superior to others and
was chosen as the potential adsorbent for further study.

2.3.2. Effect of adsorbent dosage
Pb(II) solution (50 mg L−1, 50 mL) was prepared and transferred

to conical flask (250 mL). The adsorbent, AL2, was weighed and
mixed with the solution. The dosage was ranged from 0.025 to 0.30 g
per 50 mL. All flasks were placed on an agitator at constant tem-
perature 25 ◦C, 180 rpm for 24 h. The slurry was centrifuged at the
end of the test and the Pb(II) concentration in the supernatant was
determined by AAS. Blanks and duplicates were also carried out.

2.3.3. Effect of pH
Pb(II) solution (65 mg L−1, 50 mL) was mixed with AL2

(0.100 ± 0.002 g) and agitated at 180 rpm, 25 ◦C for 24 h. The solu-
tion pH was previously adjusted to increased pHi from 2.0 to 7.8
with 0.001–0.1 M HNO3 or NaOH solution. The mixture was cen-
trifuged at 3000 rpm for 5 min to separate. The supernatant was
collected and the equilibrium concentration of Pb(II) was deter-
mined by AAS. The equilibrium pH of the solution was determined
using a glass electrode (Shanghai Precision & Scientific Instrument
Co., China). Batch adsorption test was conducted following the sim-
ilar processes to the above tests.

2.3.4. Adsorption kinetics
Three aliquots of Pb(II) solution (50 mL) were mixed with AL2

(0.100 ± 0.002 g) in three conical flasks with 50, 100 and 200 mg L−1

Pb(II), separately. The mixture was agitated at 180 rpm, 25 ◦C. The
equilibration of the three sets of sample was stopped at different
reaction time ranging from 10 to 205 min. The slurry was quickly
poured into centrifuging tube to separate at 3000 rpm for 5 min.
The equilibrium Pb(II) concentration of the supernatant was deter-
mined by AAS. Blanks and duplicates were both conducted.

2.3.5. Recycling of waste adsorbent
The AL2 (0.100 ± 0.002 g) was firstly equilibrated with Pb(II)

(50 mL, 50 mg L−1) overnight and then get separated by centrifuging
at 3000 rpm for 5 min. The Pb(II) concentration of the supernatant
was determined by AAS. The solid residual was further mixed with
50 mL 0.01 M HNO3, 0.01 M EDTA, 0.01 M NH4Cl, and 0.01 M cit-

ric acid solutions, separately. The mixtures were agitated overnight
following the same method to Batch adsorption test. The obtained
slurry was centrifuged and the Pb(II) concentration in the super-
natant was determined by AAS. Blanks and duplicates were both
conducted.
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Table 1
Yield efficiencies, natural pHs and surficial parameters of various ALs.

Sample Activation temperature ◦C Yield efficiencies pHna Specific surface
area (m2 g−1)

Total pore volume
(m2 g−1)

Average pore size (Å) Correlation
coefficient (R2)

A 8283
A 19
A 39
A 20

3

3

a
9
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p
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w
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N

L1 100 90.31% 6.60 0.0
L2 200 36.52% 8.63 1.6
L3 300 21.21% 10.36 4.6
L4 400 15.26% 10.92 9.3

. Results and discussions

.1. Characterization of the ALs

Table 1 shows the yield efficiency of the four ALs at different
ctivation temperatures. The yield efficiency was decreased from
0.31 to 36.52, 21.21 and 15.26% with increasing ATs from 100 to
00, 300 and 400 ◦C, respectively. About 10% weight loss (reduction
f the weight of natural dry leaf after treatment at higher tem-
eratures) of the natural dry leaf was observed at 100 ◦C, which
ould be attributed to a physical process (the volatile low molecule
rganics would be evaporated) rather than a chemical reaction
aused by ignition. Higher activation temperature (AT) will result in
ncreased degree of degradation and activation. The weight loss of
L2 (63.48%) was comparatively lower than those of AL2 (78.79%)
nd AL3 (84.74%) prepared at higher temperatures.

The natural pHs of the four kinds of ALs were determined at 6.60,
.63, 10.36 and 10.92 for AL1, AL2, AL3 and AL4, separately, as shown

n Table 1. ATs higher than 200 ◦C will form alkaline composition

hich could give rise to the natural pHs of ALs.

Table 1 also shows the results of N2 adsorption test analyzed
y BET adsorption theory. The SSA was observed increasing from
.08283 to 1.619, 4.639 and 9.320 m2 g−1 with increasing AT from
00 to 200, 300 and 400 ◦C, separately. A 112.5 times increase in

able 2
and position in the FT-IR spectra of ALs.

ample

L1 AL2 AL3 AL4

3415 (vs) 3425 (vs) 3423 (vs) 3426 (vs
3340 (m) 3344 (s)
3270 (m) 3268 (s)
3064 (m) 3066 (s)

2922 (s) 2929 (w) 2931 (w)
2852 (s) 2852 (w)

2516 (m
2364 (m
2345 (m

1793 (vw) 1797 (m
1737 (m)
1631 (vs)
1623 (vs) 1619 (vs) 1618 (vs) 1618 (vs

1457 (vw) 1438 (vs) 1447 (vs
1421 (m) 1419 (m)
1382 (m) 1384 (m)
1319 (m) 1316 (vs) 1317 (vs) 1317 (m
1240 (m)

1119 (s) 1112 (m) 1108 (vs) 1118 (vs
1070 (vs)
898 (vw) 875 (w) 875 (s) 875 (vs
781 (m) 781 (s) 781 (vs) 781 (m

759 (w) 759 (w) 757 (vw
716 (vw) 713 (vw) 713 (s
666 (vw) 669 (s) 669 (s) 669 (w

659 (w) 659 (w)
620 (w) 619 (m) 617 (m) 619 (s

595 (w)
518 (w) 516 (s) 516 (vs) 516 (m
475 (w) 476 (m) 472 (m) 478 (vs

420 (m

ote: vw: very weak; w: weak; m: medium strong; s: strong; vs: very strong band intens
NA NA 0.8717
0.02498 617.3 0.7077
0.02881 248.4 0.9587
0.1894 813.0 0.7582

SSA of natural leaf was achieved after activated at 400 ◦C. The total
pore volumes of AL2, AL3 and AL4 were determined at 0.02498,
0.02881 and 0.1894 mL g−1, separately. The average pore sizes of
the activated adsorbents were in the sequence of AL4 > AL2 > AL3
while the largest was about 2.3 times higher than the least. The
total pore volume and average pore size were not available for AL1.

AL4 seems as the best choice for heavy metal adsorption in view
of the SSA, total pore volume and average pore size that are directly
related to the adsorption performance. AL2 although, has compar-
atively lower SSA than AL3, has similar total pore volume and even
1.48-fold higher average pore size than the latter. Therefore, AL2
seems more preponderant than AL3 with respect to the obviously
less energy consumption of AL2 than that of AL3.

3.1.1. IR spectra of various ALs
Fig. 1a shows the FT-IR spectra of the four ALs. In general, the

relevant functional groups on the ALs could be determined based
on the FT-IR adsorption band (Table 2). AL1 represents the major
property of natural FSL because the organism has not changed

at this temperature. The relevant proportions of the functional
groups in AL1 could be sequenced, due to the band intensi-
ties, as: NH > COH > OH > CH > C O » C–O–C > SiO > POH. As to AL2,
the main functional groups could be determined and sequenced
as: NH > C O > OH > SiO > POH > CH > CN > O C–N. The functional

Assignment Reference

) OH stretching [17]
Free OH bending
Free OH bending
Aromatic C–H stretching [17]
C–H
C–H

) P–O–H asymmetric stretching/C O [18]
) P–O–H bending
) P–O–H bending/C O
) C O

C O
N–H

) N–H
) C–H

N–H (amide III) [17]
N–H

) N–H
C–O–C methylester stretching [17]

) C O stretching
C–OH in-plan bending and stretching [17]

) C O
) Si–O
) C–N
) C O [19]
) P–OH [20]

O C–N [21]
) Si–O

Fe–O [22]
) P–O [20]
) N–H [23]
) Fe–O/Si–O bending [24,25]

ity.
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ig. 1. (a) IR spectra of the adsorbents activated at various temperatures (a: AL1; b:
L3; d: AL4) (a: albite; ca: calcite; c: calcium phosphate; n: N-pentacosane; q: quartz
nd unloaded adsorbent (a: AL2 + Pb1; b: AL2 + Pb2; c: AL2 + Pb3; d: AL2 + Pb4; e:
b3 = 40 mg L−1, Pb4 = 80 mg L−1).

roups of AL3 were found similar to those of AL2 based on the IR
pectra. The IR pattern of AL4 differed significantly from the other
hree ALs. The major groups were determined as C O, CH, and the

inor groups were NH, SiO, OH, CN, POH etc. These groups could
e ranged as: CH > C O » NH > OH > SiO > POH > CN according to the
elevant band intensity.

The band intensities of CH group at 2922 and 2852 cm−1 in AL1
ecreased greatly in AL2 and disappeared after activated at higher
emperatures. The natural macromolecules (i.e., lignin) contained
n the FSL, which remains stable after mulched for 2 months [26],

ere greatly decomposed in this respect.
Amine was found in all the four adsorbents according to the char-

cteristic bands at wavenumber 1631, 1623 1421, 1382, 1319 and
75 cm−1 [23]. The mass percent of N of the foliage may exceed 2% of
he dry weight and mostly occurs as enzymes [23,27,28]. The band
ntensity of NH was found increased with increasing ATs, showing
he increased percent of NH group in the ALs.

Calcium oxalate was observed in Fig. 1a due to the reported IR
atterns at 1630 and 1330 cm−1 [29]. In this study, these bands were
ound shifted to lower values at 1623 and 1322 cm−1. The intensity
f bands relevant to the oxalate in the spectra of AL2 and AL3 was

igher than that in the spectra of AL1 and AL4, indicating the higher
ass percents of oxalate in AL2 and AL3 than those in AL1 and AL4.
The band at 3415–3426 relevant to OH group become sharper

nd stronger with increasing ATs, indicating the transformation
rom organics to inorganics.
: AL3; d: AL4). (b) XRD spectra of crude leaf and activated leaves (a: AL1; b: AL2; c:
ium hydrogen phosphate hydrate; w: whewellite). (c) IR spectra of the Pb(II) loaded

orbent dosage: 0.1 g/50 mL; Pb(II) concentration: Pb1 = 10 mg L−1, Pb2 = 20 mg L−1,

To estimate the existence of functional group (C O), the char-
acteristic peak of C O should first be affirmed (1650–1800 cm−1).
Then the fingerprint peak could be used as assisted proof. The band
intensity at 1119 and 875 cm−1 was found increased with increas-
ing AT, indicating the increased proportion of the carboxyl group
which is a preferential adsorption site for heavy metals [16]. The
weak band at 713 cm−1 was relevant either to hydrogen bonding
with vanadyl group [29] or to carbonate components [19].

In Fig. 1a, the IR bands at 666 and 518 cm−1 relevant to phosphate
n4 band [20] were strong in spectra of AL2 and AL3, but were very
weak in spectra of AL1 and AL4. It was shown that a proper AT
(200, 300 ◦C) was beneficial to preserve the originally contained
phosphor element in leaf [30]. After activated at AT ≥ 200 ◦C, the
phosphor (POH) could be transformed into other form, and finally
turned to inorganic phosphate (HOP O) [31].

3.1.2. XRD spectra of various ALs
The XRD patterns of the ALs are shown in Fig. 1b. The increased

band intensity and sharpness suggested that a higher AT could pro-
duce a higher degree of mineralization of the leaf.

The patterns at 2� = 14.9, 24.5, 30.2, 36.0 and 38.1◦ were assigned

to whewellite (calcium oxalate hydrate). This compound is insolu-
ble in water and no information suggests that oxalate could adsorb
heavy metals. The pattern at 2� = 24.5◦ was sharp and strong, indi-
cating that the crystalline of this component was well formed
at 300 ◦C. The intensity of bands associated with whewellite was
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ncreased significantly in spectrum c but decreased greatly in spec-
rum d compared to spectrum b with respect to the band at
� = 24.5◦.

In spectrum a, only whewellite could be identified as an inor-
anic component. Although various functional groups had been
etermined by the IR spectra, only one organic component (nor-
al pentacosane (21.5◦)) could be determined. In spectrum b, the

road band at 21.5◦ was absent, indicating a significantly decreased
rganic content.

New bands at 2� = 20.8, 26.6, 29.4, 30.1, 30.8 and 31.5◦ in spectra
and c were assigned to sodium hydrogen phosphate hydrate and

alcium phosphate, confirming the observed characteristic bands of
hosphate in Fig. 1a. In spectrum d, calcite was found as the most
bundant component in AL4. Albite was associated with the band at
� = 28.3◦. Quartz was also observed in all the four spectra indicated
y the bands at 2� = 20.7, 26.5, 39.4 and 40.2◦, in agreement with the
resence of Si–O band in IR spectra as shown in Fig. 1a and Table 2.

.2. Adsorption isotherms

Fig. 2a shows the isotherms of Pb(II) adsorption on AL1, AL2, AL3
nd AL4. The isotherms of AL1 and AL3 are linear type within the
oncentration range of 1–100 mg L−1 while those of AL2 and AL4 are
inear when Ce is in the range of 1–10 mg L−1. AL4 showed the best
erformance in Pb(II) adsorption among the four adsorbents. The
ffinity of the other three adsorbents towards Pb(II) was sequenced
s AL2 > AL1 > AL3.

The adsorption isotherms were fitted with three well-known
sothermal models, i.e., Freundlich [32], Langmuir [32] and
ubinin-Radushkevich (D-R) models [33].

The Freundlich model assumes a non-ideal adsorption [32] and
an be expressed as:

e = KF Ce
1/n (1)

here KF and n are the Freundlich constants related to the adsorp-
ion capacity and adsorption intensity of the sorbent, respectively.

The Langmuir model assumes a homogeneous monolayer sur-
ace sorption and can be written as

1
qe

= 1
Q

+ 1
bQCe

(2)

here Q is the maximum sorption capacity of the adsorbent
mg g−1), and b (L mg−1) the Langmuir constant.

The D-R model assumes a uniform pore-filling sorption and can
redict the free sorption energy change by which the sorption type
an be judged [33]. The D-R model is written as

n qe = ln qm − kε2 (3)

here qm is the maximum sorption capacity (mol g−1), k a model
onstant related to the free sorption energy and ε the Polanyi poten-
ial, which is written as

= RT ln
(

1 + 1
Ce

)
(4)

The mean free energy of sorption (E) is:

= − 1√
2k

(5)

Basically, the adsorption is physical adsorption when |E| is
etween 1.0 and 8.0 kJ mol−1.

Table 3 shows the predicted model constants. It is found that the

reundlich model could bestfit the isotherms of AL1 and AL3 accord-
ng to the calculated correlation coefficients (>0.99). The partition
oefficients KF of Pb(II) on AL1 and AL3 were determined at 0.5918
nd 0.0594 L g−1, respectively, by Freundlich model. The affinity of
he adsorbent towards Pb(II) could be ordered as AL1 > AL3.
aterials 169 (2009) 386–394

As to the isotherms of AL2 and AL4, the correlation coefficients
of the test data with Langmuir model (R2 > 0.85) were higher than
those with Freundlich and D-R models. The adsorption capacities
of Pb(II) on AL2 and AL4 were determined by Langmuir model at
136.7 and 379.3 mg g−1, separately. These values are different from
the experimental results. The highest adsorption amount of Pb(II)
on AL2 and AL4 was 143.9 and 333.5 mg g−1, respectively.

The maximum adsorption capacity (qm) predicted by D-
R model was in the sequence of AL1 (4.6100 mg g−1) > AL3
(2.0120 mg g−1) > AL4 (0.2631 mg g−1) > AL2 (0.1418 mg g−1). It
needs to be noted that the D-R model just describes the amount of
adsorbate fixed onto the adsorbent in terms of pore-filling manner.
Other researchers have shown similar differences between the
adsorption capacity predicted by Langmuir and D-R model [16].
The adsorption capacity predicted by D-R model could not present
the real state.

The AL4 has the best performance in Pb(II) adsorption among the
four ALs when taking into account of the Pb(II) adsorption capacity
(379.3 mg g−1). However, the comparatively low yield efficiency of
AL4 (15.26%) limits this positive effect. Instead, AL2 seems to be a
better choice for Pb(II) removal from aqueous solution in this study
with regard to the satisfying adsorption capacity (132.7 mg g−1) and
high yield efficiency (36.52%). Besides, AL2 could be manufactured
with a less cost compared to that made at 400 ◦C because the acti-
vation temperature is just half of the latter and this could help to
save a lot of energy/power consumption.

The adsorption energy (E) of Pb(II) on various ALs, indicated by
D-R model, was in the range of −7.074 to −7.912 kJ mol−1 in terms
of a physical adsorption. The Freundlich model assumes a multi-
layered adsorption of solute on the surface of the adsorbent while
the D-R model assumes a pore-filling pattern of adsorption. How-
ever, further investigations into the surface functional groups and
the constituents will help to reveal the adsorption mechanism.

3.3. Effect of adsorbent dosage

Fig. 2b shows the effect of adsorbent dosage on the Pb(II)
removal efficiency and the equilibrium Pb(II) concentration. The
equilibrium Pb(II) concentration increased from 2.2 to 3.3 mg L−1

with increasing adsorbent dosage from 0.025 to 0.05 g/50 mL, and
then decreased gradually to 2.1 mg L−1 with further increase in
adsorbent dosage. The removal efficiency remained larger than
94.84% but less than 96.72%. It was shown that the increase in
adsorbent dosage did not obviously give rise to Pb(II) removal effi-
ciency. This phenomenon has been observed in other studies. In
dilute slurry the degree of hydration of single sorbent particles is
high, thus providing more active sites for heavy metals [34].

3.4. Effect of pH

Fig. 2c shows the variation of Pb(II) adsorption amount and equi-
librium pH of solution with initial pH of solution. The qe and pHe

were found both increased with increasing pHi. The qe increased
from 1.5 mg g−1 rapidly to 30 mg g−1 with increasing pHi from 2.1
to 3.7, and then flattened to reach a maximum at 32.3 mg g−1 with
further increase in pHi to 7.6. The pHes were all higher than pHi,
indicating the high acid-buffering effect of AL. It was beneficial to
obtain a higher Pb(II) removal efficiency by keeping the pHi > 3.7. On
the other hand, a lower pH could remove the adsorbed Pb(II) from
the adsorbent and thus could recycle the adsorbent for repeated
utilization.
3.5. Adsorption kinetics

Fig. 2d shows the effect of equilibration time on the amount
of adsorbed Pb(II) on AL2. The adsorption equilibrium could be
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Fig. 2. (a) Adsorption isotherms of Pb(II) adsorption on adsorbents (slurry concentration: 0.1 g/50 mL; 25 ◦C; 24 h). The inset shows the adsorption isotherms of Pb(II) on AL2
and AL4 as well as the linearly fitted curves at Ce < 10 mg L−1. (b) Effect of adsorbent dosage on Pb(II) removal efficiency and equilibrium Pb(II) concentration (C0 = 65 mg L−1;
25 ◦C; 24 h). (c) Effect of pH of solution on equilibrium adsorption amount (C0 = 65 mg L−1; 0.1 g/50 mL; 25 ◦C). (d) Effect of reaction time on the amount of Pb(II) adsorption on
AL2 (lines were fitted by Pseudo-first order kinetics using nonlinear least square regression method; test conditions: 25 ◦C, 180 rpm, 0.1 g/50 mL). (e) Effect of various agents
on Pb(II) removal percentage from AL2. (f) Species distribution of Pb(II) in solution with pHe (Pb(II): 50 mg L−1; NO3

−: 100 mg L−1; ionic strength: 0.001 M).

Table 3
Predicted isothermal model constants for Pb(II) adsorption on various ALs.

Sample no. Freundlich isotherm Langmuir isotherm D-R isotherm

KF (L g−1) 1/n R2 Q (mg g−1) b (L mg−1) R2 qm (mg g−1) k E (kJ mol−1) R2

AL1 0.5918 1.0454 0.9972 NA NA NA 4.6100 9.73E-09 −7.168 0.9757
AL2 41.73 0.1882 0.6729 136.7 0.1299 0.9058 0.1418 1.327E-08 −7.074 0.8786
AL3 0.0594 1.4219 0.9916 NA NA NA 2.0120 9.55E-09 −7.236 0.9879
AL4 79.36 0.3340 0.7719 379.3 0.1155 0.8579 0.2631 7.871E-09 −7.912 0.8176



3 ous M

a
t
s

l

w
a
a

w

t
p

q

w

k
o
c
c
9
t
P
s
m
w
5
i
t
H
2

k
h
a
i
c
fi
w

3

o
d
u
c
v
f
o
c

T
P

C

2

92 Z. Li et al. / Journal of Hazard

chieved within 20 min. The test data was further analyzed with
hree kinetic models (i.e., Pseudo-first order kinetics, Pseudo-
econd order kinetics and intraparticle diffusion model) [35].

The Pseudo-first order kinetics could be shown as:

og(qe − q) = log qe − k1t

2.303
(6)

here q (mg g−1) is the amount of solute adsorbed per gram of
dsorbent over a time period t (min), qe (mg g−1) the equilibrium
dsorption amount and k1 (min−1) the first-order kinetic constant.

The Pseudo-second order kinetics are expressed as

t

q
= 1

k2q2
e

+ t

qe
(7)

here k2 (g mg−1 min−1) is the kinetic constant.
The intraparticle diffusion model is based on the transfer of mat-

er from the external surface to the internal surface inside of the
ores, and is expressed as:

= KDt1/2 (8)

here KD (g mg−1 min−1) is the constant of intraparticle diffusion.
Table 4 shows the predicted model constants for the three

inetic models. Both of the Pseudo-first and the Pseudo-second
rder kinetics could well-fit the test data with correlation coeffi-
ients higher than 0.9999. The predicted equilibrium adsorption
apacities (qe) by Pseudo-first order kinetics were 24.48, 48.60 and
7.63 mg g−1, separately for solutions with initial Pb(II) concentra-
ions at 50, 100 and 200 mg L−1. The predicted constants qe by the
seudo-second order kinetics were 24.66, 48.85 and 98.62 mg g−1,
eparately for solutions at C0 50, 100 and 200 mg L−1. The kinetic
odel constants k1 were determined at 0.5190, 0.3577 and 0.2361,
hile the k2 were 0.1399, 0.0812 and 0.01397, separately at C0

0, 100 and 200 mg L−1. The equilibrium adsorption amount (qe)
ncreased with increasing solute concentration, while the adsorp-
ion rate (k1 and k2) decreased with increasing solute concentration.
owever, the adsorption rapidly reached the equilibrium within
0 min for solutions with different C0 as shown in Fig. 2d.

The intraparticle diffusion model was found unsuitable to fit the
inetic test data in terms of the correlation coefficient in spite of the
igh correlation (0.9469) at C0 50 mg L−1. Associated with the large
verage pore size of AL2 (617.3 Å), the adsorption might not be dom-
nated by the intraparticle diffusion process. A surface adsorption
ould be speculated by the kinetic study, different from the pore-
lling manner of adsorption indicated by analysing the isotherms
ith D-R model.

.6. Recycling of waste adsorbent

Fig. 2e shows the effect of various agents on the removal percent
f Pb(II) from waste AL2. The R % of Pb(II) from the waste AL2 was
etermined at 99.3, 96.8, 65.5 and 25.7, respectively, when recycled
sing 0.01 M EDTA, HNO3, citric acid and NH4Cl solution. As a strong

helating agent, EDTA could effectively remove heavy metals from
arious adsorbents [16]. In this study, the performance of EDTA was
ound to be the best of all. Besides, the effect of 0.01 M nitric acid
n Pb(II) removal was also satisfying. When taking account of the
ost efficiency, the nitric acid seems a better choice. In this respect,

able 4
redicted kinetic constants for Pb(II) adsorption on AL2.

0 (mg L−1) Pseudo-first order kinetics Pseudo-second order k

qe (mg g−1) k1 (min−1) R qe (mg g−1) k2 (g m

50 24.48 0.5190 0.9999 24.66 0.139
100 48.60 0.3577 0.9999 48.85 0.081
00 97.63 0.2361 0.9999 98.62 0.013
aterials 169 (2009) 386–394

the adsorbent could be repeatedly used in the treatment of Pb(II)
polluted wastewaters.

3.7. Discussion of adsorption mechanism

3.7.1. Species distribution of Pb(II) in aqueous solution
The species distribution of Pb(II) in aqueous solution was

calculated using Visual MINTEQ v2.53 based on the MINTEQA2
thermodynamic database. The parameters were set as: lead
nitrate Pb(NO3)2 (50 mg L−1), 0.001 M background ionic strength,
1 < pHe < 12, 1 atm and 25 ◦C. The percentage of the ionic species of
Pb(II) at various pHs was shown in Fig. 2f. The species of Pb(II) is
mainly Pb2+ (>98%) at pH < 6.0, followed by a sharp reduction in Pb2+

at 6.0 < pH < 9.0. Lead hydroxyl complexes in the form of Pb(OH)+,
Pb4(OH)4

4+ and Pb3(OH)4
2+ are formed at pH > 6.0, whereas the

Pb(OH)+ reaches the peak (52.04%) at pH 8.0 and the Pb3(OH)4
2+

shows slow increase at pH > 7.5 and reaches its peak (18.52%) at pH
9.25. The precipitation of lead is in the form of Pb(OH)2 at pH > 8.0
and the maximum is 61.43% at pH 10.5.

3.7.2. FT-IR patterns analysis
Fig. 1c shows the FT-IR spectra of AL2 with and without Pb(II)

loadings. Increased concentration of Pb(II) was equilibrated with
the adsorbent AL2 to investigate the relevant functional groups rel-
evant to the Pb(II) adsorption. The characteristic IR band could be
assigned to specific functional group as shown in Table 2.

The bands at 1419, 1384, 1316, 759 and 476 cm−1 could be
assigned to the vibration of –CNH group. The band at 1419 in AL2
was found shifted to 1448 with increased band intensity after Pb(II)
adsorption, confirming the interaction existed between the CNH
group and Pb(II) [36]. Amine group was reported as a significant
binding site for metal uptake in biosorbents [30]. As an alkaline
functional group, amine could give rise to the solution pH. This
property has been utilized in CO2 capture techniques [37]. In this
study, the equilibrium pH of the adsorbent/water slurry (1/10) was
higher than 9.10, corresponding to the presence of alkaline com-
ponent in AL2. The high affinity of amine towards Pb(II) along
with the increased solute pHe would contribute to the adsorption
of Pb(II) on AL2. However, the deprotonated amine group would
turn to possess positive charges at pH < 2.0. This behavior might
pronouncedly reduce the Pb(II) adsorption capacity, which could
explain the sharp edge observed in Fig. 2c. Based on the theoreti-
cally calculated species distribution of Pb(II) as shown in Fig. 2f, the
reversible reaction of Pb(II) with the amine group could be shown
as:

R–CNH2 + Pb(OH)+ � R–CNHPb(OH) + H+ (9)

R–CNH2 + Pb2+ � R–CNHPb+ + H+ (10)

On the other hand, the presence of phosphate (at wavenumber
669 and 516 cm−1) would contribute to the adsorption of Pb(II) in
the form of
MHPO4 + Pb2+ → PbHPO4(s) + M2+ (11)

in terms that the component of MHPO4 in the adsorbent was solu-
ble. If the cation M was calcium or magnesium, the above reaction

inetics Intraparticle diffusion kinetics

g−1 min−1) R C (mg g−1) kint (mg g−1 min−1/2) R

9 1.000 24.26 0.02696 0.9469
2 1.000 47.51 0.1081 0.7308
97 0.9999 91.02 0.6160 0.6728
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Table 5
Reported adsorption capacity of Pb(II) on various adsorbents.

Materials Predicted adsorption
capacity (mg g−1)

Reference

Brown seaweed 252.0 [4]
Pecan nutshell 195.8 [5]
Green algae Spirogyra 140.0 [6]
Distillery sludge 51.0 [7]
Tobacco dust 39.6 [8]
Macroalga Caulerpa lentillifera 29.4 [9]
Olive stone waste 9.25 [10]
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[13] M.A.K.M. Hanafiah, W.S.W. Ngah, H. Zakaria, S.C. Ibrahim, Batch study of liquid-
irmiana Simplex leaf (AL2) 132.7 This study
irmiana Simplex leaf (AL4) 379.3 This study

ill become insignificant with respect to its comparatively low dis-
olution coefficients.

The strong band at 879 cm−1 in the IR spectrum of AL4 was
ssigned to Type A carbonate (carbonate ions occupying monova-
ent OH sites in the apatitic structure) [38], corresponding to the
igh calcite content identified by the XRD spectra. Because calcite
ould effectively remove heavy metals from solutions [16], the best
erformance of AL4 in all the four Als to remove Pb(II) could be pri-
arily attributed to the abundant calcite composition. Besides, the

atural pHna of AL4 (10.92) must be relevant to the formed calcite.
s a result, the sorption of Pb(II) on AL4 may be written as:

aCO3 + Pb2+ → PbCO3(s) + Ca2+ (12)

This is a chemical sorption and could be linked to the results of D-
analysis (the least adsorption energy (−7.912 kJ mol−1) indicates

he presence of chemical adsorption).
However, as to AL2, the intensity of the band relevant to car-

onate had no obvious change after Pb(II) adsorption even with
ncreasing Pb(II) loading (up to 40 mg g−1), indicating that the car-
onate contained in AL2 was not the dominant adsorption site for
b(II).

Accordingly, the difference in Pb(II) adsorption capacity of the
Ls might be caused by:

(i) increased phosphate and amine content leads to an increased
adsorption capacity of AL2;

(ii) high percentage of whewellite decreases the adsorption capac-
ity of AL3;

iii) significantly increased calcite content makes AL4 the most
preferential adsorbent for Pb(II).

Correlating with the surface property of each AL, the average
ore size (sequenced as AL4 > AL2 » AL3) was found directly related
o the adsorption capacity. Although AL4 shows the best perfor-

ance, AL2 has a much higher yield efficiency and a moderately
igh adsorption affinity towards Pb(II), which make it to be a better
hoice.

Various biosorbents have been investigated with respect to
b(II) adsorption performance. Table 5 shows the Pb(II) adsorp-
ion capacities of some recently reported biosorbents. The activated
irmiana Simplex leaf (AL4) has the highest Pb(II) adsorption capac-
ty among the reported adsorbents. Different and superior to other
iosorbents, the ALs developed in this study are partly decomposed

nto inorganics which are stable in the environment and are able
o be recycled for further usage. Besides, the other sorbents are

are in China. As a widely planted tree, the Firmiana Simplex pro-
ides a locally available cheap source of adsorbent. The activation
ethod provided here proves effective and appears promising in

he treatment of heavy metals contained wastewaters.

[

aterials 169 (2009) 386–394 393

4. Conclusions

(1) After activation, the mass percent of inorganic components
(including whewellite, quartz, phosphate and calcite) increased
and the specific surface area increased from 0.08283 to
9.32 m2 g−1 with the increasing activation temperature (AT)
from 100 to 400 ◦C. Proper activation temperature (200 ◦C)
helps to preserve the amine and carboxyl groups which are
beneficial to Pb(II) adsorption.

(2) The adsorption isotherms of Pb(II) on AL1 and AL3 were best-
fitted by Freundlich model while those on AL2 and AL4 were
bestfitted by Langmuir model. The affinities of the adsorbents
towards Pb(II) were sequenced as AL4 > AL2 > AL1 > AL3.

(3) The adsorbent activated at 200 ◦C was found most suitable for
Pb(II) adsorption regarding the high yield efficiency (36.52%),
high Pb(II) adsorption capacity (136.7 mg g−1 by Langmuir
model), high adsorption affinity (H type isotherm) and rapid
adsorption rate (within 20 min by kinetic study).

(4) The Pb(II) removal efficiency of AL2 was obviously affected by
the solution pH rather than by the adsorbent dosage. The IR
pattern analysis indicates that the adsorption of Pb(II) on AL2
is a chemical process involving the complexation with amine
groups and the ion exchange with phosphate. The average pore
size of the adsorbent was found directly related to the adsorp-
tion capacity.

(5) The activation method proposed in this paper was proved
effective and potentially applicable in the treatment of Pb(II)
polluted wastewaters.
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