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Abstract: Carbon nanotubes (CNTs) were grown on the surface of microsized A1,0, particles in CH, atmosphere at 700°C under the 
catalysis of Fe-Ni nanoparticles. The CNTs on A1,0, were used for adsorbing Pbz+, Cu2+, and Cd2+ from the solution and the results 
were compared with active carbon powders, commercial carbon nanotubes, and Al,O, particles. The as-grown CNTs/Al20, have de- 
monstrated extraordinary absorption capacity with further treatment or oxidation, as well as hydrophilic ability that other CNTs lacked. 
The adsorption capacity of CNTs on A1,0, is superior to other adsorbents and the preference order of adsorption on composite A1,0, is 
Pbz+>cu2+>cd2+. It seemed that the adsorption of those Pb”, Cuz+, and Cd” did not change the surface properties of composite particles. 
The adsorption behaviors of Pb”, Cu2+, and Cd2+ by CNTs on A1,0, match well with the Langmuir isothermal adsorption model and the 
second order kinetic model. The calculated saturation amount adsorbed by 1 g of CNTs on A1,0, are 67.1 1, 26.59, and 8.89 mg/g for 
Pb2+, Cu”, and Cd2+ in single adsorption test, respectively. 
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1. Introduction 

Heavy metal ions such as Pb2+, CdZ+, Cu2+, Ni”, Cr6+ 
and so on, are toxic to plants, animals, and human be- 
ings because of their cumulative and interfering effects 
on bio-chemical functions while entering cells via 
various pathways. Water contaminated by heavy metal 
ions had become much more serious with a rapid de- 
velopment of industries and competitive use of fresh 
water in many parts of world. Therefore, the removal of 
heavy metal ions from water has become an important 
subject today. 

Many techniques and methods to remove heavy 
metal ions from water have been developed, such as 
ion-exchange, evaporation and concentration, chemical 
precipitation, reverse osmosis, adsorption, and elec- 
trolysis [l]. Considering from the economy and effi- 
ciency point of view, adsorption is regarded as the most 
promising and widely used method among all these. 
Numerous materials can be used as adsorbents to re- 
move heavy metal ions from water, such as metal oxide 
[2], active carbon [3], sepiolite [4], chitin [5],  biosorb- 
ent [6], metal sulfide [7], resin [8], and so on. The 
search for new and more effective materials to be used 
as adsorbents is a continuous effort for many research- 
ers. 

As carbon nanotubes (CNTs) were discovered by Ii- 
jima in 1991 [9], they have been widely studied for 
their excellent properties and applications. Besides ap- 
plying to planar display [lo], fuel cells [ l  11, secondary 
batteries [12], and electronics [13-141, CNTs are ap- 
plied to environmental protection as absorbents for 
heavy metal ions and anions in solutions [l ,  15-19]. 
Their adsorption capacity for fluoride is 15-25 times 
higher than an active carbon [ 161. Because CNTs pos- 
sess a high chemical and thermal stability and a large 
specific surface area, they have been applied to remove 
heavy metal ions from aqueous solution [l ,  15, 17-21]. 
The results of these studies show that CNT is a 
promising candidate for adsorption of heavy metal ions. 
The adsorption capacity of CNTs is greatly dependent 
on their properties such as microstructure, crystallinity, 
surface state, and so on. These properties of CNTs are 
determined by different factors in the manufacturing 
process, such as growth method, growth conditions, 
and treatment after growth [I, 19-20]. 

In the previous studies [20-211, CNTs were grown 
on the surface of microsized A120, particles by the 
chemical vapor deposition (CVD) technique and used 
to adsorb Pb2+, CdZ+, and Cu2+ from water. The adsorp- 
tion capacity of CNTs was also compared with active 
carbon powders, commercial CNTs and A1,0, particles. 
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In addition, the preference and competitiveness of 
metal ions were also studied to understand the possible 
kinetic and adsorption models. 

2. Experimental materials and methods 

In this study, CNTs were grown on the surface of 
micro-sized a-Al,O, particles. Before growth of CNTs, 
Fe-Ni nanoparticles were deposited on the surface of 
A1203 particles as catalysts by the electroless plating 
method. The growth of CNTs on Al,O, (denoted by 
CNTs/Al,O, hereafter) was performed in CH4 atmos- 
phere at 700°C [20-211. The as-grown CNTs/Al,O, 
(without further treatment or oxidation) was used as 
adsorbent for adsorption of Pb2+, Cu2+, and Cd2+ from 
water. The adsorption capacity of composite 
CNTs/A120, and those of active carbon powders 
(Merk), commercial multi-wall CNTs (Conyuan 
MWCNTs 2040), and a-A1203 particles were com- 
pared and analyzed, and the composite CNTs/AI,O, 
were used to adsorb heavy metal ions from aqueous 
solutions. 

Before adsorption test, adsorbents were character- 
ized by various methods. The specific area was deter- 
mined using the BET (Brunauer-Emmett-Teller) 
method (Micrornetrics ASAP-20 10). The surface mor- 
phology was observed using a field emission scanning 
electron microscope (FESEM) (JEOL JSM-6700 F) 
operated at 20 kV. The microstructure and crystallinity 
were investigated using a transmission electron micro- 
scope (TEM) (JEOL JEM-2010) operated at 200 kV. 
The phases were analyzed using an X-ray diffraction 
meter (XRD) (Siemens, D5000). 

Several adsorption tests were performed in this 
study: for single/dual and three metal ion adsorption, 
for equilibrium adsorption, for the effect of different 
solution pHs, and for the effect of adsorbent amount on 
the adsorption. 

For the test of single metal ion adsorption, Pb2+ so- 
lution with a concentration of 5-40 mg/L, Cu2+ solution 
with a concentration of 2-25 mg/L, and Cd2+ solution 
with a concentration of 2- 15 mg/L were prepared from 
nitrate salts respectively. In each single metal ion ad- 
sorption test, 0.05 g of adsorbent was used for 100 mL 
of ion solution. The ion solution with adsorbent was 
vibrated on a rotary vibrator (TS-580 batch shaker) for 
4 h [20]. 

For the test of equilibrium adsorption, Pb2+, Cu2+, 
and Cd2+ solutions of 40 mg/L were prepared from ni- 
trate respectively. The pH values of all solutions were 
adjusted to 5 by 0.1 moVL HNO, and 0.1 moVL NaOH. 
An adsorbent of 0.1 g was put into 200 mL of ion solu- 

tion. The vibration time for various samples is 30, 60, 
120, 180,240,300, and 360 min, respectively. 

For the test of the effect of pH value on adsorption, 
Pb2+, Cu2+, and Cd2+ solutions of 40 mg/L were pre- 
pared from nitrate respectively. The pH values of vari- 
ous solutions were adjusted from 2 to 11 respectively. 
An adsorbent of 0.1 g was added to each solution of 
100 mL. Each solution with the adsorbent was vibrated 
for 4 h. 

For the test of the adsorbent amount’s effect on ad- 
sorption, Pb2+, Cu2+, and Cd2+ solutions of 40 mg/L 
were prepared from nitrate. An adsorbent of 0.05,0.1, 
0.15, 0.2, 0.25, and 0.3 g was added to various solu- 
tions of 100 mL respectively. Vibration time for all 
solutions is 4 h. 

For all tests, the concentrations of metal ions in the 
solution were measured before and after adsorption 
using an inductively coupled plasma atomic emission 
spectrometer (ICP-AES) (GBC Integra XMP) and the 
adsorbed amount of heavy metal was calculated from 
the concentration of these metal ions. 

3. Results and discussion 

The FESEM image of CNTs/Al,O, is shown in Fig. 
1. It is clear that the as-grown CNTs on Al,03 are cur- 
ved and tangled with each other and about 30-80 nm in 
diameter and several micrometers in length. The TEM 
image of CNTs on Al,O, is shown in Fig. 2, where 
multi-walled CNTs with Fe-Ni nanoparticles were 
identified using TEM/EDS on the tips of CNT. The 
mass ratio for CNTs, Fe-Ni nanoparticles, and A1203 
was determined to be at 32wt%, 12wt%, and 56wt%, 
respectively [20]. 

The XRD diagram in Fig. 3 shows that there are a- 
A120,, CNTs, and FeNi phases in the composite 
CNTs/Al,O,. The specific areas of A1203 particles, ac- 
tive carbon powders, commercial CNTs, and 
CNTs/Al,O, are determined to be 9.13, 815.69, 95.68, 
and 18.61 m2/g, respectively [20]. And, the specific 
area of CNTs alone increases to 66.85 m2/g from 18.61 
m2/g of composite CNTs/A1,03. This area is rather 
small when compared to 95.68 m2/g of commercial 
CNTs and 815.69 m2/g of activated carbon. 

The results of equilibrium adsorption tests are 
shown in Figs. 4(a)-(d) for A120, particles, active car- 
bon powders, commercial CNTs, and CNTs/A1,03, re- 
spectively. In Fig. 4, the abscissa denotes time (in min- 
utes) of adsorption and the ordinate (qe) denotes the 
metal weight (in mg) adsorbed by 1 g of adsorbent in 
the given adsorption periods. These results show that 
almost all the adsorbed metal amounts have nearly 
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reached the maximum adsorption in 240 min (4 h). The 
preference and capacity order of adsorbed 
Pb2+>Cu2+>Cd2+ is similar for adsorbents of A1203 par- 
ticles, active carbon powders, commercial CNTs, and 
CNTs/Al,O,. The relative order of adsorption capacity 
is CNTs/Al,O,>active carbon powders>commercial 
CNTs>A1203 for Pb and Cu, but 
CNTs/A1203xommercial CNTs>active carbon pow- 
ders>Al,O, for Cd. For adsorbent of CNTs/Al,O,, the 
maximum adsorbed amounts for Pb, Cu, and Cd are 36, 
22, and 8.4 mg/g which are the largest among those 
adsorbents. 

Fig. 1. FE-SEM morphology of CNTs on aluminium oxide 
(CNTs/AI,O,). 

Fig. 2. TEM morphology of CNTs on aluminium oxide 
(CNTs/Al,O,). 
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Fig. 3. XRD pattern of CNTs on aluminium oxide 
(CNTs/A1,03). 

Figs. 5(a)-(d) show the adsorption isotherms of sin- 
gle metal ions adsorption. In Fig. 5, the abscissa C, (in 
m a )  is the equilibrium concentration of metal ion in a 

solution and the ordinate q, (in mg/g) is the metal 
amount adsorbed by 1 g of adsorbent after an adsorp- 
tion time of 4 h. These results show that the order of qe 
is Pb2+>Cu2+>Cd2+ at all C, for all adsorbents and the qe 
of CNTs/A1203 at all C, is the largest among the four 
adsorbents. On comparing the adsorption capacity of 
Pb2+, Cu2+, and Cd2+, CNTs/A1,03 is found to be supe- 
rior to commercial CNTs without further treatment 
[20]. Other researchers have also achieved similar or 
better adsorption capacity but they all have required 
further treatment or oxidation of CNTs [ 1,18- 191. 
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Fig. 4. Equilibrium adsorptions of Pb+', Cdz, and Cd+' ad- 
sorbed by A1,0, particles (a), active carbon powders (b), 
commercial CNTs (c), and CNTs/AI,O, (d). 
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To further understand this phenomenon, a sedimen- 
tation test for CNTs/Al,O, and commercial CNTs in 
deionized water was performed. After 2 min of sedi- 
mentation, commercial CNTs quickly settled down and 
CNTs/Al,O, remained mixed in solution as shown in 
Fig. 6. This phenomenon implied that the commercial 

10 

5 40 30 t 

- 

#-Zw--- I L I  

'90 
W 2 201 . 

-0- Cd2' 
-0- CU2+ 
* Pb2+ 

-A- Pb2+ 

CNTs were easy to agglomerate and settle so that they 
have a lesser opportunity to adsorb metal ions in solu- 
tions, compared to the CNTs/A120,. Other researchers 
did not present their CNTs with similar dispersion 
property in water solution as this study had demon- 
strated. 
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Fig. 5. Single metal ion adsorptions of Pb2+, Cuz+, and Cd2+ adsorbed by AI,O, particles (a), active carbon powders (b), com- 
mercial CNTs (c), and CNTs/AI,O, (a). 

Fig. 6. Images of settlement in water of commercial CNTs (a) 
and CNTs/Al,O, (b) after 2 min. 

The adsorption of Pb+2, CU+~,  and Cd+2 from water 
by CNTs/Al,O,, commercial CNTs, active carbon 
powders, and A1203 particles can be assumed to have a 
behavior fitting with the isothermal adsorption model 
that is the adsorbate keeps a dynamic equilibrium be- 
tween the adsorption and desorption at a fixed tem- 
perature. For the isothermal adsorption model, there 
are some adsorption isotherms as follows. 

Langmuir isotherm: 
1 1  1 -=--+- 

qe q m  4mKeCe' 

Freundlich isotherm: 
1 - 

qe = KfCL' 7 

And BET isotherm: 

where qe (in mg/g) is the adsorbate amount adsorbed 
by 1 g of absorbent, Ce (in mg/g) is  the equilibrium 
concentration of adsorbate in the solution, qm (in mg/g) 
is the saturation amount of the adsorbate adsorbed by 
one gram of absorbent, and K e  , Kf , n, P, and Cs are 
constants. The results of single metal ion adsorptions of 
Pb2+, Cu2+, and Cd2+ adsorbed by A120, particles, active 
carbon powders, commercial CNTs and CNT/A1203, as 
shown in Figs. 5(a)-(d) were tried to fit these adsorp- 
tion isotherms and their results were shown in Tables 1 
and 2. From the values of coefficient of determination 
(R2), the Langmuir isotherm is the best model for all 
absorbents in this study. This means that the adsorbates 
containing Pb2+, Cu2+, and Cd2+ were adsorbed in such a 
manner that only one atomic layer of adsorbate can be 
adsorbed and distributed uniformly on the surface of 
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the adsorbents. According to the Langmuir adsorption 
model, the saturation amounts, qm , of Pb2+, Cu2+, and 
Cd2+ adsorbed by 1 g of CNTs/Al,O, are 67.11, 26.59 
and 8.89 mg/g respectively, which are much larger than 

that of the commercial CNTs and similar in some cases 
[1,18-191. However, those studies used the CNTs that 
required further treatment Or oxidation. 

Table 1. Isothermal adsorption models for adsorption of Pbh, Cu'+, and Cdh by various adsorbents 

Langrnuir Freundlich 
pH range Adsorbent Metal ion 

4,  (rng.g-') K, / (L.rng-') R2 n K,/(L.rng-') R2 
5.87-6.01 

a-A1203 Cu2+ 6.97 0.16 0.997 2.08 1.22 0.97 1 5.80-6.29 
Cd2+ 2.00 0.16 0.994 1.84 0.34 0.984 6.30-6.53 

5.85-6.02 
PAC' cu2+ 11.79 0.06 0.998 1.48 0.86 0.988 5.97-6.17 

Cd2+ 5.89 0.17 0.996 1.76 0.98 0.987 6.63-6.86 

Pb2+ 1 1.23 0.04 0.993 1.52 0.68 0.979 5.08-5.14 
CNT~ cu2+ 7.14 0.12 0.996 1.86 0.99 0.980 4.82-5.1 1 

Cd2+ 6.19 0.18 0.997 1.94 1.94 0.964 5.12-5.19 

Pb2+ 8.92 0.09 0.997 2.12 1.30 0.953 

Pb2+ 33.78 0.01 0.983 1.09 0.49 0.977 

Pb2+ 67.1 1 0.04 0.989 1.39 3.22 0.974 5.05-5.34 

CNT/ A1,03 Cu2+ 26.59 0.10 0.987 1.66 2.91 0.980 5.25-5.52 
Cd2+ 8.89 0.13 0.956 1.55 1.17 0.926 5.28-5.78 

Note: 1 represents active carbon powders, 2 represents commercial CNTs. 

Table 2. Multilayer adsorption model for adsorption of Pb+', Cu+', and Cd+' by various adsorbents 

Pb2+ 8.63~10-~ -0.29 0.865 
a-A120, cu2+ 0.01 4 4 0  0.823 

Cd2+ 0.02 -0.1 1 0.861 

Y = 513.61~-398.09 
Y = 279.73~-199.86 
Y = 443.24~-398.68 

Pb2+ 6.28~10-~ -0.29 0.204 Y = 709.61~-550.34 
PAC' CU2+ 9.43x10-, -0.32 0.819 Y = 433.36~-327.42 

Cd2+ 0.02 -0.39 0.887 Y = 178.46~-128.26 

Pb2+ 6.49~10-~ -0.20 0.892 Y = 924.77~-770.83 
CNT2 cu2+ 0.01 -0.33 0.830 Y = 340.74~-255.24 

Cd2+ 0.02 -0.43 0.917 Y = 154.32~-107.69 

Pb2+ 1.86~ 1 0-3 -0.36 0.848 Y = 2016.2~-1497.2 
CNT/Al20, Cu2+ 3.47~10-~ -0.36 0.879 Y = 107%-790.14 

Cd2+ 5.58~ 1 0-3 -0.15 0.741 Y = 1337.3~-1158 

Note: 1 represents active carbon powders, 2 represents commercial CNTs. 

Furthermore, the specific areas of CNTs/Al,O, be- 
fore and after adsorption were also measured by BET 
method and the results were shown in Table 3. The 
saturation amounts qm of Pb2+, Cu2+, and Cd2+ ad- 
sorbed by CNTs/Al,O, were also listed in Table 4. The 
ratio of the reduced specific area of CNTs/Al,O, after 
adsorption to that of CNTs/Al,O, before adsorption for 
Pb2+, Cu2+, and Cd2+ is 19%, 10% and 7.8%, respec- 
tively. In addition, the adsorption of Pb2+, Cu2+, and 
Cd2+ only occupied a small surface area of CNTs/Al,O,. 
The reduced specific area is the difference between the 
specific area before and after adsorption. The fourth 
column of Table 3 shows the amounts of heavy metals 
adsorbed by one unit of area of CNTs/Al,O,, which are 

obtained by calculation, that is, dividing the saturation 
amount by the reduced specific area. It also demon- 
strates that the order of metal amount adsorbed by 
CNTs/Al,O, is Pb2+>Cu2+>Cd2+. As for the kinetic be- 
havior of adsorption in liquids, there in general are two 
models. The first order kinetic model can be expressed 

by L = k l ( q e  dq - q t ) ,  where kl is the first order rate 
dt 

constant, in min-'; qe and qt , in mg/g, are the metal 
amounts adsorbed by adsorbent at time t = M and t re- 
spectively . The equation becomes 

lg(qe - qt = lg q e  - A t  after integration. The sec- 
2.303 

ond order kinetic model is expressed by 
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dq 
dt 

distance of the regress line, the kl , k 2  , and qe in the 
equations can be obtained, which are listed in Table 4. 

= k 2 ( q e  - q t ) 2 ,  where k2 is the second order rate 

constant, in L.mg-'.min-', and it becomes From the coefficient of determination (R2) and the 
comparisons between qm,exp, the experimental value of - - +-t after integration. The data in Figs. 

qt k2q: qe saturation amount, and qm,cal , the calculated value of 
4(a)-(d) can be put in the first and second order kinetic saturation amount which is equal to qe in the equations, 

and t l4t  Vs t are made. From the slope and interception matches well with the second order kinetic model. 

1 -- t 

mode1 and the diagrams Of k ( q e  - qt ) vs t the kinetic behavior of the adsorption in this study 

Table 3. Specific surface area of CNTs/Al,O, before and after adsorption of Pb", Cuz+, and Cd" 

Adsorbed mass of metal ion per unit 
specific area (G) I 

Specific surface area Saturation amounts q, (F) I 
(E) I (m2.g-') 

Adsorbent material 
(mg.g-') (mg.rn-') 

(CNTs/ Alz03) (a) 18.61 - 

15.06 67.11 
(CNTs/ Al,O,) after adsorption of Pb2+ 

(b) 

16.69 
(CNTsl A1203) after adsorption of Cu2+ 

(b) 
26.59 

- 

20.03 

13.85 

8.89 6.09 
(CNTs/ A120,) after adsorption of Cd2+ 

(b) 
17.15 

Note: E represents the data measured by gas adsorption, q, (F) is gotten by the Langmuir isothermal adsorption model, G is [Fl(a-b)]. 

Table 4. Kinetic adsorption model of adsorption of Pb", Cut+, and Cd" 
~ ~ 

First-order kinetic model 

(mgg')  (mgg')  lO-'min-' 

Second-order kinetic model 

R2 
qmcd 1 %I 

(mg.g-') (104L.mg-'min-') 
k, 1 R2 

Adsorbent Metal ion qm,exp / qmcd 1 

Pb2+ 7.37 5.27 11.1 0.977 7.59 63.1 0.994 

a-Al20, cu2+ 6.43 4.57 10.1 0.940 6.49 78.5 0.993 

Cd2+ 2.48 2.31 7.83 0.966 2.50 1 24 0.985 

Pb2+ 1 1.09 9.91 11.7 0.871 11.36 35.1 0.989 
PAC' cu2+ 7.25 4.12 10.8 0.932 7.35 101 0.997 

Cd2+ 4.48 3.90 8.98 0.976 4.67 54.9 , 0.979 

Pb" 7.20 5.08 15.2 0.945 8.09 22.6 0.95 1 

CNT2 cu2+ 6.41 4.17 11.1 0.953 6.93 31.1 0.972 
Cd2+ 4.28 2.17 11.5 0.963 4.53 62.3 0.983 

Pb2+ 40.23 29.17 19.1 0.897 47.17 2.99 0.930 

CNTI A1,0, Cu2+ 24.96 17.14 15.2 0.946 28.17 6.54 0.956 
Cd2+ 11.18 9.50 12.9 0.845 11.85 44.3 0.991 

~ ~~~ 

Note: 1 represents active carbon powders, 2 represents commercial CNTs. 

The amount of heavy metal adsorbed by adsorbent is 
greatly affected by the pH value of solution. Figs. 
7(a)-(c) show the effect of pH value of solution on the 
amounts of Pb2+, Cu2+, and Cd2+ adsorbed by 
CNTs/A1203, commercial CNTs, active carbon pow- 
ders, and A1203 particles respectively. In Fig. 7, the or- 
dinate is the removal ratio (%) which is defined as the 
ratio of difference in concentration before and after ad- 
sorption to the concentration before adsorption. The 
removal ratio (9%) is in general increased with an in- 
crease in pH value for all adsorbates and adsorbents. 
The pH value is 6.6 for CNTs/A1203, 6.8 for commer- 
cial CNTs, 7.6 for active carbon powders, and 8.2 for 
A1203 as 50% of CdZ+ is removed. The pH value is 6.4, 

6.3, 6.7, and 8.1 for CNTs/A1,03, commercial CNTs, 
active carbon powders, and A1203 particles respectively 
as 50% of Pb2+ is removed. It is worthy to note that 
Cd(OH)2, Cu(OH),, and Pb(OH), begin to precipitate at 
pH of 9,9.4, and 9, respectively. 

Figs. 8(a)-(c) show the removal ratio of Pb2+, Cuz+, 
and Cd2' by various amounts of adsorbents, respec- 
tively. The removal ratio for all the adsorbates and ad- 
sorbents is in general increased with an increase in the 
amount of adsorbent. Among the removal ratio of Cd2+ 
by various adsorbents from 0.05 to 0.3 g, CNTs/A1,03 
is the largest, A1203 is the smallest, commercial CNTs 
and active carbon powders are almost at a same level. 
For the removal ratio of Pb2+ and Cu2+ by various ad- 
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sorbents, the order is CNTs/Al,O,>commercial 
CNTs>active carbon powders>Al,O, particles except 
0.05g of adsorbent at which active carbon pow- 
derocommercial CNTs for the removal of Cu. When 
the amount of CNTs/Al,O, exceeds 0.2 g, the removal 
ratio of Cu2+ and Pb2' is over 80%. When 0.3 g of 
CNTs/Al,O, is used, the removal ratio of Cu2+ and Pb2+ 
almost reaches 100%. 
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Fig. 7. Removal ratio of Cd+2 (a), Cu" (b), and Pb+' (c) by 
various absorbents in various solutions with different pH 
values. 

4. Conclusions 

of Pb2+, Cu2+, and Cd2+ adsorbed by CNTs/A1,03 is in- 
creased with an increase in the amount of CNTs/A1203. 
The CNTs/A1,0, has demonstrated a superior adsorp- 
tion ability compared to other absorbents. In addition, 
the adsorption of Pb2+, Cu2+, and Cd2+ has occupied 
only a small surface area of CNTs/Al,O,. 

For the isothermal adsorption behavior, the Lang- 
muir isotherm is the best model for the adsorption of 
Pb2+, Cu2+, and Cd2+ by CNTs/A1203, commercial 
CNTs, active carbon powders, and Al,O, particles. The 
calculated saturation amounts adsorbed by 1 g of 
CNTS/A~,O~ are 67.11, 26.59, and 8.89 mg/g for Pb2+, 
Cu2+, and Cd2+ respectively. For the kinetic behavior of 
the adsorption of Pb2+, Cu2+, and Cd2+ by CNTS/A~,O,, 
the second order kinetic model is the best one. 

cNTs'Ai9@ 40 p Cd2+ 
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The as-grown CNTs/Al,O, developed in this study 
has demonstrated an extraordinary absorption capacity 
without further treatment or oxidation [20] as well as 
dispersion property in water solution that the other 
CNTs lack. 

The adsorption capacity of CNTs/A120, for Pb2+, 
Cu*+, and Cd2' from solutions is superior to that of ac- 
tive carbon powders, commercial CNTs, and A1203 
particles. And, the order of amount adsorbed by 
CNTs/Al,O, is Pb2+>Cu2+>Cd2+. And the removal ratio 

I 
0.10 0.20 0.30 

Dose I g 

Fig. 8. Removal ratio of (a) Cd", (b) C U ~ ,  and (c) Pb" by 
various absorbents with different amounts. 

Further researches on the usefulness of these com- 
posite nanoparticles in the future on practical applica- 
tions are currently underway. It is also found that the 
adsorbed metal ions in the composite nanoparticles can 
be desorbed by concentrated HNO, and HCl. Thus, the 
regeneration of CNTs/Al,O, can be promoted by in- 
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creasing the concentration of the acid. The recovery 
capacity is still maintained above 90% even after six 
successive adsorption-desorption cycles with Pb2+/0.5 
mol/L HNO, [21]. 
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