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bstract

The AB2 type monomer, 2,2-bis (hydroxymethyl) propionic acid (bis-MPA), was successfully grafted from the surfaces of the amino groups

odified attapulgite nano-fibrillar clay (A-ATP) via a melt polycondensation method with p-toluenesulfonic acid (p-TSA) as catalyst. The compet-

tive adsorption properties of the hyperbranched aliphatic polyester grafted attapulgite (HAPE-ATP) towards the heavy metal ions (Cu(II), Hg(II),
n(II), and Cd(II)) were investigated preliminarily.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, clay minerals are widely used for the removal
f heavy metal ions [1], dyes [2], and other organics [3]
rom aqueous solutions because of their higher surface areas.
rgano-modified clays are developed in order to enhance their

electivities [4].
The clay adsorbents are also applied in presence of water-

oluble polymers, such as polyethylene oxide (PEO) [5],
hitosan [6], and polyelectrolytes [7]. However, it is difficult
o completely remove the free water-soluble polymers from the
reated solutions. It is expected to overcome the disadvantage
y bonding chemically the polymer chains onto the surfaces
f the clay minerals. So the clays chemically modified with
olymers might provide an optimal combination. In our pre-
ious work, polyacrylamide had been successfully grafted from
he surfaces of the attapulgite nano-fibrillar clay (ATP) via the

urface-initiated atom transfer radical polymerization technique.
he adsorption experiments of the polyacrylamide grafted atta-
ulgite towards the heavy metal ion and dyes showed the new

∗ Corresponding author. Tel.: +86 931 8912516; fax: +86 931 8912582.
E-mail address: pliu@lzu.edu.cn (P. Liu).

s
b
p
b
h

(

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.03.048
eavy metal ions

dsorbent had not only the high adsorption capacities, but also
he fast sedimentation rate [8].

Numbers of works reported the self-assembly of the hyper-
ranched polymers onto the flat surfaces or the surfaces of
orous particles for many application, such as microcolumn
acking for the on-line preconcentration and separation of the
oble metal ions [9]; chiral stationary phase for use in HPLC
10]; effective catalysts for hydroformylation and Heck reac-
ion by being complexed with Rh and Pd [11]; designable size
xclusion chromatography columns [12]; corrosion-resistant
oatings and chemical sensing [13]; photoacid-based lithogra-
hy [14], and electrostatic immobilization of glucose oxidase
15], etc.

Nowadays, the preparation and application of the hyper-
ranched polymers grafted nano-surfaces has become an
ttractive research field [16,17]. For the preparation of the hyper-
ranched polymers grafted nano-surfaces, the one-pot method is
impler and more convenient [18,19]. They were all conducted
y the solution method. In one of our previous work, the melt
olycondensation had been used for the preparation of the hyper-

ranched polymers grafted nano-surfaces. It was found that the
igher grafting efficiency could be achieved [20].

In the present work, the hyperbranched aliphatic polyester
HAPE) had been grafted from the surfaces of the ATP via the
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Table 1
Operation parameters of ICP-OES

RF power
supply

Ar plasma
gas flow

Ar auxiliary
gas flow

Ar nebulizer
gas flow

Viewing
height

1100 W 14.0 L min−1 0.5 L min−1 1.0 L min−1 11 mm
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elt polycondensation method and the product was investigated
reliminarily as adsorbent for heavy metal ions.

. Experimental

.1. Materials and reagents

ATP with the average diameter of 325 meshes was provided
y Gansu ATP Co. Ltd., Gansu, China. It was dried in vacuum
t 110 ◦C for 48 h before use.

The �-aminopropyltriethoxysilane (APTES) (Gaizhou
hemical Industrial Co. Ltd., Liaoning, China) was used
s received. p-Toluenesulfonic acid (p-TSA) and 2,2-bis
hydroxymethyl) propionic acid (bis-MPA) were all analytical
rade and used as received from Tianjin Chemical Co., Tianjin,
hina. Toluene, dimethyl formamide (DMF) and other solvents
sed were all analytical grade. The heavy metal ions aqueous
olution was prepared with the acetates and acetic acid was
sed for the adjustment of pH of the solution.

.2. Melt polycondensation

The �-aminopropyltriethoxysilane was firstly self-assembled
rom the surfaces of the attapulgite according to the method
eported previously [21].

Then the AB2 monomer, bis-MPA, was melt polycondensated
ored with the �-aminopropyl attapulgite with surface active
ite, amino groups [20]: 2.0 g �-aminopropyl attapulgite (A-
TP), 5.0 g bis-MPA and 0.50 g p-TSA were triturated in mortar

o achieve a well-proportioned mixture. The polycondensation
as performed at 200 ◦C (the melting point of the monomer:
89–191 ◦C) in nitrogen flow in a muffle for 30 min. The hyper-
ranched aliphatic polyester grafted attapulgite (HAPE-ATP)
as separated from the non-grafted hyperbranched aliphatic
olyester by several cycles of dispersion in DMF with ultra-
onic vibrations for 30 min and precipitated by centrifugation at
04 rpm for 30 min. The ideal structure of HAPE-ATP is shown
n Scheme 1.

.3. Analysis and characterization

Elemental analysis (EA) of C, N, and H was performed on
lementar vario EL instrument. Bruker IFS 66 versus infrared
pectrometer was used for the Fourier transform infrared (FT-IR)

pectroscopy analysis. Thermogravimetric analysis (TGA) was
erformed with a Perkin-Elmer TGA-7 system (Perkin-Elmer
orporation, USA) at a scan rate of 10 ◦C min−1 to 800 ◦C in
2 atmosphere. X-ray diffraction (XRD) analysis was carried

Scheme 1. The ideal structure of HAPE-ATP.
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etection lines Cu Zn Cd Hg

327.3 nm 213.8 nm 226.5 nm 194.2 nm

ut with a Shimadu XRD 6000 with Cu K� radiation, oper-
ted at 50 kV and 80 mA over the range 10◦ < 2θ < 100◦. X-ray
hotoelectron spectroscopy (XPS) was accomplished using a
HI-5702 multi-functional X-ray photoelectron spectrometer
ith pass energy of 29.35 eV and an Mg K� line excitation

ource. The binding energy of C 1s (284.6 eV) was used as a
eference. The morphologies of the bare ATP and HAPE-ATP
ere characterized with a JEM-1200 EX/S transmission elec-

ron microscope (TEM). The powders were dispersed in DMF
n an ultrasonic bath for 5 min, and then deposited on a copper
rid covered with a perforated carbon film.

.4. Adsorption properties

The heavy metal ions uptake capacities of the adsorbents
ere determined preliminary as follows: 1.0 g adsorbent (bare
TP, A-ATP, or HAPE-ATP) was added into 100 mL heavy
etal ions mixture solution (containing Cu(II), Zn(II), Cd(II),

nd Hg(II) with the same concentration of 0.36 mg/mL in pH
.0) and then irradiated ultrasonically for 1 h at room tempera-
ure, respectively. Then the supernatant solutions were taken out
or the ICP-OES (Perkin-Elmer ICP/6500 inductively coupled
lasma spectrometer, operation parameters given in Table 1)
etermination.

. Results and discussion

.1. Melt polycondensation

After the assembly of �-aminopropyltriethoxysilane onto the
urfaces of attapulgite, the 2950 and 3295 cm−1 band of methyl
nd methylene groups and the band at about 3400 cm−1 of amino
roups were found in the FT-IR spectrum of the product. The
mino group content was found to be 0.6 mmol/g, calculated
rom the carbon and nitrogen elemental analyses.

After the “grafting from” polycondensation, the band at
728 cm−1 of ester groups was found in the FT-IR spectrum of
he HAPE-ATP (Fig. 1). It showed the hyperbranched aliphatic
olyester had been successfully grafted from the surfaces of the
TP nano-fibrillar clay by the proposed method. The presence of

he characteristic band at about 1660 cm−1 of amide groups also
howed that the hyperbranched aliphatic polyester was grafted
rom the surfaces of the ATP nano-fibrillar clay via the amida-

ion reaction between the carboxyl group of the monomer and
he amino groups on the A-ATP, while the 1625 cm−1 in the FT-
R spectrum of the bare attapulgite was assigned to the �H2O
bsorbance [22]. It seemed that the absorbance at ∼1600 cm−1
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Fig. 3. XPS survey spectra of: (a) bare ATP, (b) A-ATP, and (c) HAPE-ATP.

Table 2
The surface compositional data from XPS

Samples XPS analysis (at.%)

Si O Al C N

ATP 8.25 45.67 7.28 38.17 0.63
A
H
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Fig. 1. FT-IR spectra of the bare ATP and HAPE-ATP.

as weakened after the melt polycondensation. It was led from
he breakout of the structure water (zeolitie water and crystal
ater) in ATP crystallines [23]. The presence of the band at

bout 3400 cm−1 of amino groups also showed that the amino
roups of the A-ATP had not completely reacted with the car-
oxyl groups of the monomer or the nongrafted hyperbranched
liphatic polyester molecules with smaller molecular weights
ecause of the space hindrance. The percentage of grafting
PG%, the weight ratio of the polymer grafted and attapulgite
harged) was found to be 8.3% after only 30 min melt polycon-
ensation, calculated from the carbon elemental analysis. The
esult was lower than that calculated from the weight loss in the
hermogravimetric analysis (Fig. 2) of 9.4%. It was also caused
y the breakout of the structure water in ATP crystallines [23].

.2. Surface composition and crystal structure of the
APE-ATP

The changes of the surface Si, Al, O, C, and N element con-
ent were demonstrated in the surface analyses of the bare ATP,
-ATP, and HAPE-ATP by X-ray photoelectron spectroscopy

nalysis (Fig. 3 and Table 2). It also validates that the surface

rafting of the hyperbranched aliphatic polyester had been suc-
essfully grafted from the surfaces of the ATP nano-fibrillar clay
ith the mechanism shown in Scheme 1. The surface Al con-

ent decreased all through the two fabrication steps because both

Fig. 2. TGA curves of the HAPE-ATP.

g
t
a

-ATP 8.40 32.85 2.95 51.39 4.41
APE-ATP 6.58 33.13 0.00 58.69 1.60

f the surface modified compounds do not contain Al element.
owever, the surface C content increased all through the two fab-

ication steps because both of the surface modified compounds
ontain C element. The surface Si and N element contents
ncreased after the assembly of the functional silane and then
ecreased after the melt polycondensation because the silane
ontains the two elements and the monomer does not contain
hem. The surface O element content decreased after the assem-
ly of the functional silane because the surface of the A-ATP had
een covered with aminopropyl groups. Then it increased after
he melt polycondensation because of the amount of O element
resent in the grafted hyperbranched aliphatic polyester.
The XRD patterns of the bare ATP, and the HAPE-ATP were
iven in Fig. 4. There was no change of the XRD patterns of
he ATP after surface modifications with the hyperbranched
liphatic polyester. It could be concluded that the hyperbranched

Fig. 4. XRD patterns of the bare ATP and the HAPE-ATP.
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Fig. 5. SEM images: (a) bare ATP and (b) HAPE-ATP.

Table 3
The competitive adsorption data of the ATP adsorbents

Samples Conc. of the residual solution (mg/mL) Adsorption capacities (mg/g)

Cu(II) Hg(II) Zn(II) Cd(II) Cu(II) Hg(II) Zn(II) Cd(II)
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are ATP 0.356 0.357 0.350 0.356
-ATP 0.336 0.307 0.358 0.357
APE-ATP 0.342 0.325 0.355 0.357

liphatic polyester was grafted from the surfaces of the nanofib-
il clay by the proposed method and it had no effect on the crystal
tructure of the nanofibril.

The transmission electron microscopy analyses (Fig. 5)
howed that the dispersibility in DMF of HAPE-ATP was bet-
er than that of the bare ATP. It indicated that the suspension
f the HAPE-ATP in DMF had much better stability than that
f the bare ATP. The HAPE-ATP also has a big number of the
urface hydroxyl groups after the proposed simple melt poly-
ondensation of 2,2-bis propionic acid from the surfaces of the
-ATP.

.3. Adsorption properties

The HAPE-ATP is expected to be used as adsorbent for the
eavy metal ions because of the amounts of the ester groups in
he polymer layer and the surface hydroxyl groups. The pH 3.0
as chosen because some components of the attapulgite could
e dissolved in the strong acidic solutions [24].

After the ultrasonic irradiation, the mixture of heavy metal
on solutions with the three kinds of clay adsorbents for 1 h, the
are ATP and the HAPE-ATP adsorbents had deposited com-
letely within 40 min. However, the suspension of the A-ATP
dsorbent had the higher stability and hardly deposited because
f the surface amino groups. So the suspension was centrifuged
t 1.0 × 104 rpm for 1 h to separate the A-ATP adsorbent.
The competitive adsorption capacities of the three kinds of
lay adsorbents towards the four heavy metal ions were sum-
arized in Table 3. It was found that the bare ATP had the

igher adsorption capacities for Zn(II) and Cd(II) ions. How-
0.41 0.32 0.97 0.37
2.45 5.29 0.18 0.34
1.76 3.52 0.45 0.29

ver, the A-ATP and the HAPE-ATP adsorbents had the higher
dsorption capacities for Cu(II) and Hg(II) ions. Furthermore,
he adsorption capacities for Cu(II) and Hg(II) ions of the HAPE-
TP clay adsorbent were lower slightly than those of the A-ATP
lay adsorbent because the groups containing N element were
nshrouded with the hyperbranched aliphatic polyester, which is
ot soluble in water. In addition, the ester and hydroxyl groups
f the hyperbranched aliphatic polyester had the lower com-
lexation abilities towards these heavy metal ions. However, the
APE-ATP had faster sedimentating rate than the A-ATP. This

s an advantage in the practical application.

. Conclusion

The hyperbranched aliphatic polyester was successfully
rafted from the surfaces of amino groups modified attapulgite
ano-fibrillar clay prepared by the melt polycondensation of the
B2 type monomer, 2-bis propionic acid, with p-TSA as cat-

lyst. The competitive adsorption capacities of the three clay
dsorbents, bare ATP, aminopropyl attapulgite (A-ATP), and
APE-ATP, towards the four heavy metal ions (Cu(II), Hg(II),
n(II), and Cd(II)), were also compared preliminarily.
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