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bstract

In this paper, the adsorbents were prepared from cellulose-grafted with calix[4]arene polymers (CGC[4]P-1 and CGC[4]P-2) and their sorption
roperties studied. The polymers were characterized by Fourier transform infrared spectroscopy, elemental analysis, thermal gravimetric analysis

2+ 2+ 2+ 2+
nd scanning electron microscopy. They were then used to evaluate the sorption properties of some heavy metal cations (Co , Ni , Cu , Cd ,
g2+ and Pb2+) and dichromate anions (Cr2O7

2−/HCr2O7
−). Results showed that CGC[4]P-2 was a good sorbent for heavy metal cations while

GC[4]P-1 was ineffective. In the studies of dichromate anion sorption, it was observed that CGC[4]P-2 was a more highly effective sorbent at
H 1.5 than was CGC[4]P-1.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal ion removal from waters has been the subject
f extensive technological research and recovering processes
1]. Several different types of methods have been studied for
he treatment of aqueous streams contaminated with heavy met-
ls, among them polymers [2–5], amorphous silica [6–9], clays
10–14] and zeolites [15–17]. Nevertheless these materials have
hown several problems like low mechanical and thermal sta-
ility, weak chemical union with the metals, poor removal
fficiency, high cost, etc. These factors have led the scientific
ommunity to develop new techniques to remove heavy metals
rom the environment. The majority of the effective and eco-
omic methods are based on adsorption process, so the synthesis
f adsorbents for the removal of toxic heavy metal ions from
astewater is a continuing research objective of environmental

ollution control processes.

Chromate and dichromate anions are important because of
heir high toxicity and because of their presence in soils and

∗ Corresponding author. Tel.: +90 332 2232142; fax: +90 332 2410635.
E-mail address: mtabakci@selcuk.edu.tr (M. Tabakci).
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aters. In designing complexants for these particular guest
nions a number of structural features can be incorporated into
he host molecule that may be important in achieving selec-
ive binding. For such a molecule to be effective as a host it is
ecessary that its structural features are compatible with those
f the guest anion. The chromate and dichromate (CrO4

2− and
r2O7

2−) ions are dianions with oxide functionalities at their
eriphery. Since the metal center does not bind to additional
igands there is no advantage in designing a host that can act
s a complexant to it. Nevertheless, since the periphery of the
nions has oxide moieties; these are potential sites for hydrogen
onding to the host molecule [18–20].

Cellulose is one of the most abundant organic materials that
an be easily obtained in nature. Various researches were focused
n preparing all kinds of cellulose derivatives with good sorp-
ion properties towards transition metals and heavy metal ions,
hich could be applied as chelating resins in metal cation sepa-

ation and extraction of water, etc. [21–25]. On the other hand,
alixarenes (Fig. 1), a family of cavity-shaped cyclic molecules

btained from formaldehyde and para-substituted phenols via
ing-closing condensation under alkaline conditions, have also
ttracted much attention. They have demonstrated outstanding
omplex ability towards ions, organic molecules, etc., and are

mailto:mtabakci@selcuk.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.02.057
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Fig. 1. The general molecular structures of calix[n]arenes.

onsidered the third best host molecules, after crown ethers and
yclodextrins. Thus, it is interesting to see what happens when
hese two kinds of molecules are combined. To the best of our
nowledge, no report concerning this topic has been published
o date. This paper firstly reports the preparation, characteri-
ation, and sorption properties towards some selected heavy
etal cations (Co2+, Ni2+, Cu2+, Cd2+, Hg2+ and Pb2+) and

ichromate anions (HCr2O7
− or Cr2O7

2−) of cellulose-grafted
alix[4]arene polymers.

. Experimental

.1. Materials

High-purity cellulose was purchased from Aldrich (no.:
35236) and used as a support material. In the synthesis of
onomeric calix[4]arenes, analytical thin layer chromatogra-

hy was performed on precoated silica gel plates (SiO2, Merck
F254) for the monitoring of reactions. In order to purification of
ompounds, silica gel 60 (Merck, particle size 0.040–0.063 mm,
30–240 mesh) was used for preparative column chromatog-
aphy. Generally, solvents were dried by storing them over
olecular sieves (Aldrich; 4 Å, 8–12 mesh). Acetone, CH2Cl2

nd MeOH was distilled from CaSO4, CaCl2 and over Mg,
espectively. Tetrahydrofuran (BDH) and toluene were dried
y refluxing over sodium/benzophenone and CaH2, fraction-
lly distilled, respectively and then stored over molecular sieves.
aH was used as an 80% dispersion in oil and washed twice
ith n-hexane before use. All the chemicals were purchased

rom Merck or Aldrich. All aqueous solutions were prepared
ith deionized water that had been passed through a Millipore
illi-Q Plus water purification system. Co+2, Ni2+, Cu2+, Cd2+,
g2+ and Pb2+ picrates were prepared according to previously

tudies [19].
.2. Instrumentation

IR spectra were recorded on a Perkin-Elmer 1605 FTIR spec-
rometer as KBr pellets. UV–vis spectra were obtained on a

s
o
c
2

s Materials 148 (2007) 428–435 429

himadzu 160A UV–vis recording spectrophotometer. Sodium
ation determinations were made on a JENWAY PFP7 flame
hotometer. Elemental analyses were performed on a Leco
HNS-932 analyzer. SEM images were taken by a JSM-5600

canning electron microscope. TG-DTG thermograms were
aken by a Perkin-Elmer Pyris 1 thermogravimetric analyzer.
he sample weight was almost 10.0 mg. Analysis was performed

rom 16 to 900 ◦C at a heating rate of 20 ◦C/min in a nitrogen
tmosphere with a gas flow rate of 40 mL/min.

.3. Synthesis

Compounds 1 and 4–7 were prepared according to known
revious procedures [19,26]. The preparation of compounds

and 3, and cellulose-grafted with calix[4]arene polymers
CGC[4]P-1 and CGC[4]P-2) employed in this work, as illus-
rated in Figs. 2 and 3, have been prepared as follows.

.3.1. Modification of the Cell/Ti-OH surface with
rganosilicones

Cell/Ti-OH (4 g) was suspended in 40 mL of dry toluene
nd stirred for 30 min at room temperature. To this suspension
rganosilicones 3-glycidoxypropyl triethoxysilane (GPTES)
2.9 mL) or 3-aminopropyl triethoxysilane (APTES) (3.1 mL)
as added and stirred at 90 ◦C for 6 h under a nitrogen atmo-

phere. After the addition of a little distilled water, the reactant
as stirred continuously at 90 ◦C for 1 h under a nitrogen atmo-

phere. The residue was filtered and extracted with alcohol in a
oxhlet apparatus for 4 h and then dried at 80 ◦C under reduced
ressure to a constant weight to give compounds 2 and 3 as a
ight-yellow powder.

.3.2. Grafting of compound 2 with
-tert-butylcalix[4]arene (CGC[4]P-1)

A mixture of 0.5 g p-tert-butylcalix[4]arene and 0.02 g NaH
n 50 mL anhydrous toluene was heated with stirring under an
nert atmosphere at 80 ◦C for 30 min. Subsequently, 1.0 g 2
nd 0.27 g tetrabutylammonium bromide (TBAB) were added
o the suspension and heated immediately to reflux for 24 h.
he bonded-material was filtered and washed in sequence with

oluene, dichloromethane, acetone, doubly distilled water. After
ried at 120 ◦C, CGC[4]P-1 (1.0 g) was obtained.

.3.3. Grafting of compounds 3 with 6 (CGC[4]P-2)
Compound 3 (1.0 g) was added to a solution of 6 (0.5 g)

issolved in dry THF (50 mL). The mixture was stirred and
efluxed for 5 days and then filtered and in sequence with
oluene, dichloromethane, acetone, doubly distilled water to give
GC[4]P-2 (1.1 g).

.4. Sorption studies

Cellulose-grafted calix[4]arene polymer (0.025 g (W)) was

haken with 10 mL of aqueous solution containing 10 mL (V)
f a metal picrate solution or a NaCr2O7 solution with known
oncentration (Ci) at 175 rpm in a 50 mL-closed glass flask at
5 ◦C for 1 h and filtered off. The concentration of the picrate
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CGC[4]P-2 was determined and their TG and DTG curves pre-
sented in Figs. 5 and 6, respectively. As seen in Fig. 5, the
weight-loss of CGC[4]P-1 occurred at four regions explained
in Table 2. At range of this temperature the remaining of the

Table 1
Results of elemental analysis for 2, 3, CGC[4]P-1 and CGC[4]P-2

%C %H %N Bonded amount
(mmol/g)a

2 39.18 4.62 – –
Fig. 2. The synthetic route of prepa

r dichromate ion remaining (Ce) in aqueous phase after the
orption was then determined spectrophotometrically [19].

The amount of metal cation sorbed by calixarene polymer (q)
as calculated as

= (Ci − Ce)V

nW(mmol/g)
(1)

here n is valence of metal ion.
The percent sorption of ion (S%) has been calculated as

% =
[
Ci − Ce

Ci

]
× 100 (2)

The distribution coefficients (Kd) were calculated as

d = amount of ion sorbed by resin/g of dry resin

amount of metal remaining in solution/mL of solution in

. Results and discussion

.1. Synthesis

Calixarenes have been widely used as three-dimensional
uilding blocks for the construction of artificial molecular recep-
ors capable of recognizing neutral molecules, cations and

ore recently anions [6–8]. Thus, having chosen the p-tert-
utylcalix[4]arene as the basis for derivatives, synthetic way
ad to be developed to enable the derivatization of the molecule.
uch synthetic routes were shown in Figs. 2 and 3. The syntheses
f compounds 1 and 4–7 were based on the previously published
rocedures [19,26], while the reaction steps leading to cellulose
erivatives 2 and 3, cellulose-grafted with calix[4]arene poly-

ers CGC[4]P-1 and CGC[4]P-2 (Figs. 1 and 2) were reported

or the first time. The modification of Cell/Ti-OH with organosil-
cones GPTES or APTES in dry toluene was performed to give

and 3, respectively. The elemental analysis results of 2 and

3
C
C

of cellulose derivatives (2 and 3).

tact
(3)

given Table 1 confirmed that the modification of native cellu-
ose was accomplished. The cellulose-grafted with calix[4]arene
olymer-1 (CGC[4]P-1) was obtained from the grafting of
ellulose derivative 2 with p-tert-butylcalix[4]arene in the pres-
nce of TBAB and NaH in toluene. Also the cellulose-grafted
alix[4]arene polymer-2 (CGC[4]P-2) was prepared from the
rafting of cellulose derivative 3 with compound 6 in dry THF
ia aminolysis reaction [27]. FTIR spectra of 2, 3, CGC[4]P-1
nd CGC[4]P-1 were demonstrated in Fig. 4. Comparing with
R spectra of them showed distinct absorption peaks especially
or phenyl groups, which indicated that the cellulose derivatives
ad been grafted with calix[4]arenes successfully. Also the ele-

ental analyses of CGC[4]P-1 and CGC[4]P-1 confirmed that
he grafting of cellulose derivatives with calix[4]arenes.

Thermogravimetric analysis (TGA) of CGC[4]P-1 and
36.86 4.60 1.7 –
GC[4]P-1 42.48 4.88 – 0.640
GC[4]P-2 32.57 3.56 1.86 0.440

a Calculated according to the C or N content.
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9.4% of material without decomposed showed the presence of
i O and Ti O units. Fig. 6 displayed that the weight-loss
f CGC[4]P-2 occurred at three regions explained in Table 3. At
ange of this temperature the remaining of the 13.1% of mate-
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ith calix[4]arene polymers (CGC[4]P-1 and CGC[4]P-2).

ial without decomposed indicated the presence of Si O and
i O units. From these data, it is revealed that CGC[4]P-1
nd CGC[4]P-2 are strong grafting polymers to heat although
heir preparation process requires slightly a long synthetic route

eading to cost. Moreover, the SEM images of CGC[4]P-2
ere taken to evaluate its surface morphology and displayed

n Fig. 7. According to our knowledge the image of cellulose

able 2
hermogravimetric analysis results of CGC[4]P-1a,b

egion (◦C) Weight-loss (%) Assignment

16–160 3.6 Moisture
60–425 52.2 Calix[4]arene and cellulose units
25–501 7.4 Propoxy units
01–900 7.2 Unreacted ethoxy units

a The sample weight was almost 10 mg.
b Analysis was performed from 16 to 900 ◦C at a heating rate of 20 ◦C/min in
nitrogen atmosphere with a gas flow rate of 40 mL/min.
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Table 3
Thermogravimetric analysis results of CGC[4]P-2a,b

Region (◦C) Weight-loss (%) Assignment

16–150 5.1 Moisture
150–458 63.1 Aminopropyl, calix[4]arene

and cellulose units
458–900 18.7 Unreacted ethoxy units

a

3

t
(
c
a

3.2.1. Sorption of heavy metal cations
We performed solid–liquid sorption studies of some heavy

metal cations (Co2+, Ni2+, Cu2+, Cd2+, Hg2+ and Pb2+) by using
CGC[4]P-1 and CGC[4]P-2 as sorbents. The sorption capac-
Fig. 5. TG and DTG curves of CGC[4]P-1.

not displayed here) exhibits distinct flake and lumpish structure
ecause of the strong intra-molecular hydrogen bonds. How-
ver, the porous SEM image of CGC[4]P-2 indicated that the
dding calixarene units into cellulose units hampered the forma-

ion of the intra-molecular hydrogen bonds. This kind of loose
nd porous structures was favorable for producing good sorption
roperties.

Fig. 6. TG and DTG curves of CGC[4]P-2. F
a The sample weight was almost 10 mg.
b Analysis was performed from 16 to 900 ◦C at a heating rate of 20 ◦C/min in
nitrogen atmosphere with a gas flow rate of 40 mL/min.

.2. Evaluation of sorption capabilities

In this study it was also aimed the evaluation of sorp-
ion abilities by cellulose-grafted with calix[4]arene polymers
CGC[4]P-1 and CGC[4]P-2) toward some selected heavy metal
ations (Co2+, Ni2+, Cu2+, Cd2+, Hg2+ and Pb2+) and dichromate
nions (Cr2O7

2−/HCr2O7
−).
ig. 7. SEM micrographs of CGC[4]P-2, 50 �m (above); 10 �m (below).
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ig. 8. Sorption capacities (q) of CGC[4]P-1 and CGC[4]P-2 towards heavy
etal cations (25 ◦C, 1 h, Ci = 0.02 mmol L−1).

ties, sorption percentages and distribution coefficients were
alculated equations (1)–(3), respectively, and given in Fig. 8,
ables 4 and 5, respectively. These data have been obtained by
sing a 0.025 g of the polymers for sorption of metal cations from
queous solution. The equilibrium concentration of picrate in
he aqueous phase has been determined spectrophotometrically
19].

From the results, it was observed that CGC[4]P-2 was
n effective sorbent, while CGC[4]P-1 did not display any

emarkably sorption for heavy metal. The sequence of sorp-
ion efficiency of CGC[4]P-2 for heavy metal cations was
i2+ > Cu2+ > Cd2+ > Pb2+ > Hg2+ > Co2+. From our previous
orks and various studies [18–20], it was deduced that amide

able 4
orption percentages of heavy metal cations by CGC[4]P-1 and CGC[4]P-2a,b

Sorbed metal cations

Co2+ Ni2+ Cu2+ Cd2+ Hg2+ Pb2+

GC[4]P-1 < 1.0 <1.0 <1.0 <1.0 <1.0 <1.0
GC[4]P-2 20.4 30.5 25.0 22.1 21.4 21.5

a Solid phase, sorbent = 25 mg polymer; aqueous phase, metal
icrate = 2.0 × 10−5 M at 25 ◦C for 1 h.
b Averages and standard deviations calculated for data obtained from three

ndependent sorption experiments.

able 5
istribution coefficients for heavy metal cations (Kd) by CGC[4]P-2a

orbed metal cations Kd

o2+ 51
i2+ 88
u2+ 67
d2+ 57
g2+ 54
b2+ 55

a Solid phase, sorbent = 25 mg polymer; aqueous phase, metal
icrate = 2.0 × 10−5 M at 25 ◦C for 1 h.
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erivatized calixarenes are effective sorbents for these cations.
ecause NHC O group is preferable to complex the more polar-

zable transition metal ions especially Pb, Hg, Cd and Cu due
o cation-� interactions. The phenomenon may also reflect the
principle of hard and soft acids and bases” introduced by Pear-
on [28]. Furthermore, the grafting groups also may help to the
orption of dichromate anions supplying conformational stabil-
ty to polymer in sorption process along their partial interactions
ith heavy metal cations. Consequently, it was clearly found out

hat grafting of cellulose with 6 was useful approach for heavy
etal sorption.

.2.2. Sorption of dichromate anions
We also examined the sorption properties of CGC[4]P-1

nd CGC[4]P-2 for dichromate anions at the range of pH
.5–4.5. The sorption percentages and distribution coefficients
ere calculated (Eqs. (2) and (3)) and given in Tables 6 and 7,

espectively. These data have been obtained by using a 0.025 g
f the polymers for sorption of dichromate anions from aque-
us solution. The equilibrium concentration of dichromate in
he aqueous phase has been determined spectrophotometrically
19].

The sorption data revealed that CGC[4]P-1 and CGC[4]P-2
ere effective sorbents and the sorption efficiency of CGC[4]P-
was highly more than CGC[4]P-1 for dichromate anions at pH
.5. However, the sorption efficiencies of sorbents decreased
ith increasing at the pH of solution. From this it was clearly
nderstood that optimum sorption pH value by these sorbents
as 1.5. The sorption abilities of CGC[4]P-1 and CGC[4]P-2 can
e attributed to these polymers possess some atoms such as oxy-

en and nitrogen lead to make hydrogen bond with dichromate
nion. One reason of high sorption ability of CGC[4]P-2 may be
hat it contains amide and nitrile moieties lead to interact with
odium cations in aqueous solution. Because, from the literature

able 6
orption percentages of dichromate anion by CGC[4]P-1 and CGC[4]P-2a,b

pH

1.5 2.5 3.5 4.5

GC[4]P-1 32.3 13.9 <0.1 <0.1
GC[4]P-2 91.1 66.6 33.9 2.1

a Solid phase, sorbent = 25 mg polymer; aqueous phase,
a2Cr2O7 = 1.0 × 10−4 M at 25 ◦C for1 h.
b Averages and standard deviations calculated for data obtained from three

ndependent sorption experiments.

able 7
istribution coefficients for dichromate anions (Kd) by CGC[4]P-1 and
GC[4]P-2a

pH

1.5 2.5 3.5 4.5

GC[4]P-1 95 32 – –
GC[4]P-2 2047 399 103 4

a Solid phase, sorbent = 25 mg sorbent; aqueous phase,
a2Cr2O7 = 1.0 × 10−4 M at 25 ◦C for 1 h.
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ig. 9. The proposed interactions of CGC[4]P-2 with Na+ cation and dichromate
nions.

18–20] it is well known that the calixarenes with amide and
itrile functionalities are effective sorbents for sodium cation.
herefore, in order to seek the sorption abilities of CGC[4]P-2

oward sodium cation, it was also performed sodium sorption
tudies under same conditions with that of dichromate anions.
he results demonstrated that CGC[4]P-2 was and excellent sor-
ent for sodium cation. Thus the sorption of dichromate anion
ealized with together sodium cation as shown in Fig. 9 by
GC[4]P-2. Another reason may be that unreacted amino moi-
ties of C[4]BP-2 remaining from 3 can be protonated. This also
mplies decreasing in sorption efficiency of CGC[4]P-2 with
ncreasing at the pH of solution due to the fact that protona-
ion decrease under this condition. One another reason can be
hat amide oxygen can be protonated [29] at low pH although
his is more difficult as to amino groups. Furthermore, the graft-
ng groups also may help to the sorption of dichromate anions
upplying conformational stability to polymer in sorption pro-
ess along their partial interactions with dichromate anions.
hus, these causes cooperatively can contribute to sorption effi-
iencies of CGC[4]P-2. As a result it revealed that CGC[4]P-1
nd CGC[4]P-2 were useful sorbents especially CGC[4]P-2 for
ichromate anions at pH 1.5. This also indicated that the graft-
ng of a calix[4]arene based compound onto a cellulose-based
upport was a good approach.

. Conclusions
The preparation and characterization of cellulose-grafted
ith calix[4]arene polymers was achieved. The sorption stud-

es of some heavy metal cations and dichromate anions were
erformed by CGC[4]P-1 and CGC[4]P-2 as sorbent materials.

[

s Materials 148 (2007) 428–435

rom the sorption results of heavy metal cations it was revealed
hat CGC[4]P-2 exhibited excellent sorption properties while
he CGC[4]P-1 could not be effective for these cations. As for
he sorption studies of dichromate anions by CGC[4]P-1 and
GC[4]P-2, it was appeared that CGC[4]P-2 was more effective

orbent than CGC[4]P-1 at pH 1.5. Consequently, CGC[4]P-2
xhibited good sorption properties for both heavy metal cations
nd especially dichromate anions. After all, the grafting of a cel-
ulose derivative with a calix[4]arene derivative became useful
pproach for heavy metal cations and dichromate anions removal
rom aqueous media by sorption.
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