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a b s t r a c t

The adsorbents of starch grafted p-tert-butyl-calix[4,6,8]arene-SGCn (SGC4, SGC6, SGC8) are prepared.
The products are characterized by FTIR, elemental analysis, thermal gravimetric analysis and scanning
electron microscope. Static adsorption behavior is studied by using SGC8 as adsorbent, butyl Rhodamine
B (BRB) solution as simulation dye wastewater. The adsorption of BRB onto SGC8 fits the second order
kinetic model and the apparent adsorption rate constant is 0.002 g mg−1 min−1 at 25 ◦C. The equilibrium
eywords:
dsorption
esorption
-Tert-butyl-calix[4,6,8]arene
tarch
utyl Rhodamine B
dsorption isotherm

adsorption data are interpreted using Langmuir and Freundlich models. The adsorption of BRB onto
SGC8 is better represented by the Langmuir equation. The thermodynamic parameters for the adsorption
reaction are calculated through van’t Hoff analysis. The adsorbent may be easily regenerated by using
ethanol solution as desorption agent to extract dye from SGC8. The rate of desorption of BRB is dependent
on the concentration of ethanol and the temperature. SGC8 exhibits excellent adsorption and desorption
properties toward dye molecule. The new-style adsorbent of SGC8 is regarded as a potential adsorbent
to deal with dye or organic wastewater.
. Introduction

Dyes and pigments are widely used, mostly in leathers, tex-
iles, paper mill, additives, foodstuff and cosmetics industry to color
roducts. Today, they are considered as a kind of extremely impor-
ant pollutant in environment due to their complex composition,
igh toxicity, poor degradability and great solubility in water [1,2].
ence, the removal of dye from colored reactive dye wastewater is
n important environmental issue.

The most commonly methods for the color removal include
hysicochemical, chemical, and biological methods, such as coag-
lation [3,4], precipitation [5], adsorption, filtration [6], membrane
eparation [7,8], chemical oxidation [9,10], ion-exchange [11,12],
nd aerobic and anaerobic microbial degradation [13,14]. Among
hese methods, liquid-phase adsorption processes are efficient for
emoval of dye pollutants from the industrial wastewater. More

esearches have been done on the adsorption behaviors of dyes in
queous solution by adsorbents such as resins [15], chitosan [16],
ctivated carbon [17], titanium phosphate [18], zeolites [19], iron
xides [20] and clay [21], have been reported in the literature.

∗ Corresponding author at: College of Chemistry and Chemical Engineering,
angzhou University, Yangzhou 225002, PR China. Tel.: +86 514 87975436;

ax: +86 514 87975244.
E-mail address: gwdiao@yzu.edu.cn (G. Diao).
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oi:10.1016/j.jhazmat.2010.09.107
© 2010 Elsevier B.V. All rights reserved.

Recently, much more attention has been paid to chemical sep-
aration techniques and the design and synthesis of new extraction
reagents for ions and molecules. The attention results from environ-
mental concerns and efforts to save energy and enhance recycling
at the industrial level. In this respect, supramolecular chemistry
has provided important avenues to prepare new type adsorbents
and extraction reagents. This was achieved with the development
of macrocyclic receptors, such as crown ethers [22,23], cyclodex-
trins [24–33] and calix[n]arenas [34–38]. Calix[n]arenes are cyclic
oligomers synthesized by condensation of a p-alkylated phenol and
formaldehyde. Calixarenes have a particular configuration because
of its cavity. It has the flexibility to adjust the cavity dimension
and the ability to form inclusion compounds with a great variety of
guests, from charged molecules such as anions, metallic cations to
apolar compounds. This versatility makes the calixarene family the
third major class of macrocyclic binding agents after crown-ethers
and cyclodextrins [39–41]. Nowadays many researchers are inter-
ested in crosslinking calixarenes with suitable crosslinkers to form
an insoluble resin which has specific adsorption based on inclusion
complex formation [34–38].

In this article, starch has received a considerable attention

as basic matrixes for designing new adsorbent. p-Tert-butyl-
calix[4,6,8]arene are grafted onto starch through epichlorohydrin
to prepare adsorbents-SGCn (SGC4, SGC6, SGC8). To research the
adsorption capacity and mechanism of adsorbent, butyl Rhodamine
B is chosen as adsorbate (the structure is shown in Fig. 1(A)).

dx.doi.org/10.1016/j.jhazmat.2010.09.107
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gwdiao@yzu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.09.107
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Fig. 1. (A) Structure of butyl Rhodamine B (BRB). (B) Preparation

hodamine B (RhB), Basic Violet 10, is a highly water soluble,
on-volatile, basic dye of the xanthene class. It is widely used in

ndustry as a colorant in textile, leather, jute and food industries,
nd is also a well-known water tracer fluorescent [42]. However, it
auses phototoxic and photoallergic reactions, which have toxic,
arcinogenic or mutagenic influences on living organisms [43].
herefore, the dye-containing wastewater should be treated before
ischarge. The adsorption behavior of BRB onto SGC8 is studied.
he cavity size effect of calixarene for the adsorption capacity is
rst reported. The kinetics and thermodynamic parameters for the
dsorption reaction are calculated through static adsorption study.
he adsorbent is regenerated by using ethanol solution as des-
rption agent to extract dye from SGC8. The desorption efficiency
nd regeneration capability are investigated and the results show
hat SGC8 is regarded as a potential adsorbent to deal with dye
ewage.

. Experimental

.1. Reagent

p-Tert-butyl-calix[n]arene (n = 4, 6, 8) are synthesized according
o references [44,45]. Butyl Rhodamine B (BRB) is purchased from
hanghai Chemical Reagents Company and used without purifica-
ion. Starch (AR), epichlorohydrin (AR) is obtained from Sinopharm
hemical Reagent Company and used without any purification.
ighly pure water is obtained from a Millipore Milli-Q UV system.

.2. Instrument

FTIR spectra for the different samples are recorded on a Bruker
ENSOR 27 FTIR spectrometer operated at a resolution of 4 cm−1.
lemental analysis for adsorbents is measured by using a SERIES
I2400 (PerkinElmer) elemental analyzer. The thermal analysis of
amples is characterized by thermal gravimetric analysis (TGA)
n a STA409PC TGA instrument (Netzsch, Germany) with a heat-
ng rate of 10 ◦C min−1. The morphology and size of adsorbent are

nvestigated by a Philips XL-30ESEM scanning electron microscope
SEM) instrument operated at an accelerating voltage of 20 kV. Flu-
rescence spectra are operated by F4500 (Shimazu, Japan) using
conventional 1 cm × 1 cm quartz cell in a thermostated com-

artment. The excitation wavelength is 490 nm. Adsorption and
sorbents of starch grafted p-tert-butyl-calix[4,6,8]arene (SGCn).

desorption experiments are completed on a laboratory shaker HZ-
9211K (Jiangsu, China).

2.3. Preparation of adsorbents

The preparation scheme of SGC8 is shown in Fig. 1(B). The pro-
cedure is described briefly as follows: a mixture of starch (1.00 g),
p-tert-butyl-calix[8]arene (4.00 g), and sodium hydroxide aque-
ous solution (6 mL, 20%) is stirred at 50 ◦C. Then, epichlorohydrin
(30 mL) is dropped into above mixture and the mixed system is
stirred at 50 ◦C for 24 h. The product is filtered and washed in
sequence with ethanol and acetone three times. The precipitate is
dried in a vacuum oven at 50 ◦C for 24 h. At the end, yellow powder
is obtained and characterized by FTIR, elemental analysis and SEM.
SGC4 and SGC6 are synthesized by the same method.

2.4. Adsorption and desorption experiments

The influence of the initial solution pH on the adsorption capac-
ity of BRB onto SGC8 is studied. Adsorption experiments are done
by agitating 50 mL of dye solution at different pH (20 mg L−1)
with fresh SGC8 200 mg in glass bottles using a laboratory shaker
at 180 rpm and the room temperature (25 ± 1 ◦C). The equilib-
rium adsorption amount of BRB onto SGC8 at different pH is
estimated by monitoring the residual BRB in the solution at the
maximum emission wavelength (599 nm) by using a Fluorescence
spectrophotometer. The equilibrium adsorption amount of SGC8,
qe (mg g−1), is calculated using the following relationship [46,47]:

qe = (c0 − ce)V
W

(1)

where c0 is the initial concentration of BRB (mg L−1), ce is the
equilibrium concentration of dye (mg L−1), V is the volume of the
solution (L), and W is the mass of the SGC8 (g).

To research adsorption kinetic behavior of BRB onto SGC8, batch
adsorption experiments are done by agitating 50 mL of dye solution
(20 mg L−1, pH = 8) with fresh SGC8 200 mg in glass bottles using a

laboratory shaker at 180 rpm and the room temperature (25 ± 1 ◦C).
At different adsorption time, the dye solution is separated from the
adsorbent by centrifugation at 8000 rpm for 5 min. The adsorption
amount of BRB onto SGC8 at different adsorption time is estimated
by monitoring the residual BRB in the solution at the maximum
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139 C is due to the loss of moisture. The second ranging from 278
to 335 ◦C is assigned to the breakage of starch backbone. Two main
steps on thermal degradation curves for p-tert-butyl-calix[8]arene
are shown in Fig. 3(b). The first step ranging from 366 to 410 ◦C
is assigned to the loss of the functional group of p-tert-butyl in
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Fig. 2. FT-IR spectra of (a) starch, (b) p-tert-butyl-calix[8]arene, (c) their mixtu

mission wavelength (599 nm) by using a fluorescence spectropho-
ometer.

Adsorption isotherms are obtained by using a batch equilibra-
ion technique at different temperature.

The adsorption efficiency (%), is calculated using the following
elationship:

A = qe

qm
× 100% (2)

here qe (mg g−1) is the equilibrium adsorption capacity of SGC8
nd qm (mg g−1) is the saturation adsorption capacity.

In desorption experiment, 2 g fresh SGC8 is put in 1 L 80 mg L−1

RB aqueous solution. The solution above is shaken by laboratory
haker (180 rpm) 5 h at 25 ◦C to make an equilibrium absorption of
RB onto SGC8, which is filtrated and dried at room temperature

or further use. The adsorption capacity is about 12 mg g−1. Then,
.1 g above SGC8 is added into conical flasks. The different con-
entration of ethanol solution is used as desorption agent and the
olume is 20 mL. At desorption equilibrium, the concentration of
RB in desorption agent phase is measured by fluorescence spectra
s previously described.

The desorption efficiency (%), is calculated using the following
elationship:

D = ce,DV

qmW
× 100% (3)

here ce,D (mg L−1) is the desorption equilibrium concentration
f dye, V (L) is the volume of the desorption agent solution, qm

mg g−1) is the saturation adsorption capacity and W (g) is the mass
f the SGC8.

In a typical regeneration experiment, the 80% ethanol solution
s used as desorption agent and the volume is 20 mL. 0.1 g SGC8
overed with BRB is dipped in turn in fresh desorption agent for
0×. The adsorption and desorption efficiency is calculated by using
qs. (2) and (3).

. Results and discussion

.1. Characterization of adsorbents

The FTIR spectra of starch, p-tert-butyl calix[8]arene, their mix-
ure and SCG8 are taken by FTIR spectrometer with a KBr film

nd shown in Fig. 2. Fig. 2(a) shows the FTIR spectrum of starch.
he band observed at 3460 cm−1 is assigned to –OH stretching
ibration. For p-tert-butyl calix[8]arene, the characteristic vibra-
ion peaks of –OH at 3244 cm−1, –C(CH3)3 stretching vibration at
957 cm−1, phenyl plane bending vibrations at 1608, 1485 cm−1
Wavenumber/cm-1

) SGC8: (A) in the range of 4000–500 cm−1; (B) in the range of 2000–500 cm−1.

are clearly observed in Fig. 2(b). All above absorption peaks can
be found in Fig. 2(c). However, in Fig. 2(d), the band observed
at 2957 cm−1 is assigned to the p-tert-butyl stretching vibration,
which indicates powerful that p-tert-butyl-calix[8]arene is immo-
bilized on starch. Furthermore, compared with the mechanical
mixture (shown in Fig. 2B(c)), the band observed at 1024 cm−1 is
assigned to stretching vibration of C–O–C (shown in Fig. 2B(d)),
which provides a substantial evidence of grafting of p-tert-butyl
calix[8]arene onto the starch. The FT-IR spectra of SCG4 and SCG6
are shown in Figs. S1 and S2.

The result of elemental analysis further confirmed the immo-
bilized p-tert-butyl-calix[8]arene on starch. Elemental analysis
for p-tert-butyl-calix[8]arene (molecular formula:(C11H14O)8): C,
81.37%, H, 9.11%. The ratio of C:H is very close to theoretic value of p-
tert-butyl-calix[8]arene (81.48:8.64). Elemental analysis for starch
(molecular formula (C6H10O5)n): C, 41.65%, H, 6.46%. Elemental
analysis for SGC8: C, 44.59%, H, 6.89%. The contents of carbon and
hydrogen increase slightly, which indicates that the p-tert-butyl-
calix[8]arene is immobilized on starch. Elemental analysis for SGC4
and SGC6 is listed in Table S1. The contents of carbon and hydrogen
increase with the number of p-tert-butyl-phenol.

As shown in Fig. 3, thermal gravimetric analysis (TGA) is used
to analyze the thermostability of SGC. For starch, two main steps
shown in Fig. 3(a) are observed. The first step ranging from 45 to

◦

800700600500400300200100
0

Temperature/0C

Fig. 3. TGA curves (a) starch, (b) p-tert-butyl calix[8]arene, (c) SGC8.
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are shown in Fig. 6. It clearly shows that the adsorption capacity
of starch, SGC4 and SGC6 is increased slowly with the time during
Fig. 4. SEM microgra

alixarene. The weight loss is about 38% which is similar to the theo-
etic value. The second step ranging from 410 to 524 ◦C is attributed
o the breakage of the ring of the calix[8]arene. The TGA curve of
GC8 is shown in Fig. 3(c). The thermal degradation for SGC is more
omplicated and three main steps are observed clearly. The first
nd second steps ranging from 40 to 125 ◦C and 215–321 ◦C are
imilar to that observed for thermal degradation of starch shown
s in Fig. 3(a). The degradation ranging from 321 to 530 ◦C may be
ssigned to the degradation of calix[8]arene grating onto the poly-
er. Thermal degradation curves for SGC4 and SGC6 are presented

n Fig. S3. Compared with SGC8, the shape of the thermal degra-
ation curves is quite similar. But the weight loss increases in the
rder of the size of the calixarene ring, i.e., SGC4 < SGC6 < SGC8.

Fig. 4 shows the SEM micrograph of starch (a) and SGC8 (b). It
s clear that the morphology of starch changes a lot after p-tert-
utyl-calix[8]arene immobilized on the surface of carrier, which
rovides an assistive technology support of grafting of p-tert-butyl
alix[8]arene onto starch. The morphology of SGC4 (a) and SGC6 is
imilar to that of SGC8 and the SEM micrograph of SGC4 (a) and
GC6 (b) are shown in Fig. S4.

.2. Adsorption behavior of BRB onto SGCn
.2.1. Effect of pH
The value of pH is known as one of the most important factors

ffecting adsorption capacity of adsorbents. Fig. 5 shows the influ-
nce of the initial solution pH on the adsorption capacity of BRB

2 4 6 8 10

7.2

7.6

8.0

8.4

8.8

q e/m
g·

g-1

pH

Fig. 5. At 25 ◦C, adsorption capacity of BRB onto SGC8 at different pH.
(a) starch, (b) SGC8.

onto SGC8. From Fig. 5, the adsorption capacity of BRB onto SGC8
increases with the pH while the value of pH changes from 2 to 9.
There is slight increase in the adsorption capacity at low acidity. On
the contrary, the significant change in the adsorption capacity at the
high value of pH is shown in Fig. 5. The largest adsorption capacity
is 9.81 mg g−1 at pH = 9.0. Several investigations report that adsorp-
tion quantity of basic dye usually increases as the pH is increased
[48,49]. Basically, at lower value of pH, positively charged surface
sites on the adsorbent do not favor the adsorption of dye cations
due to the electrostatic repulsion. At high pH, OH− on the surface of
adsorbent will favor the adsorption of cationic dye molecules. How-
ever, in the application of dye wastewater treatment, the value of
pH of dye solution is always regulated to neutral. Therefore, from
the results of experiment and practical application, pH = 8.0, weak
alkalinity, is chosen as the appropriate value of the initial solution
of BRB.

3.2.2. Kinetic behavior of adsorption
From batch adsorption experiments, the adsorption capacity of

BRB onto starch, SGC4, SGC6 and SGC8 at different adsorption time
the first 60 min and adsorption equilibrium reach after 100 min.
However, when SCG8 is used as adsorbent, the adsorption capacity
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Fig. 6. The relationship between qt and t of different adsorbents.
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Fig. 7. (a) The relationship between ln(qe − qt)

s increased rapidly with the time and an adsorption equilibrium
eaches after 600 min. It is evident that the equilibrium adsorption
apacity of SGC8 is further larger than that of starch, SGC4 and SGC6.
o, SGC8 is chosen the main object of study.

Many kinetic models are developed in order to find intrinsic
inetic adsorption constants. Traditionally, the kinetics of metal
ons adsorption is described following the expressions originally
iven by Lagergren which are special cases for the general Lager-
ren rate equation [50]. A simple kinetic analysis of adsorption is
he pseudo-first-order equation in the form:

n(qe − qt) = −k1t + ln qe (4)

here k1 (min−1) is adsorption rate constant, qe and qt (mg g−1)
dsorption capacity of dye adsorbed at equilibrium and at any time,
espectively.

A pseudo-second-order equation based on adsorption equilib-
ium capacity may be expressed as follows [51,52]:

t

qt
= 1

k2q2
e

+ t

qe
(5)

here k2 (g mg−1 min−1) is adsorption rate constant of a pseudo-
econd-order equation.

The fitting validity of these models is traditionally checked by
ach linear plot of ln(qe − qt) versus t, and (t/qt) versus t, respec-

ively. Fig. 7(a) and (b) show the fitting plots of two kinetic models.
rom correlation coefficients, the value of R2 in the second-order
inetic model (0.997) is higher than the first-order kinetic model
alue (0.927), which indicates that the adsorption of BRB onto SGC8
ts a pseudo-second-order reaction. From the slope and intercept of
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Fig. 8. (a) At 25 ◦C, adsorption isotherm for BRB onto different adsorbents.
t/min

t. (b) The relationship between (t/qt) versus t.

the straight line (Fig. 7(b)), the pseudo-second-order rate constant
k2 is evaluated as 0.002 g mg−1 min−1.

3.2.3. Adsorption isotherms
The adsorption isotherms of BRB onto starch, SGC4, SGC6 and

SGC8 at 25 ◦C are shown in Fig. 8(a). Comparing adsorption capac-
ity of four adsorbents at 25 ◦C, the saturation adsorption capacity
increases in the order of starch, SGC4, SGC6 and SGC8. In three
starch-calix[8]arene polymer, the saturation adsorption capacity
of SGC8 is larger than that of SGC4 or SGC6, which is attributed
to the larger formation constant between calix[8]arene and BRB
(The formation constants between calix[4,6,8]arene and BRB are
calculated by fluorescence spectroscopy). Therefore, the larger for-
mation constant between calixarene and guest molecule is, the
larger adsorption capacity of the adsorbent is.

The adsorption isotherms of BRB onto SGC8 at different tem-
perature are shown in Fig. 8(b). The Langmuir sorption isotherm
is the most widely used for the adsorption of a pollutant from a
liquid solution assuming that the adsorption takes place at spe-
cific homogeneous sites within the adsorbent [53,54]. Assuming the
adsorption coincided with Langmuir’s model, the Langmuir adsorp-
tion isotherm is expressed by the following equation [53,54]:

� = qe

q
= KLce

1 + K c
(6)
m L e

where � is coverage, ce (mg L−1) and qe (mg g−1) are the liquid
phase concentration and solid phase concentration of sorbent at
equilibrium, respectively; qm (mg g−1) is the saturation adsorption
capacity and KL (L mg−1) is the Langmuir isotherm constant.

(b)
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(b) Adsorption isotherm for BRB onto SCG8 at different temperature.
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Fig. 9. (a) The relationship between ce/qe and ce at different tempera

The linear equation of Langmuir is represented as follows:

ce

qe
= ce

qm
+ 1

KLqm
(7)

Fig. 9(a) shows the relationships between ce/qe and ce at differ-
nt temperature. A well behaved linear relationship implies that
dsorption of BRB onto SGC8 obeys Langmuir’s model. According to
he slope and the intercept of the straight lines, qm and KL both can
e evaluated. Table 1 lists the values of qm, KL and R2 (R, the corre-

ation coefficient) at different temperature for Langmuir isotherm.
rom the value of R2, the adsorption system under the concentra-
ion range studied fits Langmuir isotherm well. From Table 1, both
m and KL are dependent on the temperature. With the tempera-
ure increasing, the values of qm and KL decrease gradually, which
ndicates that the higher temperature, the more disadvantageous
or the adsorption of BRB onto SGC8.

It is well known that the Freundlich isotherm is the earliest
nown relationship describing the adsorption equation [55]. The
pplication of the Freundlich equation suggests that sorptional
nergy exponentially decreases on completion of the adsorp-
ion centers of a sorbent. This isotherm is an empirical equation
mployed to describe heterogeneous systems and is expressed by
he following equation:

e = KFc1/n
e (8)

here qe is the equilibrium dye concentration onto adsorbent
mg g−1), ce is the equilibrium dye concentration in solution
mg L−1), KF is Freundlich constant, and 1/n is the heterogeneity
actor. The capacity constant KF and the affinity constant n are
mpirical constants dependent on several environmental factors. A
inear form of the Freundlich expression can be obtained by taking
ogarithms of Eq. (9):
n qe = ln KF + 1
n

ln ce (9)

he plot of ln qe versus ln ce is shown in Fig. 9(b). Table 1 lists the val-
es of KF, n and R2 at different temperature for Freundlich isotherm.

able 1
t different temperature adsorption constants and the correlation coefficients for
angmuir and Freundlich isotherm.

T/K Langmuir isotherm Freundlich isotherm

KL/L mg−1 qm/mg g−1 R2 KF n R2

298 2.66 12.76 0.997 5.53 2.39 0.888
308 2.25 10.54 0.998 5.81 3.22 0.846
318 2.11 9.37 0.998 5.10 3.13 0.721
328 1.93 8.73 0.994 2.56 1.87 0.785
lnc
e

(b) The relationship between lnqe and lnce at different temperature.

From the value of R2, the linear relationship dose not fit well for the
adsorption system under the concentration range studied. Appar-
ently, this plot demonstrates that equilibrium adsorption data of
BRB is not excellent for the Freundlich isotherm. It is evident that
the Langmuir model is better than the Freundlich model in this case.
The Langmuir equation is applicable to homogeneous adsorption,
where the adsorption of each molecule onto the surface has equal
adsorption activation energy. This suggests that some homogeneity
in the surface of sorbent will play a key role in dye adsorption and
that the homogeneous adsorption model will be better for isotherm
simulation. The value of the monolayer saturation capacity indi-
cates that SGC8 exhibits interesting adsorption properties toward
dye molecule and SGC8 will be a potential adsorbent for dealing
with dye or organic wastewater.

3.2.4. Thermodynamics parameters of adsorption reaction
To elucidate the thermodynamic origins of the adsorption reac-

tion of BRB onto SGC8, the thermodynamic parameter for the
adsorption reaction is determined through van’t Hoff analysis. The
relationship of the Langmuir isotherm constant KL with tempera-
ture T can be described by van’t Hoff equation shown as follows:

ln KL = −�H�

RT
+ �S�

R
(10)

where R is the gas constant, �H� is the enthalpy change and �S�

is the entropy change. The KL (L g−1) has to be converted to KL
′

(L mol−1) by using the molecular weight of BRB before calculating
�H� and �S� [56]. �H� (kJ mol−1) and �S� (J mol−1 K−1) are cal-
culated from the slope and intercept of linear plot of ln KL

′ versus
T−1 (the plot is shown in Fig. 10).

The Gibbs free energy change, �G�, is estimated from the fol-
lowing relationship:

�G� = �H� − T�S� (11)

The thermodynamic parameter for the adsorption reaction is
determined through van’t Hoff analysis. The good linear relation-
ship between ln KL

′ and 1/T is obtained (Fig. 10), and therefore the
value of the molar enthalpy, the entropy change and the Gibbs free
enthalpy change is calculated −8.41 kJ mol−1, −7.25 J mol−1 K−1

and −6.25 kJ mol−1, respectively. The adsorption reaction of BRB
onto SGC8 is driven by the favorable enthalpic change, accom-
panying negative entropy change. The negative value of molar

enthalpy change indicates that the adsorption reaction is exother-
mic reaction, so higher temperature is disadvantageous to the
adsorption reaction. The negative value of entropy change is due to
the decrease of the freedom of dye molecule after the adsorption
of BRB onto SGC8.
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Table 2
The desorption efficiency (%) with different concentration of ethanol solution as
desorption agent.
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.3. Desorption of BRB from SGC8

.3.1. Effect of concentration of desorption agent
In desorption experiment, the different concentration of ethanol

olution is used as desorption agent. The desorption equilibrium
ime is about 9 h. The rate of desorption (%), is calculated by Eq.
3) and the result is shown in Table 2. It indicates that the rate
f desorption depends on the concentration of ethanol. When the
oncentration of ethanol is 80%, the desorption efficiency is close
o 100%, which reveals that higher concentration of ethanol is good
esorption agent.

.3.2. Temperature dependence of the desorption
Fig. 11 shows the rate of desorption at different temperature

ith 40% ethanol solution. The amount of BRB desorbed from

GC8 depends on the temperature. It is clear that the desorption
fficiency of BRB from SGC8 increases with temperature, which
emonstrates that higher temperature is advantageous to the des-
rption reaction.
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ig. 11. The plot of the desorption efficiency at different temperature using 40%
thanol solution as desorption agent.
Cycles

Fig. 12. The adsorption/desorption efficiency of cycles for BRB onto SCG8 at 25 ◦C.

3.3.3. Regeneration of the adsorbent
To the practical application of the adsorption process using

SGC8, it is necessary to study the regeneration of the adsorbent.
80% ethanol solution is used as desorption agent for SGC8 regen-
eration. The adsorbent is used 10 times repeatedly and the rates of
adsorption and desorption are shown in Fig. 12. With the increas-
ing of the repeated times, the rates of adsorption and desorption
are decreased slightly. It is found that SGC8 can be used repeat-
edly without significant decline of its adsorption capabilities during
adsorption–desorption cycles. However, using ethanol solution as
desorption agent will cause secondary pollution and the cost is too
expensive. Therefore, if the desorption agent is improved, SGC8 can
be regarded as a potential adsorbent in the application of sewage
treatment.

4. Conclusions

The adsorbents of starch grafted p-tert-butyl-calix[4,6,8]arene-
SGCn (SGC4, SGC6, SGC8) are synthesized successfully. The
adsorption of BRB onto SGC8 fits the second order kinetic model.
The order of the saturation adsorption capacity at 25 ◦C is consis-
tent with the size of the calixarene ring, i.e., SGC4 < SGC6 < SGC8.
The adsorption behavior of BRB onto SGC8 obeys Langmuir’s model.
The thermodynamic parameters indicate that the adsorption reac-
tion of BRB onto SGC8 is driven by the favorable enthalpic change,
accompanying negative entropy change. The desorption efficiency
of BRB is dependent on the concentration of ethanol and the tem-
perature. The adsorbent may be easily regenerated by using 80%
ethanol solution as desorption agent to extract dye from SGC8. The
adsorbent of SGC8 can be regarded as a potential adsorbent in the
application of dye or organic wastewater treatment.
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30] A. Romo, F.J. Peñas, J.R. Isasi, I.X. García-Zubiri, G. González-Gaitano, Extraction
of phenols from aqueous solutions by �-cyclodextrin polymers. Comparison
of sorptive capacities with other sorbents, React. Funct. Polym. 68 (2008)
406–413.

31] E.Y. Ozmen, M. Sezgin, A. Yilmaz, M. Yilmaz, Synthesis of �-cyclodextrin and
starch based polymers for sorption of azo dyes from aqueous solutions, Biore-
sour. Technol. 99 (2008) 526–531.

32] M. Chen, L. Cui, C.H. Li, G.W. Diao, Adsorption, desorption and con-
densation of nitrobenzene solution from active carbon: a comparison of
two cyclodextrin and two surfactant, J. Hazard. Mater. 162 (2009) 23–
28.

33] E. Yilmaz, S. Memon, M. Yilmaz, Removal of direct azo dyes and aromatic amines
from aqueous solutions using two �-cyclodextrin-based polymers, J. Hazard.
Mater. 174 (2010) 592–597.

34] HB. Li, Y.Y. Chen, The sol–gel technique to prepare calix[6]crown-containing
organosilicon resins and their adsorption properties towards metal ions, React.
Funct. Polym. 55 (2003) 171–178.

35] A. Yilmaz, E. Yilmaz, M. Yilmaz, R.A. Bartsch, Removal of azo dyes from aque-
ous solutions using calix[4]arene and �-cyclodextrin, Dyes Pigments 74 (2007)
54–59.

36] F.F. Yang, H.Y. Guo, X.Q. Cai, X.L. Chen, Syntheses and adsorption properties of
novel calixarene polymers: Calix[6]-1-4-crown-4-based netty polymers, React.
Funct. Polym. 64 (2005) 163–168.

37] T. Oshima, R. Saisho, K. Ohe, Y. Baba, K. Ohto, Adsorption of amino acid deriva-
tives on calixarene carboxylic acid impregnated resins, React. Funct. Polym. 69
(2009) 105–110.

38] M.A. Kamboh, I.B. Solangi, S.T.H. Sherazi, S. Memon, Synthesis and application
of calix[4]arene based resin for the removal of azo dyes, J. Hazard. Mater. 172
(2009) 234–239.

39] K.A. Connors, The stability of cyclodextrin complexes in solution, Chem. Rev.
97 (1997) 1325–1357.

40] A.F. Danil de Namor, R.M. Cleverley, M.L. Zapata-Ormachea, Thermodynamics
of calixarene, Chem. Rev. 98 (1998) 2495–2525.

41] Y. Liu, C.C. You, H.Y. Zhang, Supermolecular Chemistry, NanKai University Press,
China, 2001.

42] S.D. Richardson, C.S. Wilson, K.A. Rusch, Use of rhodamine water tracer in the
marshland upwelling system, Ground Water 42 (2004) 678–688.

43] R. Jain, M. Mathur, S. Sikarwar, A. Mittal, Removal of the hazardous dye
Rhodamine B through photocatalytic and adsorption treatments, J. Environ.
Manage. 85 (2007) 956–964.

44] S. Shinkai, S. Mori, H. Koreishi, T. Tsubaki, O. Manabe, Hexasulfonated
calix[6]arene derivatives: a new class of catalysts, surfactants, and host
molecules, J. Am. Chem. Soc. 108 (1986) 2409–2416.

45] S. Shinkai, K. Araki, T. Tsubaki, T. Arimura, O. Manabe, New syntheses of
calixarene-p-sulphonates and p-nitrocalixarenes, J. Chem. Soc., Perkin Trans.
1 11 (1987) 2297–2299.

46] B. Karagozoglu, M. Tasdemir, E. Demirbas, M. Kobya, The adsorption of basic dye
(Astrazon Blue FGRL) from aqueous solutions onto sepiolite, fly ash and apricot
shell activated carbon: kinetic and equilibrium studies, J. Hazard. Mater. 147
(2007) 297–306.

47] M. Turabik, Adsorption of basic dyes from single and binary component systems
onto bentonite: simultaneous analysis of basic red 46 and basic yellow 28 by
first order derivative spectrophotometric analysis method, J. Hazard. Mater.
158 (2008) 52–64.

48] P. Janos, Sorption of basic dyes onto iron humate, Environ. Sci. Technol. 37
(2003) 5792–5798.

49] K.P. Singh, D. Mohan, S. Sinha, G.S. Tondon, D. Gosh, Color removal from
wastewater using low-cost activated carbon derived from agricultural waste
material, Ind. Eng. Chem. Res. 42 (2003) 1965–1976.

50] S. Lagergren, Zur theorie der sogenannten adsorption gelöster stoffe, K. Sven.
Vetenskapsakad Handl., vol. 24, 1898, pp. 1–39.

51] Y.S. Ho, G. McKay, Pseudo second order model for sorption process, Process
Biochem. 34 (1999) 451–465.

52] Y.S. Ho, Review of second-order models for adsorption systems, J. Hazard.
Mater. 136 (2006) 681–689.

53] I. Langmuir, The constitution and fundamental properties of solids and liquids,
J. Am. Chem. Soc. 38 (1916) 2221–2295.

54] I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and plat-
inum, J. Am. Chem. Soc. 40 (1918) 1361–1403.
55] H.M.F. Freundlich, Über die adsorption in lösungen, Zeitschrift für Physikalische
Chemie 57 (1906) 385–471.

56] J.L. Lu, M.Y. Wu, X.L. Yang, Z.B. Dong, J.H. Ye, D. Borthakur, Q.L. Sun,
Y.R. Liang, Decaffeination of tea extracts by using poly(acrylamide-co-
ethylene glycol dimethylacrylate) as adsorbent, J. Food Eng. 97 (2010) 555–
562.

http://dx.doi.org/10.1016/j.jhazmat.2010.09.107

	Study on adsorption and desorption properties of the starch grafted p-tert-butyl-calix[n]arene for butyl Rhodamine B solution
	Introduction
	Experimental
	Reagent
	Instrument
	Preparation of adsorbents
	Adsorption and desorption experiments

	Results and discussion
	Characterization of adsorbents
	Adsorption behavior of BRB onto SGCn
	Effect of pH
	Kinetic behavior of adsorption
	Adsorption isotherms
	Thermodynamics parameters of adsorption reaction

	Desorption of BRB from SGC8
	Effect of concentration of desorption agent
	Temperature dependence of the desorption
	Regeneration of the adsorbent


	Conclusions
	Acknowledgements
	Supplementary data
	Supplementary data


