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ABSTRACT

An adsorptive composite was prepared for calcium ions removal. The chemically modified
cellulose (EMC) was grafted with the vinyl monomer glycidyl methacrylate using ceric
ammonium nitrate as initiator and was further derived with calix[4]arene. The structure of
the modified cellulose was characterized by using Fourier transform infrared (FTIR), scan-
ning electron micrographs (SEM), thermogravimetric analysis (TGA), and X-ray diffraction
(XRD). Epoxy cellulose was found to contain 3.17mmol g�1 epoxy groups by the acetone-
hydrochloride titration method. The adsorption process of EMC was described by the Lang-
muir model of adsorption well, and the maximum adsorption capacity of calcium ions
reached 104.16mgg�1. The kinetic studies revealed that the adsorption process followed the
pseudo-second-order kinetic model.
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1. Introduction

In order to remove the heavy metal ions, people
usually add calcium oxide into the waste water. It
could bring down the consistency of the heavy metals
and turbidity of the water, but it will lead to the high
content of calcium and hardness in water after the
wastewater treatment. The higher hardness of the
water induces scaling problems and serious failures in
pipelines of boilers, heat exchangers, and electrical
appliances such as washing machines, dishwashers,
and steam irons [1,2]. Various methods have been
available for the water softening such as chemical pre-
cipitation, ion exchanger process, nanofiltration,
reverse osmosis and adsorption [3,4]. When compared

to other methods, adsorption as a cost-effective and
low-energy-consuming method, is gaining more and
more attention.

Calixarenes are considered an important group of
macrocycles as the third famous host molecules after
cyclodextrins and crown ethers [5,6]. Calixarenes have
generated considerable interest because of their
property of the structure, which can selectively be
functionalized at the lower (phenolic groups) or upper
rim (aromatic nuclei) [7]. The calixarenes can be used
in a variety after there are introduced various func-
tional groups, such as analytical chemistry,
membranes, catalysts, slow releasers of drugs, and
decontaminating agents for wastewater [8–11].
Calixarene complexes with metal ions have been
described in many times, and the number of report
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about this is enormous [12]. In the research of Far-
rokh, various types of calix[4]arene molecules were
studied for complexation with alkali earth cations
[13]. Zhang et al. synthesized the calixcrown could
extract alkaline earth metal ions from aqueous solu-
tion into chloroform [14].

Cellulose, the most abundant biopolymer, has
some prominent advantages such as low cost, biode-
gradability, good mechanical properties, nontoxicity,
and high stability to most organic solvents [15]. Cellu-
lose is a linear 1, 4-b-glucan polymer, compared with
other polymers, the unit of the cellulose is very simple
and uniform which make it formed highly ordered
structures, and the three hydroxyl groups in each cel-
lulose unit lead to extensive interaction through intra-
and intermolecular hydrogen bonding [16]. Moreover,
it has high density of hydroxyl groups on which dif-
ferent reactions can be carried out according to needs
[17]. Recent investigation has shown that modified cel-
lulose impressive removal efficiencies for the sorption
of the metal ions from aqueous solutions. de Melo
et al. modified cellulose with polysaccharide to
removal cobalt and nickel [18]. Anirudhan et al. modi-
fied cellulose with tertiary amine functionality for the
extraction of arsenic (V) [19]. Zhou et al. modified cel-
lulose with b-CD, quaternary ammonium groups and
D-Glucose to removal Cr(VI) from aqueous solutions
[20,21].

In the existing literature, there are few literatures
about the adsorption of Ca2+ and the capacities of the
adsorption were not satisfactory. The aim of this
study was to develop an economical, highly efficient
and eco-friendly adsorbent. Taking all these prerequi-
sites into consideration, we introduce the epoxy
groups through graft the glycidyl methacrylate, and
the calix[4]arene as functional group into the cellulose.
In this work, we describe the design, synthesis, and
the adsorption behavior of the chemically modified
cellulose (EMC) (Fig. 1). The adsorption study was

carried out to optimize various experimental parame-
ters such as the effect of pH, contact time, tempera-
ture, and the calcium ion concentration. The kinetics
and adsorption isotherm were investigated.

2. Experiments

2.1. Materials and reagents

The cellulose was provided by Henan Xiren cellu-
lose Co., Ltd. Glycidyl methacrylate (>99%, GMA)
was obtained from Shangqiu Shengyuan Industrial
Assistant Co. Ltd. Diphenyl ether and p-tert-butylphe-
nol were purchased from Sinopharm Chemical
Reagent Co. Ltd. All the other chemicals used in the
experiment were purchased in analytical purity and
were used without any purification. All aqueous solu-
tions and standards were prepared using distilled
water.

2.2. Preparation of EMC

The synthesis of the calix[4]arene using the p-tert-
butylphenol and the formaldehyde according to the
reported methods [22].

The cellulose was grafted with the vinyl monomer
glycidyl methacrylate. In round flask, cellulose was
initiated with 0.1mol L�1 the ceric ammonium nitrate
aqueous solution in water. The pH was adjusted to
the range from 1.3 to 1.4 by hydrochloric acid. Then,
GMA was added to the flask, the contents of the flask
were heated for 2.5 h at 30oC under stirring in the N2

atmosphere. The epoxy cellulose product was soxhlet
extracted with acetone for 12 h to remove the GMA
and then dried at 60oC under vacuum [23].

The epoxy cellulose was added to the flask and
dispersed in DMF for 2 h. Then, sodium chloride solu-
tion (0.5mol L�1) and the calix[4]arene were added to
the flask, and the mixture was heated at 70oC for 48 h.
Filtration material that was washed with warm tolu-
ene, distilled water, acetone, and ethanol, respectively
and then dried at room temperature. EMC was
obtained.

2.3. Characterization of materials

2.3.1. Determination of the epoxy content in epoxy
cellulose

The content of epoxy groups in the epoxy cellulose
was determined by the acetone-hydrochloride titration
method. The epoxy groups of epoxy cellulose reacted
with HCl in acetone solution. The residual HCl wasFig. 1. Preparation of EMC.
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back-titrated with NaOH solution using phenolphtha-
lein solution as indicator. The content of epoxy groups
in the epoxy cellulose Epv (mmol g�1) was expressed
as follows:

Epv ¼ ðV0 � V1Þ � CNaOH

Wg
ð1Þ

where V0 (mL) and V1 (mL) are the titrimetric volume
of NaOH by blank and sample consumed, respec-
tively. CNaOH (mol L�1) is the amount of known
NaOH molarity. Wg (g) is the weight of the epoxy
cellulose.

2.3.2. FTIR characterization

Infrared spectra were measured on a Thermo Nico-
let Avatar 360 FTIR Spectrometer in transmittance
mode by the use of KBr pellets. Measurements were
taken in the wavenumber range from 400 to 4,000 cm�1.

2.3.3. Scanning electron microscopy characterization

Scanning electron micrographs of samples were
recorded using a Jeol JSM5600LV scanning electron
microscope.

2.3.4. Thermogravimetric and differential thermal
analysis

Thermogravimetric analysis (TGA) and the differ-
ential thermal analysis (DTA) were acquired using
Mettler-Toledo DTA/TGA instrument in the tempera-
ture range from 50 to 500oC at the rate of 10oCmin�1

under nitrogen flow.

2.3.5. X-ray diffraction (XRD)

X-ray diffractograms were recorded using a X-Pert
Pro X-ray diffractometer equipped with Cu K radia-
tion at wavelength k= 0.15406 nm, and the generator
working at 40 kV and 40mA. Diffractograms were col-
lected in a 2h range of 10–35˚ at the rate of 0.08˚/s.

The crystallinity index (CrI) of cellulose samples
was calculated from the XRD patterns by the follow-
ing equation:

CrI ¼ I200 � Iam
I200

ð2Þ

where I200 is the overall intensity of the peak at 2h
about 22˚, and Iam is the intensity of the baseline at 2h
about 18˚.

2.4. Batch adsorption experiments

Batch adsorption experiments were carried out by
shaking 25mg of EMC with 25mL of a required metal
ion concentration in different conical flasks using a
temperature-controlled shaker. Then, the mixture was
filtered out, and the filtrate was analyzed for the
residual concentration.

The agitation speed was maintained at 180 rpm.
The optimum pH, contact time, temperature, and the
initial concentration were taken as the time at which
maximum calcium ion took place.

The concentration of Ca2+ was determined by stan-
dard EDTA titration, eriochrome black T (EBT) as indi-
cator and NH3–NH4Cl as buffer solution. The Ca2+

adsorption capacity of EMC was calculated as follows:

q ¼ C0 � Ct

m
� V ð3Þ

where q (mg g�1) represents the amount of adsorbed
cation, C0 and Ct (mgL�1) are the concentrations of
adsorbed cation at initial and time t, respectively. V
(L) is the volume of cation solution, and m (g) is the
adsorbent mass.

3. Results and discussion

3.1. Structure characterization

3.1.1. Determination of the epoxy content in epoxy
cellulose

As shown in Eq. (1), the epoxy groups content of
the epoxy cellulose was calculated to contain
3.17mmol g�1 by the acetone-hydrochloride titration
method.

3.1.2. FTIR characterization

The Fourier transform infrared (FTIR) spectra of
the cellulose, epoxy cellulose, and EMC are presented
in Fig. 2. Fig. 2(A) shows the FTIR spectra in the
wavenumber range from 400 to 4,000 cm�1, and
Fig. 2II shows the FTIR spectra in the wavenumber
range from 500 to 2,000 cm�1. In Fig. 2(B-b), the
pronounced peaks of epoxy cellulose were shown at
756, 847, and 906 cm�1 were attributed due to the
epoxy groups, and the peaks at 1,728 cm�1 was due to
the C＝O stretching, which can explained that the
GMA has been grafted on the surface of the cellulose
successfully. As shown in Fig. 2(B-b) and (B-c), the
major change that can be found in FTIR spectrum for
epoxy cellulose in relation to EMC is that the peaks at
756, 847, and 906 cm�1 of epoxy groups disappeared.
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In Fig. 2(A-c), the peaks at 1,061, 1,200, 1,483, and
2,952 cm�1 were due to the calix[4]arene, which can
evidenced that the epoxy groups of the epoxy cellu-
lose were reacted with calix[4]arene.

3.1.3. SEM characterization

Scanning electron micrographs (SEM) presented in
Fig. 3 shows the surfaces of cellulose, epoxy cellulose,
and EMC. It is observed that the surface of EMC have
much more flakes, and rougher than that of cellulose
and epoxy cellulose, which was due to the swelling
effect of the cellulose and the surface of cellulose
grafted GMA and calix[4]arene. The increases in the
specific surface area provide proof of grafted and the
changes positively affect the adsorption capacity.

3.1.4. TGA and DTA characterization

TGA and DTA curves for cellulose, epoxy cellu-
lose, and EMC are presented in Fig. 4. The TGA curve
of cellulose is characterized by one temperature zone.
At the stage of decomposition (T= 370oC), almost 90%
is lost due to the decomposition of molecular com-
pounds formed into large amounts of volatiles and
solid char. The TGA and DTA curves of epoxy cellu-
lose show the decomposition and weight loss at two
different stages. The first stage comes between 190
and 245oC and the second between 245 and 425oC.
The weight loss at the first stage (T1 = 230oC) is about
24% due to GMA polymer split from the cellulose and
in the second stage decomposition (T2 = 360oC) of
about 68% weight was lost leaving behind solid char.
For EMC, the first stage of decomposition is in the
range 159–213oC, the second is in the range 213–
389oC, and the third is between 389 and 432oC [24].
The weight loss at the first-stage (T1 = 131oC) is due to
the pyrolytic decomposition of calix[4]arene, in the
second-stage decomposition (T2 = 210oC) about 77%
weight was lost, and the third-stage decomposition
(T3 = 347oC) of about 9% weight was lost due to the
thermal cleavage of the glucosidic units and scission
of the C–O bonds [25].

3.1.5. X-ray diffraction characterization

The X-ray diffraction (XRD) patterns of the cellu-
lose and EMC are presented in Fig. 5. The cellulose
with diffraction peaks at 15.2˚, 16.7˚, 22.9˚, and 34.4˚
shows the characteristic crystalline form of cellulose
with crystalline index (CrI) of 74.19%. Compared to
the cellulose, the diffractions of EMC at 2h of 13.8˚,
20.6˚, 25.7˚, and 28.4˚ were observed, which can be
assigned to the typical diffractions of EMC with CrI of
50.12% that shows the crystalline transformation of
cellulose occurred during the reaction. Compare with
the cellulose, the peak intensity and CrI of the EMC
obviously decreased, this may be due to the introduc-
tion of the grafted chain, which changes the aggrega-
tion structure of the cellulose, destroyed the highly
ordered and crystalline regions [26]. And prolonged
exposure to acid condition, which can reduce crystal-
linity as the crystalline regions are increasingly subject
to hydrolysis [27,28].

3.2. Effect of pH on Ca2+ adsorption

The solution pH is generally known to play a very
important role in adsorption process presumably due
to its influence on the surface properties of the adsor-
bent and ionization/dissociation of the adsorbate

Fig. 2. FTIR of cellulose, epoxy cellulose, and EMC (a)
cellulose; (b) epoxy cellulose; and (c) EMC.
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molecule [29]. The effect of pH on the adsorption of
Ca2+ by EMC was studied by varying the pH from 3.0
to 9.0 for an initial Ca2+ concentration of 400mgL�1,
and the results are shown in Fig. 6. The adsorption
capacity was found to increase with increase in pH up
to a maximum at pH 7.0 and after that it showed a
decrease. This could be explained as follows: at low
pH, the high concentration of hydronium ions (H3O

+)
restrict the metal cations approach with the functional
groups of EMC, because of the repulsive force [30].
With the pH increasing, more functional groups join
in metal ion uptake, the adsorption capacity increases.
But at the high pH value, adsorption was reduced
because the competitive adsorption of hydroxyl
reacted with the Ca2+ ions. So the pH 7.0 was selected
as the optimum pH of all subsequent adsorption
experiments.

3.3. Effect of the temperature on Ca2+ adsorption

As shown in Fig. 7, the effect of the temperature
on adsorption of Ca2+ was studied by varying the
temperature from 15 to 55oC. The adsorption capacity

was found to increase with the change of the tempera-
ture from 15 to 35oC, and it showed indistinctive after
35oC. Therefore, the temperature of 35oC was used in
the subsequent studies.

3.4. Effect of contact time on Ca2+ adsorption

Adsorption time was investigated to determine
adsorption equilibrium time for EMC. The effect of
contact time on the adsorption was shown in Fig. 8. It
was found that the initial portion of adsorption capac-
ity increased quickly, and the equilibrium was
attained in 1 h. So it was selected as the optimum
contact time.

3.5. Kinetic study

The kinetics of adsorption is desirable, as it was
used to evaluate the mechanism of adsorption, which
is important for optimizing the efficiency of the
adsorption process [29]. Adsorption kinetics of Ca2+

onto EMC was studied using pseudo-first-order Eq.
(4) and pseudo-second-order kinetic model Eq. (6), the

Fig. 3. SEM morphology of cellulose, epoxy cellulose, and EMC (A) Cellulose magnification 1,000�; (B) Epoxy cellulose
magnification 1,000�; (C) EMC magnification 1,000�; and (D) EMC magnification 5,000�.
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pseudo-first-order model and the pseudo-second-
order model can be represented in linear form Eqs. (5)
and (7), respectively [31]. The fit quality was mea-
sured through coefficient of determination (R2) and
average relative error (ARE).

qt ¼ qeð1� e�k1tÞ ð4Þ

lnðqe � qtÞ ¼ ln qe � k1t ð5Þ

qt ¼ k2q2e t

1þ k2qet
ð6Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð7Þ

where qe (mg g�1) and qt (mg g�1) are the amounts of
solute adsorbed per unit mass of the adsorbent at
equilibrium and time t, respectively. k1 (gmg�1min�1)
and k2 (dm3mg�1min�1) are the pseudo-first-order
and pseudo-second-order rate constants, respectively.
The pseudo-first-order and pseudo-second-order mod-
els describe the kinetics of the solid-solution system
based on mononuclear and binuclear adsorption,
respectively, with respect to the sorbent capacity [32].
We can obtain some results by analyzing Fig. 8, and
parameter listed in Table 1. The pseudo-first-order
equation shows a poor correlation with experimental

Fig. 4. TGA and DTA curves of cellulose, epoxy cellulose
and EMC.

Fig. 5. XRD patterns for cellulose and EMC (a) cellulose;
and (b) EMC.

Fig. 6. Effect of pH on Ca2+ adsorption. Conditions:
400mgL�1 Ca2+ solution; temperature, 35oC; contact time,
120min; adsorbent, 25mg.
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data, whereas the pseudo-second-order equation indi-
cates a good correlation of the experimental results.
So the kinetics of Ca2+ adsorption on EMC accords
with the pseudo-second-order kinetic process
correctly.

3.6. Adsorption isotherms

Adsorption isotherms are used to describe how
solutes interact with adsorbent and determine the
maximum adsorption capacity of the adsorbent [33].
The equilibrium sorption isotherms were analyzed by
the two most commonly used model equations, which
were Langmuir and Freundlich.

The Langmuir isotherm assumes monolayer cover-
age of adsorbate over a homogeneous adsorbent sur-
face, and the adsorption of each molecule on the
surface has equal adsorption activation energy. Lang-
muir equation can be expressed as follows:

qe ¼ Q0kLCe

1þ kLCe

ð8Þ

Ce

qe
¼ Ce

Q0
þ 1

Q0kL
ð9Þ

where Ce (mgL�1) and qe (mgg�1) are the concentra-
tion and adsorption capacity at the equilibrium,
respectively. Q0 (mgg�1) and kL (Lmg�1) are adsorp-
tion capacity and binding energy of adsorption of
Langmuir, respectively.

Freundlich isotherm supposes a heterogeneous
surface with a nonuniform distribution of heat of
adsorption over the surface and a multilayer adsorp-
tion can be expressed. The Freundlich equation can be
expressed as follows:

qe ¼ KFc
1
nF
e ð10Þ

ln qe ¼ lnKF þ 1

nF

lnCe ð11Þ

where Ce (mgL�1) and qe (mgg�1) are the concentra-
tion and adsorption capacity at the equilibrium,
respectively. KF and nF are Freundlich constants mea-
suring the adsorption capacity and the adsorption
intensity, respectively.

The Langmuir and Freundlich isotherm parameters
were determined using linear regression analysis, and

Fig. 7. Effect of the temperature on Ca2+ adsorption.
Conditions: 400mgL�1 Ca2+ solution; pH, 7.0; contact
time, 120min; adsorbent, 25mg.

Fig. 8. Effect of contact time on Ca2+ adsorption.
Conditions: 400mgL�1 Ca2+ solution; pH, 7.0; temperature,
35oC; adsorbent, 25mg.

Table 1
Pseudo-first-order and pseudo-second-order models for the adsorption of Ca2+ onto EMC

Kinetics models Parameters

qe (mgg–1) k1 (gmg�1min�1) k2 (gmg�1min�1) R2 ARE (%)

Pseudo-first-order 105.99 7.68� 10�2 – 0.7353 1.73

Pseudo-second-order 106.61 – 2.52� 10�3 0.9973 2.30

Conditions: 0.01mol L�1 Ca2+ solution; pH, 7.0; temperature, 35oC; adsorbent, 25mg.
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the values are listed in Table 2. As can be seen from
the results, equilibrium data agree well with the Lang-
muir model. The value of the correlation coefficient
(R2) showed that the adsorption of Ca2+ onto EMC
was best fitted with Langmuir isotherm model over
the concentration ranges studied. The constants of
Langmuir isotherm model were calculated by Fig. 9.
Q0 was calculated to be 104.16mgg�1.

4. Conclusions

A novel adsorbent EMC, which was grafted GMA
and calix[4]arene on the cellulose structure, was
synthesized, characterized and its efficiency in uptake
Ca2+ was tested by batch adsorption technique, the
effects of adsorption conditions on adsorptive perfor-
mance were investigated. The adsorption process,
which was pH dependent, shows maximum removal
at pH 7.0. Adsorption equilibrium was achieved
within 60min. The adsorption process fit the Lang-
muir isotherm and the pseudo-second-order kinetics
model. Based on the above results, the EMC adsorbent
can be used as one of efficient adsorbents to treat with
calcium ions from the aqueous solution.
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