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ABSTRACT: The current study pertains to the synthesis of an EDTA-
functionalized β-cyclodextrin-chitosan (β-CD-CS-EDTA) composite via a
two-step process for the adsorptive removal of toxic heavy metallic ions (i.e.,
Pb(II), Cu(II), and Ni(II)) and antibiotic micropollutant, i.e., ciprofloxacin
(CIP), from water. Different batch adsorption experiments such as pH,
reaction time and initial pollutant concentration effects were carried out to
identify the adsorption condition to attain the maximum removal efficiency.
Kinetics results fit well with the pseudo-second order (PSO) kinetics model
for both inorganic and organic pollutants. However, adsorption of heavy
metal ions to the adsorbent was faster than that of CIP. Isotherms results
showed excellent monolayer adsorption capacities of 330.90, 161, and
118.90 mg g−1 for Pb(II), Cu(II), and Ni(II), respectively, with a
heterogeneous adsorption capacity of 25.40 mg g−1 for CIP. The adsorption
mechanism was investigated using energy dispersive X-ray (EDX),
elemental mapping, and Fourier transform infrared (FTIR) techniques. More significantly, the synthesized adsorbent gave good
removal efficiencies when it was applied to simultaneously adsorb metal ions and CIP from real wastewater. Furthermore, excellent
reusability could be obtained, making it a viable alternative to remove the inorganic and organic micropollutants for wastewater
treatment.

1. INTRODUCTION

Due to the rapid upsurge of industrial and agricultural activities
along with rapid population growth, environmental pollution is
becoming a serious threat for the quality of water and human
health. Thousands of inorganic and organic micropollutants
including heavy metal ions and pharmaceuticals are discharged
into the water environment. The major dischargers of the
pollutants include chemical manufacturing, metallurgical,
mining, battery, and drug industries.1−4 These pollutants are
non-biodegradable, highly toxic, and carcinogenic for human
and environmental health, especially when they are present in a
complex mixture due to their different physiochemical
properties.5 Therefore, it is crucial to prepare a facile and
environmentally friendly material that could efficiently remove
both inorganic and organic micropollutants from wastewater.
Till now, various processes have been applied to effectively

remove single or multi-components of organic or inorganic
micropollutants from wastewater, for example, filtration,
membrane separation, precipitation, adsorption, and reverse
osmosis.6−8 Among them, adsorption is considered as the most
suitable method to remove coexisted micropollutants due to its
ease in operation, lower cost, and higher adsorption capacity.
Many literature studies have reported different types of
adsorbents for the removal of a single class of inorganic and

organic micropollutants from polluted water.9,10 Previously,
our research group also reported a few adsorption studies
involving single class pollutants including metal ions and
different dyes previously.11−14 Apart from it, some efforts have
been conducted to prepare a novel bifunctional or multifunc-
tional adsorbent15−18 to remove them simultaneously.
Recently, Usman et al. synthesized a cross-linking polymer
based on β-cyclodextrin(CD) and chitosan (CS) for the
simultaneous removal of Hg(II), methylene blue (MB), and
methyl orange (MO).19 They reported the removal of MB by
the host−guest-inclusion complex formation via β-CD cavities,
while Hg(II) and MO were removed by the remaining
functional groups such as hydroxyl, carboxyl, and amino groups
of the adsorbent. Unfortunately, in practice, it is still difficult to
simultaneously remove inorganic and organic pollutants from
aqueous solution simply due to lower adsorption capacities and
unavailability of selectivity of commercially available adsorb-
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ents. To solve this issue, our research group20 has also
synthesized ethylenediaminetetraacetic acid (EDTA)-function-
alized graphene-oxide (GO)-CS nanocomposites for the
simultaneous adsorption of heavy metal ions and organic
dyes and found that the material had an excellent adsorption
capacity due to the existence of various active functional
groups such as −COOH, −OH, −NH2, etc. This study clearly
demonstrated that multi-functional adsorption materials
should be prepared for efficiently purifying wastewater that
contains multiple types of pollutants.
Chitosan, a well-known deacetylated form of chitin is a

natural linear chain polysaccharide material for adsorption.
Chitosan possesses different properties such as good hydro-
phobicity, low toxicity, biodegradability, and miscibility with
other polymers. In addition, it has a highly active structure with
amino and hydroxyl groups, which makes it a potential
candidate for polluted water treatment.21,22 However,
solubility in acid solution limits its use, so modification in its
structure is necessary to extend its practical uses. β-CD, a
seven-membered cyclic polysaccharide of glucose (α-D-
glucopyranose) is produced via starch degradation by enzymes.
It possesses a hydrophilic nature on its external surface and a
hydrophobic nature in the internal cavity. The hydrophobic
cavity makes it excellent in adsorbing different types of organic
micropollutants through the so-called host−guest inclusion
complex formation.3,23 Also, the hydrophilic hydroxy groups
have been modified by suitable functional groups to enhance
its adsorption ability. Due to these properties, cross-linking of

β-CD with chitosan was carried out to remove the inorganic
and organic micropollutants simultaneously to take advantage
of the superior adsorption properties coming from the
components themselves and their synergism.19,24,25 Recently,
Li et al. reported the hyper-cross-linked β-CD porous polymer
for the removal of aromatic micropollutants from water via the
host−guest inclusion complexation of β-CD cavities.26

However, due to inevitable competitions for free adsorption
sites, these absorbents often encounter with inferior adsorption
capacity and take a long time to attain adsorption equilibrium.
Therefore, to enhance adsorption sites, doping the polymer
with some suitable substances having more adsorption sites or
specific functional groups is urgently needed.
Recently, the well-known chelating agent, EDTA is widely

used in removing heavy metal ions through the hexadentate
complex formation. Previously, different research groups have
reported the functionalization of CS and β-CD with EDTA for
the removal of single and multicomponent pollutants from
wastewater.17,27−30 More recently, our research group reported
the trifunctional β−CD−EDTA−CS polymer using a simple
and easy chemical route for the simultaneous removal of heavy
metals, i.e., mercury (Hg2+) and cadmium (Cd2+), and organic
dyes, i.e., methylene blue (MB), crystal violet (CV), and
safranin O (SO), as inorganic and organic pollutants,
respectively, and proposed the removal mechanism based on
chelation, electrostatic interaction, and host−guest inclusion
complex formation with β-CD cavities.31 In this work, we also

Figure 1. FESEM image (a), FTIR spectra (b), N2 adsorption−desorption and inset pore size distribution (c), and TG data (d) for the β-CD-CS-
EDTA adsorbent.
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reported the synergetic effect in the binary component system
to show the enhancement in heavy metal adsorption.
In this work, an eco-friendly composite was prepared by

modifying the β-CD-CS using EDTA via a two-step process
and characterized using FT-IR, XRD, FESEM, EDX, BET,
TGA, etc. The adsorption performance was investigated on
most emerging pollutants: lead (Pb(II)), copper (Cu(II)), and
nickel (Ni(II)) as model inorganic micropollutant and
ciprofloxacin (CIP) as an organic micropollutant; they are
often found in drinking water as well as industrial waste-
water.32 Different batch adsorption experiments such as pH,
kinetics, isotherms, and reusability of the material for each
micropollutant were examined on monocomponent systems.
Lastly, the performance of the β−CD−CS−EDTA adsorbent
was examined for the simultaneous removal of metal ions and
CIP at environmental levels in real wastewater. The adsorption

mechanism was investigated using elemental mapping, EDX,
and FTIR spectra. To the best of our knowledge, no one has
reported the use of β−CD−CS−EDTA synthesized via a two-
step process for simultaneous removal of heavy metal ions and
CIP micropollutants from wastewater. We believe that the
current study delivers an alternate adsorbing material for the
efficient removal of both classes of micropollutants from
wastewater.

2. RESULTS AND DISCUSSION
2.1. Characterizations of β-CD-CS-EDTA. Figure 1a

displays the surface morphology of the β-CD-CS-EDTA
composite, which shows a highly smooth structure and
confirms the successful introduction of EDTA dianhydride
over the surface of β-CD-CS. The presence of different
functional groups on β-CD-CS and β-CD-CS-EDTA was

Figure 2. Effect of pH (a, b), contact time (c, d), and initial concentrations (e, f) on the removal efficiency of heavy metal ions and CIP,
respectively, toward the β-CD-CS-EDTA composite.
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confirmed by FTIR spectra, as shown in Figure 1b. In the
spectrum of β-CD-CS, the broad adsorption peak situated at
3353 cm−1 occurred due to stretching vibrations of hydroxyl
and amine (O−H and N−H) bands. The peaks situated at
2932 and 2874 cm−1 occurred due to the stretching vibration
of C−H, 1648 cm−1 due to the bending vibration of N−H, and
1384 due to the bending vibration of the O−H group. Apart
from them, one sharp peak situated at 1037 cm−1 could be
observed, which was attributed to the antisymmetric vibration
of the C−O−C bond.33 This vibration peak suggests that the
essential structure of β-CD was intact by the formation of the
β-CD-CS product.16 In the FTIR of the final product β-CD-
CS-EDTA, two new peaks were observed at 1736 and 1635
cm−1, which correspond to free carboxylic groups and the C
O stretching vibration of the amide I (−NHCO−) bond,
respectively.30 These two peaks confirm the successful grafting
of EDTA on the β-CD-CS surface through the amide bond
formation. The N2 adsorption−desorption isotherm of the β-
CD-CS-EDTA adsorbent at 77.4 K is presented in Figure 1c.
Data indicating the H3 type hysteresis loop in the adsorption−
desorption isotherm of the synthesized adsorbent suggest the
capillary condensation presence and the existence of
mesoporous materials. The surface area, pore volume, and
pore diameter were calculated from the BET test and were
found to be 2.404 m2 g−1, 0.0134 cm3 g−1, and 22.419 nm,
respectively. Although the surface area and porosity values
seem to be not sufficient for adsorption, still, adsorption
efficiencies for the pollutants was not significantly affected

since the adsorption mechanism is mainly related to the
available functional groups on the adsorbent, not to the surface
area.34 The thermal stability of the β-CD-CS-EDTA was
explored using TG analysis (Figure 1d), indicating three
thermal-transition steps. These steps show the weight loss of
14.08, 24.73, and 30.87% in the range of 25−125, 160−330,
and 330−800 °C, which correspond to the loss of water,
decomposition of EDTA, and decomposition of polysacchar-
ides (i.e., β-CD and chitosan), respectively.16 XRD patterns of
β-CD-CS and β-CD-CS-EDTA composites were shown in
Figure S1. In β-CD-CS, only one broad peak was observed at
19.51° due to the presence of CS nature in the form of −NH2
groups, which disappeared after the reaction with EDTA
dianhydride and gave a broad peak only. This broad peak
confirms the formation of the β-CD-CS-EDTA composite via
the amide bond formation between the −NH2 groups of β-
CD-CS and EDTA dianhydride groups.

2.2. pH Effect. The existence of inorganic and organic
micropollutants in an aqueous solution is also influenced by
the acidity/basicity of the solution. Therefore, pH is an
important factor in batch adsorption experiments for the
removal of pollutants from polluted water. Figure 2a,b displays
the removal efficiencies of metal ions and CIP at different pH
values, respectively. The removal efficiencies of metal ions
increased fast as pH increased and became unchanging above
pH 4.86, and the maximum removal efficiencies were attained
above pH 5. In the case of CIP, the removal efficiency was
increased first up to 4.98, static in the range of pH 5.0−6.0 and

Figure 3. Linear kinetic modeling of PFO (a, c) and PSO (b, d) for heavy metal ions and CIP adsorption, respectively, on the β-CD-CS-EDTA
composite.
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then decreased continuously with increasing the value of
solution pH. These behaviors can be explained with pHzpc,
which was calculated according to the previously reported pH
drift method35 and determined as 4.30 (Figure S2). Above this
pHzpc, the surface of the β-CD-CS-EDTA composite was
negatively charged, while positively charged below this value,
which means the adsorption would be highly affected by the
system pH.
In the case of metal ion adsorption, when the solution pH

was below 4.30, the surface of the β-CD-CS-EDTA composite
was positively charged, which would create electrostatic
repulsion with metal ions and give a less adsorption efficiency.
With increasing pH, the surface became negatively charged and
the electrostatic repulsion decreased, resulting in a higher
adsorptive removal efficiency. Also, at a lower pH, the
functional groups of the β-CD-CS-EDTA composite, i.e.,
−OH, −COOH, and −NH2, were protonated and produced a
positively charged surface due to which the competition
between the H+/H3O

+ and positive-charged metal ions led to a
lower adsorptive removal efficiency. As the pH increases, the
positive charge of the surface became weaker, and the
electrostatic interaction between the positively charged surface
and metal ions increased, which gave a higher removal
efficiency.36,37

The behavior of CIP adsorption was different from those of
metal ions and can be explained on the two pKa values (pKa1 =
6.1 and pKa2 = 8.7) of CIP in water. CIP is positively charged
below pH 6.1, while negatively charged above pH 8.7.
Therefore, a lower adsorption efficiency could be observed at
pH < pHzpc simply because both CIP and the adsorbent
surface were alike charged. However, a higher adsorption could
be observed at pH between 4.30 and 6.0 since both CIP and
the adsorbent surface were oppositely changed. Above pH 6.0,
CIP was zwitterionic or anionic, resulting in the decreased
interaction with the β-CD-CS-EDTA surface, which was
negatively charged. Therefore, for both heavy metals and
CIP adsorption, pH 5.20 was chosen for further experiments.
2.3. Effect of Contact Time and Kinetics. Figure 2 c,d

shows the contact time effect on the removal efficiencies of
heavy metals and CIP on β-CD-CS-EDTA, respectively. Data
indicate the rapid adsorption in the initial 5−20 min for both

pollutants, and then the uptake rates gradually decreased with
the contact time increasing. The adsorption equilibrium could
be attained within the initial 30−60 and 120 min for heavy
metals and CIP, respectively. Therefore, 300 min was chosen
as the excessive equilibrium time for the subsequent adsorption
experiments.
To identify the adsorption rate and the rate-determining

step, two famous kinetic models, which are pseudo-first order
(PFO) and pseudo-second order (PSO), were applied for the
kinetics data. Details of kinetic isotherms models are given in
Text S1.
The linear fits for the PFO and PSO kinetics models are

presented in Figure 3, and the calculated kinetics parameters
along with different statistical values are listed in Table 1. For
the PSO kinetics model, the fitting lines perfectly fit to the
experimental data. Moreover, the parameters obtained from
the model fits (Table 1) indicate that the PSO kinetics model
would predict the data much better than the PFO kinetics
model, as the qe,cal values obtained by the PSO were much
closer to the experimental ones (qm,exp) than those by the PFO
kinetics model. Better coefficients of determinant (R2 = 0.999)
could be obtained by the PSO for both heavy metals and CIP.
In fact, the χ2 test also confirmed that the adsorption data
would better follow the PSO kinetics than the PFO.
All these results suggest that the chemisorption was rate-

determining in the adsorption process for both metal ions and
CIP, and no mass transfer was involved in the adsorption
mechanism.30,38 This type of interaction describes the
electronic sharing or transfer between the adsorbent and
adsorbate and formation of chemical bonds in the adsorption
process.16 Table 1 also shows a faster adsorption kinetics
(higher k2 values) for metal ions than CIP, which indicates the
higher availability of adsorption sites for inorganic pollutants
(i.e., heavy metal ions) than organic pollutants (i.e., CIP) on β-
CD-CS-EDTA. So, it can be easily presumed that EDTA plays
a crucial and selective role in the adsorption of metallic ions.
The faster adsorption in the beginning indicates that the
chemical adsorption would be more important in both heavy
metals and CIP adsorption.

2.4. Adsorption Isotherm. Figure 2e,f shows the effect of
initial metal ions and CIP concentrations on the removal

Table 1. Kinetics Model Parameters for the Adsorption of Heavy Metal Ions and CIP on the β-CD-CS-EDTA Adsorbent

micropollutants

models parameters Pb(II) Cu(II) Ni(II) CIP

pseudo-first-order qm,exp (mg g−1) 85.40 84.30 82.30 14.70
qe,cal (mg g−1) 46.20 48.40 53.70 9.60
k1 (min−1) 0.120 0.025 0.015 0.004
R2 0.946 0.982 0.947 0.916

statistical tests SSE 0.30 0.10 0.15 0.25
SAE 1.0 0.70 0.80 0.80
Δq 60.70 4.50 5.10 27.60
χ2 0.150 0.026 0.034 0.07
mean error 0.40 0.20 0.20 030

pseudo-second-order qe,cal (mg g−1) 86.20 87.70 85.50 15.20
k2 (g mg−1·min−1) 12.30 × 10−3 2.30 × 10−3 1.60 × 10−3 1.1 × 10−3

R2 0.999 0.999 0.999 0.999
statistical tests SSE ∼0 ∼0 0.01 0.22

SAE 0.10 0.2 0.20 1.20
Δq 6.40 4.10 5.10 9.40
χ2 ∼0 ∼0 ∼0 0.03
mean error ∼0 ∼0 ∼0 0.20
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efficiencies of the synthesized adsorbent. Figures indicate
higher removal efficiencies at lower concentrations due to the
availability of a larger number of active functional groups. The
adsorption sites became eventually saturated as the initial
concentration increases, which resulted in decreased removal
efficiency.
To explain the relationship between the adsorbent and

adsorbate at equilibrium, three different isotherms (i.e.,
Langmuir, Freundlich, and Sips models) were fit to the
adsorption isotherm data. Details of the isotherm models are
given in Text S2.

The non-linear fitting results for Langmuir, Freundlich, and
Sips models corresponding to heavy metals and CIP
micropollutants are shown in Figure 4, and different statistical
parameters are listed in Table 2. From the isotherms tests, it
was found that isotherms data better fit to the Langmuir or
Sips model; the coefficients of determinant (R2) for heavy
metals and CIP were found to be >0.993 for both models.
Also, the adsorption capacity (qm,cal) values calculated by
Langmuir and Sips models were found to be very close to the
experimental adsorption capacity values (qm,exp) of 320.20,
158.70, 115.40, and 25.20 mg L−1 for Pb(II), Cu(II), Ni(II),
and CIP, respectively (Table 2). In short, better fitting results

Figure 4. Non-linear isotherm Langmuir (a, b), Freundlich (c, d), and Sips (e, f) for heavy metal ions and CIP, respectively, on the β-CD-CS-
EDTA composite.
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were obtained by the order of Langmuir > Sips > Freundlich
for heavy metals and Sips > Langmuir > Freundlich for CIP.
These results suggest the homogeneous distribution of
adsorption active sites in the form of EDTA groups for
heavy metals39 while heterogeneous active sites in the form of
β-CD cavities and EDTA for CIP on the surface of β-CD-CS-
EDTA.16 Additionally, the heterogeneity factor (n) for CIP
was not equal to unity, which confirmed the heterogeneous
adsorption. Table 2 also shows the higher KL/KS value for CIP
than those for heavy metal ions, indicating the higher
adsorption affinity of β-CD-CS-EDTA toward organic micro-
pollutants in comparison to inorganic pollutants.40

2.5. Regeneration Study. The recycling and reusability of
the used β-CD-CS-EDTA adsorbent are important parameters
from the economic point of view. In this work, Ni(II)-loaded
β-CD-CS-EDTA was regenerated using 1.0 M HNO3, while

CIP-loaded β-CD-CS-EDTA was regenerated using 5% HCl in
ethanol according to a previous report.17 Figure 5a shows the
performance of the adsorbent during the five continuous
adsorption−desorption cycles. Results indicate more than 97
and 95% removal efficiencies could be obtained initially for
Ni(II)-loaded and CIP-loaded β-CD-CS-EDTA adsorbent,
respectively. In fact, the adsorbent could maintain its
adsorption capacity removal even after five cycles of adsorption
desorption. Slightly declined removal efficiencies could be
observed, 91 and 89% for Ni(II) and CIP, respectively.
Therefore, the cost-effective synthesis, higher adsorption
capacity, and good regeneration efficiency of the β-CD-CS-
EDTA adsorbent makes it a potential candidate in practical
wastewater treatment.

2.6. Effect of Interfering Ions. The effects of other ions’
presence on the performance of the adsorbent were also tested.

Table 2. Adsorption Isotherm Parameters for Heavy Metal Ions and CIP on the β-CD-CS-EDTA Adsorbent

water pollutants

isotherm models parameters Pb(II) Cu(II) Ni(II) CIP

Langmuir model qm,exp (mg g−1) 320.20 158.70 115.40 25.20
qm,cal (mg g−1) 330.90 161 118.90 24.30
KL (L mg−1) 0.066 0.153 0.119 2.060
R2 0.996 0.993 0.996 0.977

statistical tests SSE 350.20 184.20 40.10 13.50
SAE 43.70 29.50 12.80 9.50
Δq 41.80 42.10 32.10 40.2
mean error 7.10 5.50 2.60 1.50

Freundlich model KF (mg g−1) 55.898 41.485 28.279 12.215
n 3.108 3.901 3.925 5.675
R2 0.930 0.915 0.895 0.943

statistical tests SSE 8643.90 2477.0 1616.90 34.30
SAE 254.60 131.0 103.40 13.50
Δq 109.60 84.4 69.60 52.50
mean error 35.1 20.3 16.40 2.40

Sips model qm,cal (mg g−1) 330.10 169.10 118.20 25.40
KS (L mg−1) 0.068 0.129 0.122 1.337
ns 0.980 1.222 0.969 1.588
R2 0.994 0.992 0.996 0.995

statistical tests SSE 346.70 94.50 38.70 2.90
SAE 46.20 24.30 12.0 4.40
Δq 42.40 29.30 32.60 38.90
mean error 7 4.0 2.50 0.70

Figure 5. Regeneration efficiency of the β-CD-CS-EDTA composite for Ni(II) and CIP adsorption (a), and competing ion effect on the removal
efficacy of Ni(II) (b) on the β-CD-CS-EDTA composite.
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For this specific study, Na+, K+, Ca2+, and Mg2+ were selected
as interfering ions due to their common existence in both
natural water and wastewater from industrial sources. These
interfering ions may negatively affect the adsorption perform-
ance of the adsorbent for target pollutants by competing with
the available adsorption sites. Figure 5b displays the effects of
the cations at different concentrations on the removal
efficiency of the adsorbent for Ni(II). As shown in the figure,
the removal efficiencies only slightly decreased for Ni(II) even
at higher concentrations of the interfering ions. These results
clearly indicate that the adsorptive performance of β-CD-CS-
EDTA would hardly be affected by co-existing ions.
2.7. Adsorption Mechanism. Isotherm results clearly

indicated that the excellent adsorption capacity of the β-CD-
CS-EDTA adsorbent would mainly depend on the availability
of a large number of available functional groups. Figure 6
demonstrates the possible adsorption mechanism for the
adsorption of metal ions and CIP onto β-CD-CS-EDTA.
According to the mechanism, the metal ions adsorbed to the
adsorbent mainly via their chelation with EDTA and
electrostatic interaction with −OH and −NH2 groups of β-
CD-CS-EDTA,16 while CIP adsorbed via hydrogen bonding
with −OH and −NH2 groups (electrostatic attraction) and the
inclusion-complex formation on β-CD cavities of the
adsorbent, which is physical adsorption.41

The adsorption mechanism of the heavy metal ions and CIP
pollutants were confirmed by EDX, elemental mapping, and
FTIR spectra. Figure S3 shows the elemental mapping of the β-
CD-CS-EDTA adsorbent after the simultaneous adsorption of
Ni(II) and CIP. The colored elemental spots indicate the
uniform distribution of Ni and CIP (F for ciprofloxacin) over
the whole surface of the adsorbent, confirming the successful
loading of metal ions and organic pollutants on the well-
distributed adsorption sites on β-CD-CS-EDTA. The EDX
spectrum along with elemental composition corresponding to
elemental mapping is shown in Figure 7a, which clearly
confirmed the higher adsorption of metal ions than CIP over
the surface of the synthesized adsorbent, which strongly agrees
with the isotherm adsorption data.
FTIR spectra of β-CD-CS-EDTA before and after the

adsorption of pollutants Ni(II), CIP, and Ni(II) + CIP are
compared in Figure 7b. In the Ni(II) adsorption case, the peak
situated at 1736 cm−1 due to the −COOH group almost
disappeared and the peaks situated at 3340 cm−1 due to O−H
(or N−H) groups slightly shifted toward 3423 cm−1,
confirming the formation of chelation with EDTA and
interaction with O−H (or N−H) groups with metal ions. In
CIP adsorption, the O−H (or N−H) peak became broader,
confirming the electrostatic interaction between F (i.e., CIP)
and available functional groups. Apart from it, the character-

Figure 6. Mechanism for simultaneous adsorption of heavy metal ions and CIP.

Figure 7. EDX and inset table indicates elemental composition after simultaneous adsorption of for Ni(II) and CIP (a). FTIR spectra of β-CD-CS-
EDTA, Ni(II)-loaded β-CD-CS-EDTA, CIP-loaded β-CD-CS-EDTA, and simultaneous loaded Ni(II) and CIP (b).
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istic peak situated at 1037 cm−1 in β-CD-CS-EDTA, which was
due to glucose,15 shifted to 1023 cm−1 in β-CD-CS-EDTA-CIP
confirming the host−guest inclusion complex formation with
the β-CD as reported earlier for different organic pollutants.3,42

The FTIR spectrum for Ni(II) + CIP adsorption shows the
disappearance of carboxylic peaks and shifting in peaks of O−
H/N−H and the glucose unit of the β-CD, confirming the
adsorption of Ni(II) and CIP simultaneously through
chelation, electrostatic interaction, and host−guest inclusion
complex formation.
2.8. Performance of β-CD-CS-EDTA in Real Waste-

water at Environmental Levels. The simultaneous removal
of heavy metal ions and organic micropollutants was also
investigated at an environmental level (μg L−1) in real
wastewater. The different physicochemical properties of
collected wastewater are listed in Table S1.20 The pH of the
wastewater was adjusted to 5.10 by 0.1 M HNO3, and then,
different concentrations of Ni(II) and CIP were added to the
wastewater to the levels that mostly cover all inorganic and
organic pollutants concentrations in drinking water and
wastewater. Figure 8 shows the good removal efficiency of

Ni(II) and CIP onto β-CD-CS-EDTA, demonstrating that the
synthesized β-CD-CS-EDTA adsorbent could remove effec-
tively both inorganic and organic micropollutants at the
environmental level simultaneously.
Lastly, the adsorption performance of our synthesized β-CD-

CS-EDTA composite was compared with those of previously
reported adsorbents (Table S2). The table clearly shows that
β-CD-CS-EDTA has the better adsorption capacity than the
other reported adsorbents. Therefore, these results suggest that
the β-CD-CS-EDTA adsorbent would be a promising
adsorbent for the simultaneous removal of residual inorganic
and organic micropollutants from wastewater.

3. CONCLUSIONS
In this study, we have synthesized a β-CD-CS-EDTA
composite via a two-step simple and facile method and applied
it for the adsorptive removal of Pb(II), Cu(II), Ni(II), and CIP
from water. The different characteristics of the synthesized β-
CD-CS-EDTA composite were described using FESEM, EDX,
FTIR, XRD, TGA, and N2 adsorption−desorption techniques.
The maximum adsorption capacities of the β-CD-CS-EDTA

composite for Pb(II), Cu(II), Ni(II), and CIP were
determined to be 330.90, 161, 118.90, and 25.40 mg g−1,
respectively. The metal ions and CIP followed Langmuir and
Sips isotherm models, confirming the homogeneous and
heterogeneous adsorption characteristics, respectively. The
adsorption of metal ions and CIP followed the PSO kinetics;
adsorption of metal ions onto the adsorbent was faster than
that of CIP. The faster adsorption and larger adsorption
capacities of β-CD-CS-EDTA were due to the availability of a
large number of active functional groups. The adsorption
mechanism confirmed the heavy metal ion adsorption via
chelation with EDTA of the adsorbent and electrostatic
interaction with −OH and −NH2 groups, while CIP
adsorption occurred through electrostatic attraction and
inclusion complex formation with β-CD cavities of the
adsorbent. Moreover, the β-CD-CS-EDTA composite also
produced a good simultaneous adsorption efficiency for the
inorganic and organic pollutants, which co-existed in waste-
water at the environmental level. Overall, the excellent
adsorption capacity, synthetic simplicity, and better reusability
of the adsorbent open the potential for the removal of both
inorganic and organic micropollutants from wastewater.

4. MATERIALS AND METHODS
4.1. Materials. β-Cyclodextrin (β−CD, >97%), ethyl-

enediaminetetraacetic acid (EDTA), and deacetylated chitosan
flakes (+85%, the molecular weight and viscosity of the
polymer were 190,000−375,000 g mol−1 and 200−2000 MPa,
respectively) were supplied by Sigma-Aldrich (Seoul, South
Korea). Glutaraldehyde (Glu, 50%) was purchased from Junsei
(Kyoto, Japan). All other chemicals were of analytical grade
and used without any further purification. pH was adjusted
using 0.1 M HCl and 1 M NaOH.

4.2. Preparation of β-Cyclodextrin-Chitosan-EDTA (β-
CD-CS-EDTA) Composite. The fabrication of the β-CD-CS-
EDTA composite was carried out using a two-step process
according to a previously reported modified method.43 In the
first step, the β-CD-CS composite was synthesized as follows:
at first, 2.0 g CS and 12 g β-CD were dissolved in 250 mL of
1.0 M HCl solution, which was then stirred at 85−90 °C for 30
min. After that, 3.0 mL of glutaraldehyde was added to the
solution with continuous stirring for 2.0 h. The solution pH
was then adjusted to 8−9 with 1.0 M NaOH and continuously
stirred for 30 min at the same temperature. Then, the solution
was cooled and washed with ethanol and DI water and dried in
a vacuum oven at 55 °C.
In the second step, dispersion of 2.0 g synthesized β-CD-CS

was carried out in 50 mL of acetic acid (10%). Meanwhile, 15 g
EDTA dianhydride synthesized by a previously reported
method44 was suspended in methanol. Then, both solutions
were mixed at room temperature vigorously for 20 h.
Thereafter, the solution was filtered and washed with 1.0 M
NaOH to remove excess EDTA dianhydride. Finally, the
harvested product was cleaned with ethanol and DI water and
dried in a vacuum oven at 50 °C for harvesting. The harvested
materials were ground properly for adsorption experiment.

4.3. Characterizations. All the characterization proce-
dures are detailed in Text S3.

4.4. Batch Adsorption Experiments. All the batch
adsorption experiments are detailed in Text S4.

4.5. Adsorption Performance of β-CD-CS-EDTA for
Pollutants in Real Wastewater. Real wastewater samples
were collected from the Jungnang Municipal Sewage Treat-

Figure 8. Adsorption performance of β-CD-CS-EDTA for the
simultaneous removal of Ni(II) and CIP at environmentally level
concentrations.
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ment Plant, Seoul, South Korea. Their physicochemical
analysis such as pH, alkalinity, dissolved oxygen (DO), total
phosphorus (TP), total chemical oxygen demand (tCOD),
soluble chemical oxygen demand (sCOD), total suspended
solids (TSS), total Kjeldahl nitrogen (TKN), total ammonia
nitrogen (TAN), etc., were determined following the standard
methods (APHA, 2012).20 In this wastewater, Ni(II) and CIP
were added to adjust their concentrations to 50−500 μL−1.
Then, the adsorbent performance was evaluated with 50 mL of
wastewater solution with a 50 mg adsorbent dose for 5 h of
stirring time. The solution was separated, and existing
concentrations of Ni(II) and CIP were analyzed by ICPE
and LCMS spectrometers, respectively.
4.6. Statistical Tests. All the experiments were conducted

three times under identical conditions. An Origin 2020 Pro
(Microcal Software, Inc., USA) was used to calculate the
margin error with a confidence interval of 95% for each set of
the experiments. Different statistical parameters such as square
sum of the errors (SSE), sum of absolute errors (SAE),
reduced chi-square (χ2), standard deviation Δq (%), and mean
errors were also calculated.
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