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ABSTRACT: The chemistry of the host−guest complex for-
mation has received much attention as a highly efficient approach
for use to develop economical adsorbents for water purification. In
the present study, the synthesis of three β-cyclodextrin (β-CD)
inclusion complexes with the oil orange SS (OOSS) azo dye as a
guest molecule and their potential applications in water purification
are described. The complexes were synthesized by the
coprecipitation method and characterized by Fourier transform
infrared (FTIR) spectroscopy, UV−vis spectroscopy, X-ray
diffraction (XRD), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). FTIR and thermal analyses
confirmed the encapsulation of OOSS dye within the hydrophobic cavity of β-CD. The encapsulation of hydrophobic dye inside the
β-CD cavity was mainly due to the hydrophobic−hydrophobic interaction. The results showed that the stability of the OOSS dye
had been improved after the complexation. The effect of three different compositions of the host−guest complexes was analyzed.
The present study demonstrated that the hydrophobic dye could be removed from aqueous solution via inclusion complex
formation. Thus, it can play a significant role in removing the highly toxic OOSS dye from the industrial effluent.

1. INTRODUCTION
Many industries, in particular textile and printing, use synthetic
organic compounds such as dyes as an essential category of
materials.1−4 According to their chemical structure, dyes may
be classified as azo, cyanine, anthraquinone, carbonyl, nitro,
sulfur, styryl, or phthalocyanine dyes.5 Nowadays, azo dyes are
commonly utilized in various industries such as textile, food
colorants, printing, and cosmetics. Approximately, 30−70% of
the total azo dye produced is released into the atmosphere,
primarily via wastewater, and its degradation products affect
living organisms as they are toxic and carcinogenic in
nature.6−9

The oil orange SS (OOSS) dye is one of the azo
compounds, a possible human carcinogen, and is classified as
group 2B compounds by the International Agency for Research
on Cancer (IARC). The OOSS dye is generally used as a color
toner in the printing industry and discharged into water during
synthesis and printing processes, leading to water pollution.10

Due to the presence of large degree of aromatic compounds in
the OOSS dye, it is essential to treat OOSS dye-containing
wastewater before discharge. Various physical and chemical
methods are currently utilized for dye removal by conventional
technologies, for instance, adsorption, ultrafiltration, coagu-
lation, electrochemical degradation, photocatalysis, etc.11−16

However, due to its simplicity and requirement of less energy,
adsorption is one of the most effective and common methods
among the various reported techniques. In this context,
supramolecular chemistry offers crucial routes for the
preparation of different adsorbents and extraction reagents.7

This is achieved by introducing macrocyclic receptors, such as
crown ethers,17 calixarenes,18 and cyclodextrins,19 which
provide suitable binding sites.
β-Cyclodextrin (β-CD) is a naturally occurring cyclic

oligosaccharide with a torus structure. It comprises seven α-
1,4-linked-glucopyranose units consisting of an interior
hydrophobic cavity and exterior hydrophilic surface.20 The
most important feature of the β-CD structural composition is
the formation of inclusion complexes with various aromatic
compounds, including dyes, through host−guest interac-
tions21−26 via hydrophobic−hydrophobic interactions.27

These kinds of host−guest inclusion complexes can be used
in drug delivery,28 cosmetics,29 and water purification
applications.30

β-CD and its derivatives have been extensively studied in
removing metals,31 organic dyes,32,33 and other water micro-
pollutants.34,35 Among the transition metal ions, the adsorption
of transition metal ions like Pb has been commonly reported
with different derivatives of β-CD. Similarly, among the
different supramolecular macrocycles, extensive research has
been conducted for dye adsorption with β-CD. Recently,
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Nasiri et al. reported iron-based nanoadsorbents for crystal
violet (CV) dye adsorption.36 Fan et al. reported the removal
of methylene blue dye by β-CD-modified Fe3O4 nanoparticles
and its reaction with chitosan.37 The β-CD-based adsorbent
reported by Crini et al. exhibited high adsorption capacities
toward Basic Blue 9.38 Zhao et al. reported five times
reusability with high-separation-efficiency β-CD-based fibers
for methylene blue.39 Several authors also reported that β-CD
could be used as a multiadsorbent. Duan et al. reported CD-
based polymers, which can specifically remove pollutants in
fuel and methylene blue in the effluent.40 Chen et al. reported
a one-step treatment for the removal of methyl orange and
Pb(II) using β-CD- and polyethyleneimine (PEI)-function-
alized magnetic nanoadsorbents.41 Qin et al. also reported a
“pocket” structure that shows excellent adsorption for the
simultaneous removal of organic dyes (rhodamine B and
Congo red) and heavy metal ions Cd(II) via a β-CD-
crosslinked polymer.42

In the present study, we focused on preparing the β-CD
inclusion complex with the hydrophobic OOSS dye via the
coprecipitation method. Moreover, we explored the effect of
OOSS dye concentration on complexation of the synthesized
material and the competitive behavior of the OOSS dye with
the hydrophilic crystal violet dye for encapsulation into the β-
CD cavity. To the best of our knowledge, no previous study
has been conducted on OOSS dye inclusion complex
formation. The reported strategy has a potential application
in removing toxic dyes and wastewater purification.

2. EXPERIMENTAL SECTION

2.1. Reagents. β-CD (Sisco Research Laboratories Pvt.,
Ltd.) and OOSS dye (Tokyo Chemical Industries) were used
as received without further purification. Ethanol was received
from Sigma-Aldrich. Deionized (DI) water was used
throughout the experiments to prepare the solutions.
2.2. Synthesis of β-CD−OOSS Dye Inclusion Com-

plexes. The inclusion complexes of β-CD and OOSS dye
were synthesized by the coprecipitation method. The solutions
of β-CD were prepared in a glass vial by dissolving 50 mM β-
CD in 10 mL of DI water at 60 °C. For investigating the effect
of the host−guest composition, different concentrations of the
OOSS dye, 1, 2, and 5 mM, in 4 mL of ethanol were chosen for
preparing IC-1, IC-2, and IC-3, respectively. The OOSS dye

solution was added dropwise to the β-CD solution, and the
suspension was kept for continuous stirring at room temper-
ature (RT). The solution was then heated overnight at 60 °C
without stirring, and the suspension was allowed to precipitate.
The solution was centrifuged at 9000 rpm for 15 min, washed a
couple of times with DI water, freeze-dried for 6 h, and stored
at room temperature for further characterization. A similar
strategy was utilized to synthesize a competitive inclusion
complex of β-CD with the hydrophobic OOSS dye and
hydrophilic crystal violet dye.

2.3. Characterization. The Fourier transform infrared
(FTIR) spectra were obtained in the 400−4000 cm−1 range
using Nicolet iS10 and using KBr as a pellet. UV−vis
measurements were carried out with a Cary 4000 UV−vis
double-beam spectrophotometer. Thermal analysis by ther-
mogravimetric analysis (TGA) was performed in the Shimadzu
DTG-60H apparatus using a TA-60WS thermal analyzer from
30 to 500 °C at a rate of 10 °C/min. Differential scanning
calorimetry (DSC) was recorded on a PerkinElmer differential
scanning calorimeter, DSC 8000 model, and the samples were
heated from 20 to 180 °C at a heating rate of 10 °C/min under
a nitrogen atmosphere. XRD spectra were recorded using a
Bruker D8 advance powder X-ray diffractometer operated at 20
mA current and 40 kV using a Cu Kα source with a wavelength
of 1.54 Å.

3. RESULTS AND DISCUSSION

The coprecipitation method has been exploited to accomplish
the inclusion complex formation of the β-CD−OOSS dye. The
OOSS dye is a hydrophobic azo dye, and it can be
encapsulated into the hydrophobic cavity of the β-CD via
the hydrophobic−hydrophobic interactions. For the inclusion
complex synthesis, different predetermined molar solutions of
β-CD and OOSS dye were prepared in DI and ethanol,
respectively, as shown in Figure 1a. The OOSS dye solutions
were then added dropwise to the aqueous solutions of β-CD
with continuous stirring, Figure 1b. The solutions were heated
at 60 °C overnight, and the suspension was allowed to
precipitate at room temperature, Figure 1c. To remove
unreacted moieties, the solutions were centrifuged and filtrates
were washed with water. Afterward, the precipitate was freeze-
dried to obtain the inclusion complex and stored at room
temperature.

Figure 1. (a) Aqueous solution of 50 mM β-CD in 10 mL of DI water and 2, 5, and 10 mM OOSS dye in 4 mL of ethanol; (b) after mixing both
solutions at room temperature; (c) inclusion complexes between β-CD and the OOSS dye of three different compositions; (d) chemical structure
of β-CD; and (e) chemical structure of the OOSS dye.
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The optical images show that using this coprecipitation
method, the toxic OOSS dye can be easily adsorbed from the
industrial effluent via the formation of an inclusion complex
between β-CD and the OOSS dye. Moreover, we analyzed
similar results of the adsorption of OOSS dye by β-CD in
textile industrial waste and lake water as shown in Figure S1.
Therefore, β-CD can play a significant role in water
purification in terms of removal of toxic dyes from wastewater.
FTIR provides the structural information of β-CD and the

OOSS dye that can be used to estimate the interactions
between the host and guest molecule. In Figure 2a, the β-CD

spectrum presents broad characteristic peaks at 3390 cm−1

(O−H stretching), 2920 cm−1 (C−H stretching in the
pyranoid ring), 1639 cm−1 (CO stretching), 1380 cm−1

(C−H bending), 1160 cm−1 (asymmetric stretching of the
glycosidic C−O−C bridge), and 1030 cm−1 (CH2−OH
vibration).43,44 Figure 2b shows the OOSS dye spectrum,
which exhibits characteristic peaks at 3450 cm−1 (−OH
stretching), 3062 cm−1 (C−H stretching), 1400−1500 and

1585−1600 cm−1 (C−C stretching vibrations in the aromatic
ring), and 1000−1250 cm−1 (C−H in-plane bending). Figure
2c−e shows main absorption patterns of the inclusion
complexes, which comprise characteristic peaks ascribed to
β-CD and the OOSS dye and exhibit slight changes in the
frequency of a functional group of the inclusion complex due
to the van der Waals interaction, which is attributed to the
formation of the inclusion complex.45

The FTIR spectra of inclusion complexes exhibit slight
changes where −OH stretching occur at ∼3400 cm−1 becomes
narrower, CH2 stretching at 2930 cm−1, CO stretching at
1630 cm−1, of β-CD and consists of C−C stretching vibrations
of OOSS dye. It was also noted that on increasing the
concentration of OOSS dye, i.e., IC-1, IC-2, and IC-3, it
exhibited relatively lower intensity characteristic peaks than the
pure β-CD and OOSS dye. Inclusion complexes displayed
greater resemblance to the β-CD spectrum rather than OOSS
dye, which showed that the OOSS dye was encapsulated in the
cavity of β-CD.46 The frequency of functional groups increased
because of the location of the azo dye through the electron-rich
cavity of β-CD and decreased due to the reaction of van der
Waals forces and hydrogen bonding during the formation of
the inclusion complex.47,48 The significant differences in C−H
and CO vibration modes and narrowing of the −OH
functional group at ∼3400 cm−1 were indicative of the
formation of inclusion complexes. These results are in
agreement with previously reported inclusion complexes.49,50

The formation of the inclusion complex between β-CD and
the OOSS dye is confirmed by absorption spectra, as shown in
Figure 3(i). It was found that β-CD had no absorption
peak,51−53 while the OOSS dye showed two absorption peaks,
i.e., at 314 and 494 nm, which were due to the π−π* and n−π*
transitions, respectively. In the case of π−π* transition, a
hypsochromic shift was observed in IC-1 and IC-2 as there was
a change in the position of λmax to a shorter wavelength, i.e.,
312 nm, compared to the pure OOSS dye, i.e., 314 nm. This
shift occurred due to change in polarity, which was attributed
to the fact that the less polar OOSS dye was present in the
more polar β-CD cavity.54 A significant hyperchromic shift can
be seen from IC-1 to IC-2, as shown in Figure 3(ii), as a higher

Figure 2. FTIR spectra of (a) β-CD, (b) OOSS dye, (c) IC-1, (d) IC-
2, and (e) IC-3.

Figure 3. (i) Absorption spectra of (a) β-CD, (b) OOSS dye, (c) IC-1, (d) IC-2, and (e) IC-3. (ii) Hyperchromic shift as a function of
concentration. (iii) Absorbance difference between two different transitions states. (iv) Absorption spectra of competitive spectra of the OOSS dye
and crystal violet (CV) dye.
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amount of OOSS dye was present in the hydrophobic cavity of
β-CD, which indicates the inclusion complex formation.
In the case of the n−π* transition, a hypsochromic shift was

observed from IC-2 (494 nm) to IC-3 (492 nm) and a slight
hyperchromic shift was observed from IC-2 to IC-3, while the
hyperchromic shift from IC-1 to IC-2 was very significant as a
function of concentration, Figure 3(ii). Also, the difference
between the absorbance intensities of both peaks, i.e., π−π*
and n−π*, as shown in Figure 3(iii), was also observed in the
inclusion complexes, and it was found to be decreasing as a
function of concentration. Therefore, these facts indicate the
inclusion complex formation.
We also investigated the competitive behavior of the

hydrophobic OOSS dye in the β-CD inclusion complex by
UV−vis spectroscopy. The absorption spectra in Figure 3(iv)
displayed that the hydrophobic OOSS dye has a greater affinity
for the β-CD cavity instead of the hydrophilic crystal violet
(CV) dye. In the case of competitive IC, no peak of the crystal
violet dye was observed, while absorbance spectra were similar
to those of the inclusion complex of the OOSS dye.
The stability of the complexes was analyzed by thermogravi-

metric analysis and is displayed in Figure 4. The thermogram

of β-CD showed the mass loss in two stages. In Figure 4a, in
the first stage, ∼14% weight loss occurred at ∼110 °C, which is
related to dehydration, whereas ∼75% weight loss occurs at
∼340 °C in the later stage, which is associated with the
decomposition of the macrocycles.55 However, in Figure 4b,
the OOSS dye exhibited a weight loss of 84% at ∼290 °C,
which is due to the degradation of the organic compounds.
The curve of the physical mixture shows the superposition of
β-CD and OOSS dye, with 12% initial mass loss, and 25 and
84% of its mass loss occur at ∼260 and ∼340 °C due to
degradation of the OOSS dye and β-CD macrocycle,
respectively, as shown in Figure 4c. The inclusion complexes
underwent weight losses in two stages, which confirmed the
inclusion of OOSS dye inside the β-CD. The inclusion
complexes (IC-1, IC-2, and IC-3) showed lower degradation at
the first stage because of the incorporation of OOSS dye inside
the cavity of β-CD replacing water molecules when compared
to pure β-CD and the physical mixture.56 However, at the
second stage, they show almost 15−17% less weight loss at the
same temperature, i.e., at 340 °C, when compared to the
physical mixture. Similarly, in the later stage at 500 °C, the
physical mixture underwent weight loss of almost 95%, while
the weight loss observed in inclusion complexes was 10−13%
lower than that of the physical mixture. These results indicated
that the inclusion of OOSS dye into the hydrophobic cavity of

β-CD enhanced thermal stability. Inclusion complexes showed
lower degradation at the initial stage as well as at the later stage
when compared with pure β-CD, OOSS dye, and their physical
mixture. These findings are in good agreement with the
inclusion of OOSS dye in the β-CD cavity and confirm
complexation.56−59

DSC thermograms of β-CD, OOSS dye, physical mixture,
and inclusion complexes are shown in Figure 5. A broad

endothermic peak observed at 80−120 °C was presented by β-
CD, which could be due to the liberation of water molecules
from the β-CD cavity,60 while the OOSS dye displayed a
characteristic sharp peak at 132 °C. The physical mixture,
however, showed two peaks, i.e., the similar characteristic
peaks of β-CD and the OOSS dye, indicating that there was no
interaction between β-CD and the OOSS dye. The appearance
of two peaks attributed to the physical property was similar to
that for the pure β-CD and OOSS dye, and the sample was just
a mixture of β-CD and OOSS dye.61 The DSC curves of the
inclusion complexes displayed a completely different pattern
when compared with β-CD, OOSS dye, and their physical
mixture. The absence of the melting endotherm of the OOSS
dye at 132 °C and a less pronounced peak with a slight shift
where pure β-CD occurred confirmed an interaction between
β-CD and the OOSS dye.55 In addition, the peak occurring in
inclusion complexes (IC-1 and IC-2) shifted slightly and
reduced in intensity on increasing the concentration of the
OOSS dye, indicating the substitution of crystal water with the
OOSS dye from the cavity. This suggests that the hydrophobic
OOSS dye has greater affinity with the hydrophobic cavity of
β-CD than water. The characteristic peaks of IC-2 and IC-3 are
almost identical, which is attributed to the saturation of OOSS
dye inside the cavity. These findings are in good agreement
with the inclusion of OOSS dye in the β-CD cavity and
confirm complexation.
The crystal behavior of cyclodextrin inclusion complexes was

analyzed by XRD. Figure 6 displays the XRD patterns of β-CD,
OOSS dye, physical mixture, and its inclusion complexes. As
can be seen in Figure 6a, the XRD pattern of β-CD displayed
many crystalline peaks at 4.6, 9.1, 10.8, 12.6, 14.8, 17.2, 19.7,
and 22.8°, indicating the crystalline nature of β-CD, which is in
good agreement with the reported literature.62,63 The intense
diffraction peaks of β-CD at lower 2θ values and minor
signatures at higher 2θ are the characteristics of a “cage-type”

Figure 4. Thermogravimetric analysis (TGA) thermograms of (a) β-
CD, (b) OOSS dye, (c) physical mixture, (d) IC-1, (e) IC-2, and (f)
IC-3.

Figure 5. Differential scanning calorimetric (DSC) thermogram of
(a) β-CD, (b) OOSS dye, (c) physical mixture, (d) IC-1, (e) IC-2,
and (f) IC-3.
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crystalline structure.64 Figure 6b displays the XRD pattern of
the OOSS dye, which exhibits major peaks at 2θ = 11.7, 16.2,
24, 24.9, 26.2, and 27.1°. Figure 6c displays the XRD pattern of
the physical mixture, which shows characteristic peaks of β-
CD, i.e., 2θ = 4.6, 9.1, 10.8, 12.6, and 22.8°, and the OOSS
dye, i.e., 2θ = 11.7, 16.2, 24, and 27.1°, with a slight decrease in
intensity. These results show that the physical mixture is a
simple superimposition of β-CD and the OOSS dye. Figure
6d−f shows the XRD patterns of IC-1, IC-2, and IC-3,
respectively. The lines of evidence for the inclusion complex
formation are (i) disappearance of peaks, (ii) the formation of
diffused peaks, and (iii) the appearance of new peaks.65 The
XRD patterns of all of the three inclusion complexes seem very
different from those of the physical mixture, and most of the
crystalline diffraction peaks disappear after complexation.66

The new characteristic peaks of IC-1 occur at 2θ = 15.3, 18.7,
and 20.7° with lower intensity. A similar phenomenon can be
observed in IC-2 and IC-3 with intensity appeared to be
increased as a function of concentration. In IC-2, the new
characteristic peaks appear at 2θ = 15.3, 18.7, and 20.7°. In IC-
3, the new characteristic peaks appear at 2θ = 15.2, 18.7, and
20.8°. It is well known that the peak at 2θ = ∼20° in
cyclodextrin inclusion complexes is a characteristic of
“channel-type” packaging from cage-type packaging, which is
formed only when an appropriate guest molecule is
incorporated.67 These findings indicate that the complexation
of β-CD with the OOSS dye reoriented the β-CD molecule
due to which most of the crystalline β-CD peaks disappeared
and showed strong evidence of the inclusion complex
formation.

4. CONCLUSIONS
In summary, we demonstrated that the highly toxic OOSS dye
could be removed from aqueous solution by inclusion complex
formation between β-CD and the OOSS dye. The formation of
host−guest complexes via the coprecipitation method was
driven by hydrophobic−hydrophobic interactions. The effect
of various concentrations of OOSS dye showed that on
increasing the concentration of OOSS dye, the stability of the
inclusion complex further enhanced. Our results demonstrated
that the hydrophobic OOSS dye showed greater affinity to the
hydrophobic cavity of β-CD when compared to the hydro-
philic crystal violet dye. The effective competitive complex-
ation was evidenced by UV−vis spectroscopy. It was also

noticed that the stability of the OOSS dye improved after
complexation with β-CD. β-CD also exhibited excellent
potential for water purification and can play a significant role
in removing the highly toxic OOSS dye from the industrial
effluent. It could be expected that the reported cost-effective
and straightforward strategy could be utilized for removing
other azo dyes.
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Cielecka-Piontek, J. β-Cyclodextrin complexation as an effective
drug delivery system for meropenem. Eur. J. Pharm. Biopharm. 2016,
99, 24−34.
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