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Abstract. Magnetic cucurbituril (MQ[n]), a new functional material compound, was prepared via chemical
co-precipitation method as a high-capacity adsorbent for humic acid (HA). The material was characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FT–IR) and thermal gravimetric analysis (TGA), respectively, indicating that Q[n] has been grafted on the
surface of Fe3O4. Its adsorption–desorption behaviour towards HA from aqueous solution have been investigated. MQ[n] demonstrated good adsorption capacity at pH 7 in adsorption experiments. Adsorption isotherm could be well interpreted by the Freundlich isotherm model. Adsorption kinetic followed pseudosecond-order kinetics, which indicated that the limit factor of adsorption HA was adsorption mechanism. The
negative value of thermodynamic parameters showed that adsorption process was spontaneous and exothermic.
Moreover, the capacity of MQ[n] was also above 80% after being used for four times, so it may have potential
industrial applications.
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Introduction

Humic acid (HA), a mixture of stable, weak and alkaline
natural polymers that resides as a predominant type of
organics in natural waters (Baker and Khalili 2004), can
react with chloric disinfectant of drinking water to produce by-products such as trihalomethane and haloacetic
acids, which are known to be carcinogenic, teratogenic
and mutagenic to human health. In the mean time, it can
form complexes with heavy metals and pesticides,
enhancing the material durability and biological accumulation (Domany et al 2002). Therefore, it is necessary to
remove HA from wastewater. At present, a variety of
methods including ultrafiltration, coagulation, biodegradation, ozonation and adsorption have been applied for
removal of HA from wastewater (Latifoglu and Gurol
2003; Seredynska-Sobecka 2006; Senem et al 2007; Tang
et al 2007; Ji et al 2008). Among them, adsorption has
been paid close attention since it is simple, environmentally friendly and cost-effective (Koparal et al 2008).
The commonly used adsorbents are activated carbon
(Deng and Bai 2004), fly ash (Wang and Zhu 2007),
chitosan (Anirudhan et al 2008), resin (Zhao et al 2008),
polypropylene fiber membrane (Wang et al 2010) and
polypyrrole (Bai and Zhang 2001).
*Author for correspondence (yangjiaxin929@163.com)

Cucurbituril (Q[n]), a family of macrocyclic host
molecules, possessing its unique structure of centre
hydrophobic cavity and hydrophilic portals that can form
stable clathrate compounds with guest molecules through
van der Waals interaction (Peerannawar et al 2012),
hydrophobic interaction (Feng et al 2009), electrostatic
interaction (Buschmann et al 2000), hydrogen bonding
(Karcher et al 2001a), ion–dipole (Buschmann et al 2006)
or dipole–dipole interaction (Wei et al 2005; Zhang et al
2008). Q[5–8] are of the same height (9⋅1 Å); however,
they all differ in the diameter of their carbonyl portals
and cavities, which are 2⋅4–6⋅9 Å and 4⋅4–8⋅8 Å, respectively (Petrov et al 2009; Saleh et al 2011). In addition,
Q[n] is practically insoluble in all common organic
solvents. The solubility in water given in the literature
varies between 13 and 20 mmol L–1 (Karcher et al
2001a). Q[n] has other advantages such as its strong rigid
structure, stable chemical property and low toxicity
(Wheate 2008). Therefore, Q[n] is considered as a promising functional material compounds with extensive
applications in various fields, such as biomedicine, materials science, pharmacology and water treatment. Buschmann and Schollmeye (1993) found that Q[6] has high
selectivity and capture ability for many ions, such as Cr
and Cu in dye wastewater under the condition of high
acidity. Therefore, it can be used in wastewater treatment.
However, Lim et al (2008) applied Q[6] to water treatment and found that Q[6] can load more than 1 g⋅g–1 in
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appropriate conditions, but if the concentration and acidity of metal ions in the solution are too high, Q[6] will be
dissolved and the amount of adsorption decreased. Furthermore, Q[n] was used as adsorbent to remove the reactive dye of printing and dyeing wastewater by Karcher et
al (1999, 2001b) and exhibited high adsorption efficiency. But in the authentic printing and dyeing wastewater treatment, Q[n] was dissolved at least 20% and even
cucurbituril precipitated on silica was partly dissolved,
thus, inappropriate for printing and dyeing wastewater
treatment. In addition, German scientists, Karcher et al
(2001b), utilized chemical ozonation to dispose Q[n],
which has adsorbed other molecules, but unfortunately,
dissolved Q[n] was oxidated by ozone; thus, producing
nitrite, nitrate, formic acid salt, acetate and oxalic acid
salt, so that chemical oxygen demand (COD) content was
too high to treat water in the recovery process. Our team
has found good removal efficiency of HA adsorbed by
Q[n], but we also encountered the problems mentioned
earlier (Yang et al 2012). Therefore, it is important to
seek a suitable support material applying to wastewater
treatment system without losing the relevant properties.
Recently, magnetic carrier methods have been widely
used in the processes of the separation of biological cells,
coal desulphurization and the treatment of wastewater
due to their magnetic properties, chemical stability, low
toxicity and adsorption capacity, ease in synthesis and
excellent recycling capability (Parsonage 1992). Not only
does MQ[n] have stable structure and higher adsorption
capacity, but also it is easily separated from wastewater.
In this work, MQ[n] were prepared by chemical coprecipitation method and its morphology and structure
was characterized. Adsorption and desorption behaviours
of this interesting composite material were studied for
HA in simulated water.
2.
2.1

Experimental
Materials

Cucurbituril (Q[n]) was prepared and purified following
traditional method (Bardelang et al 2007). Ferrous ammonium sulfate hexahydrate ((NH4)2Fe(SO4)2⋅6H2O),
ammonium ferric sulfate dodecahydrate ((NH4)Fe(SO4)3⋅
12H2O), ammonia, anhydrous ethanol were purchased
from Kemiou Chemical Agent Company (TianJin,
China). Humic acid (HA) was supplied by JvFen Chemical Agent Company (ShangHai, China). All other reagents
used in this study were analytical grade.
2.2

Preparation of MQ[n]

As much as 1⋅5 g of Q[n], 1⋅7 g of (NH4)2Fe(SO4)2⋅6H2O
and 2⋅51 g of (NH4)Fe(SO4)3⋅12H2O were dissolved in
200 mL of deionized water. The suspension was sonicated

for 10 min. A total of 10 mL of 8 mol L–1 NH3⋅H2O was
added dropwise after the solution was heated to 50 °C
with vigorous stirring at a speed of 1000 rpm in the presence of nitrogen. The pH was maintained at 11–12
during the whole reaction. After finishing the reaction,
the precipitate was isolated from suspension by magnets,
washed three times with anhydrous ethanol and deionized
water, and dried in a vacuum oven at 60 °C.
2.3

Characterization

The X-ray powder diffraction (XRD) pattern was recorded
by an X-ray diffractometer (Bruker, German) using CuKα
radiation. The size and morphology of the samples were
observed by scanning electron microscopy (S-570, Japan
Hitachi). FT–IR measurements were performed by
Fourier transform infrared spectrophotometer (Shimadzu
IR-21, Japan) using KBr background in the range of 400–
4000 cm–1. Thermal gravimetric analysis was conducted
with METTLER TGA/DSC 1 STAR System thermal
analyzer (Switzerland) at a heating rate of 10 °C min–1 in
a nitrogen atmosphere.
2.4

Adsorption/desorption studies

The effect of pH on the HA removal by MQ[n] was conducted by adding 0⋅02 g of MQ[n] to 20 mL of HA solution (10 mg L–1). The initial pH of HA solution was
adjusted by 0⋅1 mol L–1 HCI and NaOH ranging from
2 to 14. After 12 h, the liquid supernatant was measured
at the maximum wavelength (254 nm) by UV–Vis spectrophotometer (Thermo, USA).
Adsorption experiments were carried out in a set of
beakers containing 20 mL of HA solution at different
concentrations ranging from 2 to 15 mg L–1. To each
beaker, pH was adjusted to 7, 0⋅02 g MQ[n] was added
and temperature was maintained at 25, 35 and 45 °C for
12 h. The concentration of the residual HA was measured
by UV–Vis spectrophotometer. The amount of HA adsorbed on MQ[n] was calculated by the following equation
(Samiey and Toosi 2010)
Qe = (C0 – Ce)V/M,

(1)

where Qe is the amount of adsorbed HA on a unit mass of
MQ[n] (mg g–1); C0 and Ce are the initial concentration
and equilibrium concentration of HA, respectively (mg
L–1); V the volume of HA solution (L) and M the mass of
MQ[n] (g). The standard curve of HA is Y = –0⋅00107 +
0⋅03642 × X, R2 = 0⋅9996.
For the kinetic experiment, 0⋅02 g of MQ[n] was added
into different concentrations of the HA solution at 25 °C.
The pH was adjusted to 7. At different time intervals, the
remaining amount of HA in supernatant was determined
using UV–Vis spectrophotometer. The adsorption amount
was calculated according to (1).
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Desorption experiments were conducted by adding
0⋅02 g of MQ[n] to 20 mL of (10 mg L–1) HA solution at
pH 7 for 12 h. Aqueous samples were collected for further analysis. The MQ[n] was separated from the solution
using magnets and washed with 2 mol L–1 NaOH and
deionized water until the pH was 7. Subsequently, the
MQ[n] was used to remove the same concentration of HA
solution again. The process was repeated four times.
3.
3.1

Results and discussion
Characterization of MQ[n]

Figure 1 shows the XRD patterns of Q[n] and MQ[n]. For
the XRD patterns of Q[n], there is a small hump (2θ = 23)
corresponding to amorphous Q[n]. However, all the characteristic peaks (2θ = 18⋅3, 30⋅1, 35⋅5, 37⋅0, 43⋅2, 53⋅6,
57⋅0, 62⋅7 and 74⋅1°) at the XRD patterns of MQ[n] relate
to their corresponding indices (111), (220), (311), (222),
(400), (422), (511), (440) and (533), respectively. This
indicates that MQ[n] is pure Fe3O4 with a spinal structure
and it does not result in the phase change of Fe3O4. In
addition, a small hump (2θ = 23) in the XRD pattern of
MQ[n] suggests the existence of amorphous Q[n] on the
MQ[n].
The SEM images of Fe3O4 and MQ[n] are shown in
figure 2. Comparing two pictures, the surface of Fe3O4
cube is smooth and disperse, but after combination with
the Q[n], Fe3O4 cubes are loaded on the surface of cagelike Q[n] with high density.
FT–IR is one of the most useful tools to identify the
structure of compounds. The FT–IR spectra of the Q[n]
and MQ[n] are shown in figure 3, revealing the bonding
of MQ[n] on the surface of magnetic particles. For the IR
spectrum of Q[n], the strong peak located at 3443 cm–1 is

crystal water of MQ[n], while peaks at 2930 and 1474 cm–1
correspond to –CH2 stretching vibration and bending
vibration, respectively. The characteristic absorbance
band around 1722 cm–1 relates to the –C=O group. However, compared with the spectrum of MQ[n], it is notable
that a new peak at 581 cm–1 appeared, which can be
assigned to the Fe–O group. Besides, the peaks of –C=O
group at 1722 cm–1 and –CH2 stretching and bending vibrations at 2930 and 1474 cm–1, which are slightly shifted to
1727, 2934 and 1478 cm–1, respectively. And another
peak appearing at 1631 cm–1 indicates that there is a weak
interaction between –C=O group of Q[n] and Fe3O4,
which means the generation of hydrogen bonds. The
aformentioned lines of evidence indicate that Q[n] has
been grafted successfully onto the surface of Fe3O4.
In order to confirm the grafting of Q[n] molecules onto
Fe3O4, it is necessary to analyse the weight loss of the
MQ[n]. As shown in figure 4, it is observed that the
weight loss process can be divided into three stages
during the range of temperature. The first weight loss of
11⋅40% below 200 °C was due to water loss adhering to
the sample. The second stage occurs from 300 °C to
about 600 °C, which is related to the degradation of Q[n].
This is a major weight loss of about 34⋅05% over the full
temperature range. In addition, an unexpected weight loss
of 19⋅05% appears by the end of the second stage to
800 °C, which can be characterized by the oxidation of
Fe3O4 to Fe2O3. This weight loss is consistent with the
amount of FeO in Fe3O4. Compared with the loss of organic
matter of about 34⋅05% and the residual amount of
inorganic matter about 54⋅55%, the composition of
Q[n] : Fe3O4 in the product is ~1 : 1⋅5. Moreover, Q[n]
had been modified on the surface of Fe3O4, which could
be demonstrated by XRD and FT–IR. Therefore, the
proposed structural model of MQ[n] is shown in figure 5.
3.2

Figure 1.

XRD patterns for Q[n] and MQ[n].
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3.2a Effect of pH: The pH of aqueous solution has a
great influence on the HA adsorption onto MQ[n] and the
results are illustrated in figure 6. Maximum uptake value
for HA was obtained at pH 7, which was selected as
optimum pH for the other experiment. HA adsorption
increased with the increase of pH from 2 to 7, then
dropped as pH continued to rise beyond 7. The results of
the Vreysen and Maes (2008) research showed that the
point of zero charge for the HA was 1⋅9. Therefore, the
surface charge of the HA is negatively charged at the
experimental conditions. However, nitrogen and carbonyl
oxygen atoms on Q[n] are protonated at lower pH, which
are favourable to adsorption. At pH above 7, less
nitrogen and carbonyl oxygen atoms are protonated and
more deprotonated carbonyl group could compete with
negatively charged HA, thus the adsorption capacity for
the HA decreases.
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Figure 2.

SEM images of Fe3O4 (a) and MQ[n] (b).

3.2b Adsorption isotherms: Figure 7 displays the
adsorption isotherm of HA adsorption on MQ[n] at 298,
308 and 318 K, respectively. The adsorption curves indicate that the equilibrium adsorption capacity of HA
increases with the increase in HA concentration, but
decreases with increasing temperature. In order to
investigate the process of HA adsorption onto MQ[n],
classical Langmuir isothermal adsorption theory and
Freundlich equation are used, respectively, to study the
adsorption mechanism (Langumuir 1918; Bayramoglu
et al 2002).
Langmuir isothermal equation:
Ce/Qe = Ce/Qm + 1/(Qm·KL).

(2)

Freundlich isothermal equation:
Figure 3.

Figure 4.

FT–IR spectra of Q[n] and MQ[n].

TGA curve of MQ[n].

ln Qe = ln KF + 1/n·ln Ce,

(3)

where Ce is the equilibrium concentration of HA; Qe the
amount of adsorbed HA on a unit mass of MQ[n] (mg g–1);
Qm the maximum adsorption (mg g–1); KL the Langmuir
binding constant (L mg–1), reflecting the energy of
adsorption. KF and 1/n are the Freundlich constants (mg g–1)
representing the adsorption capacity and intensity,
respectively. The related parameters of Langmuir and
Freundlich isotherms for HA adsorption are depicted in
table 1. The maximum adsorption at 298, 308 and 318 K
was calculated using Langmuir adsorption isothermal
model to be 29⋅38, 19⋅10 and 14⋅69 mg g–1, respectively,
exhibiting high adsorption capacity of MQ[n]. However,
it was significantly different from maximum adsorption
obtained by linear fitting and experiment. However, the
Langmuir isotherm does not fit well. 1/n is the isotherm
constant of Freundlich adsorption isothermal model that
is related to the adsorption intensity. It is acknowledged
that adsorption is ideal when 0⋅1 < 1/n < 0⋅5; 0⋅5 <
1/n < 1, it is easy to adsorb; 1/n > 1, it is difficult to
adsorb (Samiey and Dargahi 2010). As shown in table 1,
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Figure 5.

Schematic diagrams for the formation of MQ[n].

Values of Langmuir and Freundlich constants for the adsorption of HA.

Table 1.

Langmuir isotherm
Adsorbent
HA

–1

–1

Freundlich isotherm
2

T (K)

Qm/(mg g )

KL (L mg )

R

298
308
318

29⋅38
19⋅10
14⋅69

0⋅76
0⋅45
0⋅36

0⋅918
0⋅935
0⋅926

KF (mg g–1)

1/n

R2

13⋅65
5⋅53
3⋅60

0⋅80
0⋅69
0⋅67

0⋅974
0⋅992
0⋅961

the 1/n value of HA is between 0⋅6 and 0⋅8, indicating
that HA can be easily adsorbed on the MQ[n]. In addition, the KF value is increased with temperature decrease,
suggesting that decrease in temperature is in favour of the
adsorption. Furthermore, Freundlich isotherm fits well
and correlation coefficients are better. Thus, the adsorption process is suitable for Freundlich adsorption isothermal model, which indicates that HA adsorption on
MQ[n] is multilayer adsorption with interaction between
adsorbed molecules.

Figure 6.
at 298 K.

Effect of pH on the adsorption of HA onto MQ[n]

Figure 7. Adsorption isotherm of HA adsorption on MQ[n] at
different temperatures.

3.2c Thermodynamic parameters of adsorption: Adsorption thermodynamic parameters can provide deeper
levels of information about energy transformation in
adsorption process. Thermodynamic parameters of the
adsorption process such as standard free energy (ΔG0),
standard enthalpy change (ΔH0), and standard entropy
change (ΔS0) are calculated by the following equation
(Tang et al 2012):
ΔG0 = − RT ln Kd,

(4)

ln Kd = ΔS0/R − ΔH0/RT,

(5)

where R is the gas constant (8⋅314 J mol–1 K–1) and T the
absolute temperature. Kd is the equilibrium constant at
temperature T. Standard free energy (ΔG0) is calculated
by (5). Plotting ln Kd vs 1/T, ΔH0 and ΔS0 were obtained
from the slope and intercept of van’t Hoff plots (figure
8). The thermodynamic data were listed in table 2.
The negative values of ΔG0 at 288, 298 and 308 K
reveal that the adsorption process is spontaneous. With
the increase in temperature, ΔG0 increases gradually and
spontaneous tendency is weakened, inferring that the
adsorption of HA on MQ[n] is difficult with increasing
temperature. The negative value of ΔH0 explains exothermic nature of adsorption process and confirms that
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Table 2.
Adsorbent
HA

Thermodynamic parameters of HA adsorption on the MQ[n].
T (K)

ΔG°/(kJ mol–1)

ΔH°/(kJ mol–1)

ΔS°/(J mol–1 K–1)

298
308
318

–7⋅445
–4⋅439
–2⋅899

–65⋅772

–197⋅766

the structures of MQ[n] and HA, the force of adsorption
process may be Van der Waals interaction, hydrophobic
interaction and chemical bond force.
3.2d Adsorption kinetics: The adsorption kinetic
curves of different initial concentration of HA adsorption
onto MQ[n] are shown in figure 9. It is known that the
three kinds of different initial concentrations of HA reach
adsorption equilibrium in 12 h. The adsorption kinetics of
HA on MQ[n] was investigated with two kinetic models,
which are pseudo-first-order and pseudo-second-order
models (Lagergren et al 1898; Ho and McKay 1998). The
pseudo-first-order model is expressed as
ln(Qe – Qt) = ln Qe – K1t,
Figure 8.
MQ[n].

van’t Hoff plots for the adsorption of HA on the

where Qe and Qt are the amounts adsorbed at equilibrium
time and time t (mg g–1). K1 is the rate constant of the
pseudo-first-order equation (min–1). The results show that
the experimented data are different from those calculated,
which are obtained from the linear plots. The correlation
coefficients (R2) are relatively low compared with these
for pseudo-second-order model (table 3). So, the adsorption process is unsuitable for the pseudo-first-order
model. The pseudo-second-order model is expressed as
t/Qt = 1/K2Qe2 + t/Qe,

Figure 9. Adsorption kinetics of HA on MQ[n] at different
initial concentrations.

the phenomenon of the adsorption capacity decreases as
temperature increases. The negative value of ΔS0 suggests
that the entropy reduction of the adsorption process and
increased randomness at the solid–solution interface. Furthermore, the value of ΔH0 is –65⋅772 kJ mol–1, which indicates that the adsorption process is a physico-chemical
adsorption process rather than a pure physical or chemical adsorption process (Liang et al 2010). According to

(6)

(7)

where K2 is the rate constant of the pseudo-second-order
equation (g mg–1 min–1). The values of K2 are 5⋅31 × 10–3,
2⋅40 × 10–3 and 1⋅88 × 10–3 at different initial concentrations of HA, relating to the fast adsorption reaction ratio
(F = qt/qe) and the time of arrival in F (tF). The correlation coefficients (R2) have high value (R2 > 0⋅99). In addition, the calculated maximum adsorption data are closer
to the experimental data. Therefore, the pseudo-secondorder model can effectively fit the adsorption process.
These facts suggest that adsorption mechanism is predominant for HA adsorption to MQ[n] and the ratelimiting step may be a chemisorption process.
3.2e Desorption experiments: Desorption study was
carried out to investigate the feasibility to reuse the
adsorbents. Because of the low adsorption of HA on
MQ[n] and high solubility of HA at high pH, NaOH was
used to desorb the HA from MQ[n]. At the same time, in
the basic solution, the positively charged nitrogen atoms
were deprotonated and the electrostatic interaction
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Table 3.

Fitting parameters of HA adsorption to MQ[n] using pseudo-first-order and pseudo-second-order kinetic models.
First order kinetics

C0 (mg g–1)

qexp (mg g–1)

5
10
15

4⋅72
9⋅42
13⋅71

K1 (min–1)
4⋅67 × 10–3
5⋅21 × 10–3
5⋅42 × 10–3

qcal (mg g–1)
2⋅54
5⋅05
5⋅38

Second order kinetics
R2

K2 (g mg–1 min–1)

0⋅904
0⋅788
0⋅912

5⋅31 × 10–3
2⋅40 × 10–3
1⋅88 × 10–3

qcal (mg g–1)
4⋅85
9⋅81
13⋅99

R2
0⋅996
0⋅996
0⋅997
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Figure 10.

Adsorption amount of HA on regenerated MQ[n].
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