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a b s t r a c t
In the present study, carboxymethyl-β-cyclodextrin (CM-CD) molecules were introduced onto the sur-
faces of Fe3O4 nanoparticles via chemical co-precipitation approach. The synthesized Fe3O4/CM-CD 
composite exhibited high magnetism and could be easily separated from the aqueous phase by expos-
ing to an external magnetic field. In addition, the composite was stable in solution over a wide pH 
range. The effects of contact time, solution pH, ionic strength, solid dosage and temperature on the 
removal performance of Fe3O4/CM-CD toward a cationic dye named C.I. Basic Blue 3 (BB3) were eval-
uated by using the batch technique. The sorption kinetic process achieved equilibrium within a contact 
time of 90 min. The sorption isotherm data were simulated by the Langmuir model well and the maxi-
mum sorption capacity was calculated to be 203.54 mg/g at 298 K. The Fe3O4/CM-CD composite exhib-
ited favorable removal performance toward BB3 in both the single-solute system and the simulation 
effluent. After sorption equilibrium, the BB3-loaded composite could be easily regenerated and reused 
for multiple sorption/desorption cycles. The experimental findings herein proposed the feasibility of 
adopting Fe3O4/CM-CD composite for the decontamination of BB3 from the polluted water systems.
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1. Introduction

Basic dyes, for example, C.I. Basic Violet 14, C.I. Basic 
Orange 2, methylene blue, rhodamine B and C.I. Basic Blue 
3 (BB3), are extensively used in the dyeing processes of 
various textiles such as silk, nylon, acrylon and wool [1,2]. 
Owing to the presence of aromatic groups and metals in 
their molecular structures, basic dyes are regarded as one of 
the most toxic substances [3,4]. The discharge of untreated 
basic dye-bearing wastewater into the aquatic systems causes 
severe water pollution and poses serious threat to the health 
of aquatic organisms. The basic dyes with dark color would 

greatly decrease the penetration of sunlight and consequently 
reduce the photosynthetic effectiveness of aquatic plants. In 
addition, basic dyes and their derivatives even possess muta-
genic, teratogenic or carcinogenic impacts on human beings 
[3–5]. Hence, it is important to develop advanced techniques 
and cost-effective materials for the decontamination of basic 
dyes from aqueous solution.

A series of technologies, including coagulation/flocculation 
[6,7], photocatalysis [8], oxidation [9], membrane filtration 
[10], sorption [11] and bioremediation [12], have been adopted 
for the purification of basic dye-bearing wastewaters. Due to 
their complicated structures, basic dyes are relatively resistant 
to aerobic digestion, microbial degradation as well as light, 
heat and oxidizing treatment [4,8–10,12]. These characteristics 
restrict the potential application of photocatalysis, oxidation, 
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membrane filtration and bioremediation approaches. The 
membrane processes bear the defects of low flux and high 
fouling tendency [10]. In contrast, coagulation/flocculation 
and sorption are superior to the foregoing water treatment 
techniques due to their simple design, ease operation, wide 
suitability, low cost and high efficiency [6,7,11,13]. A variety 
of adsorbent materials, such as sepiolite, fly ash, apricot shell 
activated carbon [14], rice hull  [15], cation exchange resin 
(e.g., Lewatit MonoPlus SP 112, Dowex Optipore SD 2 and 
Amberlite XAD 1180) [16], quartenized sugarcane bagasse 
[17], organo-modified bentonite [18], poly(amic acid)-treated 
Corynebacterium glutamicum [19], pineapple plant stem [20], 
Aleppo pine-tree sawdust [21] and graphene oxide [22], 
have been synthesized for the capture of BB3 and other basic 
dyes from the solution. However, the further usage of these 
solid materials is limited since they are difficult to be sepa-
rated from the liquid phase. Fortunately, this defect can be 
remedied by integrating the convenient separation property 
of magnetic nanoparticles and the high complexing ability of 
polymers for environmental contaminates. Previous studies 
showed that dyes can be effectively captured by a series of 
magnetic composites, for example, Fe3O4/activated carbon 
[23], magnetic alginate beads [24], magnetic multi-wall carbon 
nanotubes [25,26], reduced graphene oxide supported ferrite 
[27], magnetic chitosan composites [28–30], poly(methylac-
rylate)-modified Fe3O4 composite [31] and Fe3O4 supported 
chitosan–graphene oxide composite [32]. In brief, magnetic 
adsorbents would exhibit favorable application prospect in 
the remediation of dye-polluted environment.

In this study, carboxymethyl-β-cyclodextrin (CM-CD) 
molecules were conjugated with the magnetic Fe3O4 nanopar-
ticles by using a co-precipitation method. The properties of 
the as-prepared Fe3O4/CM-CD composite were measured by 
using a series of characterization approaches such as powder 
X-ray diffraction (PXRD), zeta potential analysis, magnetiza-
tion measurements and stability test. BB3, a cationic dye, was 
selected as the target pollutant due to its wide application in 
the textile industries [2,13–16,20–22]. Batch technique was 
then adopted to determine the removal performance of Fe3O4/
CM-CD toward BB3 as a function of contact time, solution pH, 
ionic strength, solid dosage and temperature. The sorption 
kinetics and isotherms were simulated by using the theoret-
ical models to deduce the underlying removal mechanisms. 
The regeneration and reusability property of Fe3O4/CM-CD 
composite was tested by conducting six cycles of sorption/
desorption experiments. According to the experimental 
results, the feasibility of using Fe3O4/CM-CD composite for 
the disposal of BB3-containing effluent was further evaluated.

2. Experimental details

2.1. Materials and reagents

The reagents FeCl2∙4H2O and FeCl3∙6H2O were purchased 
from Sinopharm Chemical Reagent Co., Ltd. (China). CM-CD 
and cationic dye BB3 were obtained from ShangHai YuanYe 
Biotechnology Co., Ltd. (Pudong County, Shanghai, P.R. 
China). The stock solution of BB3 (500 mg/L) was prepared 
by dissolving 0.25 g of BB3 into 500  mL of Milli-Q water. 
The prepared BB3 stock solution was diluted to obtain the 
required concentrations in the following experiments.

2.2. Preparation and characterization of magnetic materials 

The Fe3O4 nanoparticles and Fe3O4/CM-CD composite 
were synthesized by adopting the co-precipitation method 
as described in the previous literatures [33,34]. Briefly, 5.5 g  
of FeCl3·6H2O and 4.0 g of FeCl2·4H2O were dissolved in 
100 mL of Milli-Q water and heated to 80°C. Then, 50 mL 
of ammonium hydroxide (25%) solution containing 1.0 g 
of CM-CD was subsequently added into the beaker. The 
obtained mixture was mechanically agitated under nitro-
gen condition for 2 h and then cooled to room temperature. 
The formed Fe3O4/CM-CD precipitates were collected with 
the aid of a magnet. Afterwards, the wet paste was repeat-
edly washed with ethanol and Milli-Q water and then dried 
in a vacuum oven. The Fe3O4 nanoparticles were prepared 
via a similar approach without the addition of CM-CD. By 
using the N2-BET approach, the specific surface areas of the 
synthesized Fe3O4 nanoparticles and Fe3O4/CM-CD com-
posite were measured to be 64.5 and 60.4 m2/g, respectively. 
The PXRD patterns were recorded on a Bruker D8 Advance 
diffractometer from 10° to 70° with a step size of 0.02°. The 
zeta potentials of the adsorbents as a function of solution pH 
were measured by using a Zetasizer Nano ZS Analyzer. The 
magnetism measurements were carried out on a MPMS-XL 
SQUID magnetometer.

2.3. Sorption experiments

Batch experiments were carried out to determine the 
sorption behaviors of BB3 on the magnetic materials under 
different conditions. Specifically, the sorption experiments 
were performed at a constant solid–liquid ratio of 1.0 g/L 
except for the effect of solid dosage. The sorption isotherms 
were measured at three temperatures of 298, 313 and 328 K, 
while other bath experiments were carried out at 298 K. Briefly, 
the stock solutions of adsorbent, NaCl electrolyte solution and 
BB3 were added in a series of amber environmental protection 
agency vials. The resulting suspensions were adjusted to the 
desired pH values by adding trace amounts of HCl and/or 
NaOH solutions. After gently shaken for 24 h, the suspension 
was exposed to an external magnet to separate the solid from the 
liquid phase. The obtained supernatant was percolated through 
a 0.22 μm filtering membrane and the BB3 concentration in 
the filtrate was measured by visible spectrophotometry at a 
wavelength of 654 nm. The sorption percentage (sorption% =  
(C0 – Ce)/C0 × 100%) and sorption amount (qe = (C0 – Ce)·V/m, 
mg/g) were then calculated from the initial BB3 concentration 
(C0, mg/L), the final BB3 concentration (Ce, mg/L) and the solid-
to-liquid ratio (m/V, g/L) of magnetic sorbents.

3. Results and discussion

3.1. Characterization of prepared adsorbents

Fig. 1(A) illustrates the PXRD patterns of the synthe-
sized magnetic materials. The diffraction peaks located at 
30.3°, 35.7°, 43.3°, 53.7°, 57.2° and 62.9° represent the (220), 
(311), (400), (422), (511) and (440) planes of cubic magnetite 
(Fe3O4) phase, respectively [33,35,36]. The PXRD pattern of 
Fe3O4/CM-CD is similar to that of Fe3O4 nanoparticles, indi-
cating that the crystalline phase of the magnetite cores is 
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not affected by the surface coating of CM-CD moieties. As 
shown in Fig. 1(B), the zero point charge (pHzpc) values of 
Fe3O4/CM-CD composite (~4.0) is lower than that of Fe3O4 
nanoparticles (~6.5). This phenomenon suggests that CM-CD 
has been successfully introduced on the Fe3O4 surfaces. These 
CM-CD moieties would provide affluent sites (e.g., hydroxyl, 
–OH; and carboxymethyl, –CH2COOH) and also hydropho-
bic cavities for the binding of BB3 molecules. According to 
the magnetic curves (Fig. 1(C)), the Fe3O4 nanoparticles and 
Fe3O4/CM-CD composite show the saturation magnetization 
(Ms) values of ~75.0 and ~56.5 emu/g, respectively. It is clear 
that the surface coating of CM-CD moieties on the surfaces of 
Fe3O4 leads to the decrease of the Ms value. Nevertheless, the 
Fe3O4/CM-CD composite is still easy to be separated from the 
aqueous solution with an external magnet. This convenient 
separation property is conducive to its recovery after sorption 
equilibrium. The magnetization curves have been previously 
adopted to quantitatively calculate the weight percentage of 
polymers grafted on the solid surfaces [34,37–39]. Herein, the 
difference of 18.5 emu/g indicates a mass fraction of ~24.6% 
CM-CD in the prepared Fe3O4/CM-CD composite. Fig. 1(D) 
presents the proportion of Fe leaching from the pristine Fe3O4 
nanoparticles and Fe3O4/CM-CD composite in the pH range 
of 2.0–10.0. For Fe3O4, the leaching percentage of Fe greatly 
decreases from ~35% to zero as the solution pH increases 
from ~2.0 to ~8.0. While for Fe3O4/CM-CD composite, the 

proportion of leached Fe gradually decreases from ~4% at pH 
~2.0 to zero at pH ~6.0. It is clear that the leaching percentage 
of Fe from Fe3O4/CM-CD composite is much lower than that 
from Fe3O4. This result implies that the surface decoration 
of CM-CD layers effectively prevent the dissolution of inner 
Fe3O4 particles and correspondingly enhances the stability of 
the synthesized Fe3O4/CM-CD composite. 

3.2. Effect of contact time

Fig. 2 illustrates the time-dependent sorption trends of 
BB3 on pure Fe3O4 and Fe3O4/CM-CD composite. The sorp-
tion amounts increase rapidly with prolonged contact time 
and maintain almost constant after 90 min. Note that the 
short time for separating the adsorbent materials from the 
aqueous phase by using a magnet is negligible when calcu-
lating the total contact time. The fast removal kinetics herein 
can be attributed to the rapid transport of BB3 from the solu-
tion onto the binding sites of the two magnetic adsorbents 
without obvious diffusion resistance [38–40]. Similar kinetic 
data were also obtained for the sorption of BB3 onto a series 
of solid materials such as Aleppo pine-tree sawdust [21], tar-
taric acid modified sunflower stem [41], sewage treatment 
plant biosolids [42] and carboxylic group containing cyclo-
dextrin polymer [43]. Equilibrium time is usually regarded as 
an important factor when evaluating the application potential 

Fig. 1. (A) PXRD patterns of Fe3O4 nanoparticles and Fe3O4/CM-CD composite. (B) Zeta potentials of Fe3O4 nanoparticles and Fe3O4/
CM-CD composite. T = 298 K, m/V = 1.0 g/L, I = 0.01 mol/L NaCl. (C) Magnetization curves of Fe3O4 nanoparticles and Fe3O4/CM-CD 
composite. (D) Relative proportion of Fe leaching from Fe3O4 nanoparticles and Fe3O4/CM-CD composite in the pH range of 2.0–10.0. 
T = 298 K, m/V = 1.0 g/L, I = 0.01 mol/L NaCl.
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of an adsorbent in effluent disposal. In view of the short 
sorption kinetics, Fe3O4/CM-CD composite can be poten-
tially applied in the continuous purification of BB3-polluted 
water systems. Owing to its high magnetism (Fig. 1(C)), the 
BB3-loaded adsorbent can be conveniently collected after the 
sorption equilibrium by using a magnet and regenerated for 
another sorption/desorption cycle.

As shown in Fig. 2, the sorption amount of BB3 on Fe3O4/
CM-CD composite (115.60 mg/g) is ~2.0 times higher than that 
on Fe3O4 nanoparticles (58.05 mg/g). As mentioned above, the 
specific surface area of pristine Fe3O4 slightly decreases from 
64.5 to 60.4 m2/g after CM-CD coating. This variation trend 
indicates that the specific surface area is not the controlling 
factor for the enhanced sorption amount. Alternatively, the 
higher sorption property of Fe3O4/CM-CD composite toward 
BB3 is induced by the surface-coated CM-CD moieties. The 
CM-CD molecule has a truncated-cone structure with abun-
dant hydrophilic hydroxyl and carboxymethyl sites on the 
external surfaces as well as hydrophobic cavity in the inte-
rior [33,44]. As shown in Fig. 1(D), Fe3O4/CM-CD exhibits 
higher stability than Fe3O4 nanoparticles over a wide pH 
range. In addition, the decoration of CM-CD molecules on 
the surfaces of Fe3O4 nanoparticles would greatly reduce 
their aggregation in solution as reported in previous studies 
[37,38], which accordingly enhances the dispersion of Fe3O4/
CM-CD composite. As a result, the surface sites of Fe3O4/
CM-CD composite would be more available and effective for 
binding BB3. Herein, the sorption kinetic experiment is car-
ried out at a pH value of 5.0, which is lower than the pHzpc 
value of Fe3O4 nanoparticles (i.e., ~6.5), while higher than that 
of Fe3O4/CM-CD (i.e., ~4.0; Fig. 1(B)). The surfaces of Fe3O4 
nanoparticles are positively charged due to the protonation 
reaction, while the Fe3O4/CM-CD surfaces are negatively 
charged due to the deprotonation reaction. Under such cir-
cumstances, the BB3 molecules with positive charge would 
be preferentially attached to the surfaces of Fe3O4/CM-CD 

due to electrostatic attraction. With the increase of contact 
time, the surface-bound BB3 molecules would gradually 
enter the internal cylindrical cavity of CM-CD moieties due 
to hydrophobic interaction, resulting in the formation of sta-
ble inclusion complexes. 

Several mechanisms may be involved in the sorp-
tion kinetic processes of dyes on solid materials, includ-
ing physical sorption, hydrogen bonding, diffusion and 
chemisorption. In order to deduce the removal mechanisms 
of BB3 by the magnetic materials, the pseudo-first-order 
and pseudo-second-order kinetics models were adopted 
to simulate the sorption kinetics data. Specifically, the 
pseudo-first-order model (Eq. (1)) is based on the assumption 
that the sorption procedure is dominated by diffusion, while 
the pseudo-second-order model (Eq. (2)) is based on the 
assumption that the sorption process is driven by chemisorp-
tion involving electron sharing/transfer and/or surface com-
plexation between pollutants and solid materials [45–49].

q q et e
k t= − −

, ( )cal 1 1 � (1)

q q
k t
k tt e=

+,cal
2

21
� (2)

In the equations, k1 (min–1) and k2 (g/mg·min) are the rate 
constants of pseudo-first-order and pseudo-second-order 
models, respectively; qe,cal is the theoretical sorption amount 
(mg/g) under equilibrium condition. One can see from the fit 
results in Fig. 2 as well as the correlation coefficient (R2) val-
ues in Table 1 that the sorption kinetic data of BB3 are better 
simulated by the pseudo-second-order model. In addition, 
the qe,cal values obtained from the model fits are comparable 
with the qe,exp values. This result suggests that chemisorption 
rather than diffusion is the predominant driving force for the 
removal of BB3 by the magnetic materials. In a series of pre-
vious studies [50–53], the sorption kinetics of BB3 and other 
basic dyes onto various solid materials was also reported to 
be well fitted by the pseudo-second-order model. However, 
the sorption kinetic data of BB3 on the wood activated char-
coal followed the pseudo-second-order model, indicating 
that physical sorption was the main removal mechanism [54]. 
The differences observed in the foregoing literatures can be 

Fig. 2. Sorption kinetics data of BB3 on magnetic adsorbents and the 
fit curves by using pseudo-first-order and pseudo-second-order 
models. T = 298 K, pH = 5.0, m/V = 1.0 g/L, CBB3 = 150 mg/L, 
I = 0.01 mol/L NaCl. Symbols represent the experimental data, 
solid lines represent the fit curves of pseudo-first-order model 
and dash lines represent the fit curves of pseudo-second-order 
model.

Table 1
The kinetic parameters of BB3 sorption on pure Fe3O4 and Fe3O4/
CM-CD composite

Kinetics models Parameters Pure Fe3O4 Fe3O4/
CM-CD

Pseudo-first- 
order

k1 (min–1) 0.086 0.152
qe,exp (mg/g) 58.05 115.60
qe,cal (mg/g) 55.72 109.66
R2 0.815 0.746

Pseudo-second- 
order

k2 (g/min mg) 0.136 0.240
qe,exp (mg/g) 58.05 115.60
qe,cal (mg/g) 60.02 116.34
R2 0.946 0.953
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attributed to the diversities in the physicochemical properties 
of the applied adsorbents. 

3.3. Effect of pH and ionic strength 

Fig. 3 shows the pH-dependent sorption behaviors of BB3 
on Fe3O4/CM-CD composite in 0.001, 0.01 and 0.1 mol/L of 
NaCl electrolyte solutions, respectively. It is clear that solu-
tion pH plays a significant role in BB3 sorption procedure. 
Specifically in 0.01 mol/L of NaCl solution, the sorption per-
centage of BB3 increases slowly from ~10% to ~20% as the 
solution pH rises from 2.0 to 4.0, then increases sharply to 
~98% at pH 7.0, and finally maintains constant at higher 
pH values. The occurrence of multiple sorption edges sug-
gests the presence of different sequestration mechanisms. 
As illustrated in Fig. 1(B), the Fe3O4/CM-CD composite has a 
pHzpc value of ~4.0. Its surfaces would be positively charged 
at pH < 4.0 due to the protonation reaction of the binding 
sites. Meanwhile, the N-ethyl groups of the BB3 molecules 
would also be protonated at acidic pH (see the illustration 
in Fig. 3). It is difficult for the binding of positively charged 
BB3 species on the positively charged surfaces of Fe3O4/
CM-CD due to electrostatic repulsion. The hydrophilic BB3 
molecules at low pH may weakly interact with the hydro-
phobic cavity of surface-linked CM-CD moieties, leading to 
a low sorption percentage [33,55]. At pH > 4.0, the electro-
static attraction between positively charged BB3 molecules 
and negatively charged Fe3O4/CM-CD facilitates their bind-
ing on the deprotonated surfaces sites. In addition, the BB3 
molecules can be easily inserted into the cylindrical cavity 
of the CM-CD moieties, leading to the sharp increase of BB3 
sorption percentage.

As shown in Fig. 3, the rise of ionic strength results in 
an increase of BB3 sorption percentage at pH < 7.0, while no 
effect of ionic strength can be observed at pH > 7.0 as nearly 
all the BB3 molecules are removed from the aqueous solu-
tion. Herein, the influence of ionic strength at pH < 7.0 can 
be tentatively interpreted from the aspects of electrostatic 
interaction and hydrophobic effect between BB3 and Fe3O4/
CM-CD composite. Specifically in the pH range of 2.0–4.0 
(pHzpc value of the adsorbent), the repulsive electrostatic 

interaction occurs between Fe3O4/CM-CD composite and BB3 
molecules with positive charge. The increase of ionic strength 
can compress the diffuse electric double layer surrounding 
the Fe3O4/CM-CD surfaces due to the screening effect, which 
would correspondingly suppress the electrostatic repulsion 
between the two positively charged components [56–59]. 
In addition, the rise in ionic strength would also enhance 
the hydrophobic attraction between BB3 and the cavity of 
CM-CD moieties [60,61]. As a result, more BB3 molecules are 
expected to be adsorbed at higher ionic strength. In the pH 
range of 4.0–7.0, the attractive electrostatic interaction occurs 
between positively charged BB3 molecules and negatively 
charged Fe3O4/CM-CD surfaces. Under such circumstances, 
the charge screening effect of electrolyte ions would reduce 
the sorption affinity of Fe3O4/CM-CD toward BB3 and con-
sequently decrease the sorption percentage of BB3 [56,57]. 
However, our experimental result shows that the increase of 
NaCl concentration leads to the improvement of BB3 sorption 
percentage. In view of this, the electrostatic interaction is not 
the predominant sorption mechanism for the sorption of BB3 
on Fe3O4/CM-CD. Alternatively, the BB3 molecules are more 
possibly preferentially adsorbed due to the hydrophobic 
attraction, leading to the formation of inclusion complexes. 
This inclusion reaction is enhanced at higher ionic strength 
and therefore a higher sorption percentage is expected. In 
addition, the increase of NaCl concentration can enhance the 
dipole–dipole, ion–dipole and van der Waals forces between 
BB3 molecules. This variation trend would cause the aggre-
gation and dimerization of BB3 in solution [56,57], which 
partly contributes to the higher sorption percentage of BB3 at 
higher ionic strength.

3.4. Effect of solid dosage

The price–performance ratio of adsorbent materials 
in practical effluent disposal is greatly dependent on the 
solid dosage required for a favorable removal performance. 
Herein, the sorption of BB3 on Fe3O4/CM-CD at a series of 
solid-to-liquid ratios (i.e., 0.1–2.0 g/L) was investigated and 
the results are shown in Fig. 4. As the solid content rises from 
0.1 to 1.6 g/L, the sorption percentage gradually increases 
from ~32% to ~88% (Fig. 4(A)). No obvious change of the 
sorption percentage can be observed at solid dosage above 
1.6 g/L. This result suggests that the sorption percentage of 
BB3 would not limitlessly increase with increasing Fe3O4/
CM-CD dosage. For the purpose of reducing the sewage 
treatment cost, the optimum Fe3O4@CMC dosage of 1.6 g/L 
can be selected for the efficient removal of 150 mg/L of BB3 at 
a solution pH of 5.0.

As shown in Fig. 4(B), the sorption amount of BB3 
shows a decreasing trend with increasing Fe3O4/CM-CD 
content. At lower solid dosage, the adsorbent particles can 
disperse well in the solution and more active sites are avail-
able for the capture of BB3. However, the supersaturation 
of the suspension at higher solid content would increase 
the probability for the collision and aggregation of Fe3O4/
CM-CD particles. This phenomenon would correspondingly 
result in the reduced availability of the surface sites and the 
decrease of BB3 sorption amount. Besides, the aggregation of 
Fe3O4/CM-CD particles would prolong the diffusional path 
of BB3 from the solution to the surfaces and also decrease 

Fig. 3. Sorption of BB3 on Fe3O4/CM-CD composite as a function 
of pH and ionic strength. T = 298 K, CBB3 = 150 mg/L, m/V = 1.0 g/L. 
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the total surface area for the retention of BB3 [62]. Moreover, 
the collision between Fe3O4/CM-CD particles at higher solid 
dosage may desorb some of the sequestrated BB3 molecules 
from the adsorbent surfaces and thereby cause the decrease 
of BB3 sorption amount.

3.5. Effect of temperature 

Fig. 5 illustrates the sorption isotherms of BB3 on Fe3O4/
CM-CD composite at 298, 313 and 328 K, respectively. One 
can see that the sorption amount of BB3 increases with the 
rise of its equilibrium concentration in solution. Herein, 
higher BB3 concentration can promote its contact and inter-
action with Fe3O4/CM-CD composite, which leads to the 
achievement of a higher sorption amount. The sorption iso-
therms reveal the typical L shape, indicating that there is no 
strong competition between the solvent (herein, H2O) and 
BB3 molecules to occupy the binding sites of Fe3O4/CM-CD 
composite. Specifically, the rise of temperature is unfavor-
able for BB3 sorption and leads to the decrease of sorption 
amount.

In order to further analyze the temperate-dependent 
sorption behaviors of BB3 on Fe3O4/CM-CD composite, the 
Langmuir (Eq. (3)) and Freundlich (Eq. (4)) models were used 
to simulate the sorption isotherm data. 

q
bq C
bCe

e

e

=
+
max

1
� (3) 

q K Ce F e
n= � (4)

Herein, Ce (mg/L) is the concentration of BB3 remained 
in solution after sorption equilibrium; qe (mg/g) is the equi-
librium sorption amount of BB3 on per weight unit of Fe3O4/
CM-CD; qmax (mg/g) is the maximum sorption capacity of 
Fe3O4/CM-CD toward BB3 at a monolayer coverage; b (L/mg) 
is a parameter that relates to the sorption heat; KF (mg1−n·Ln/g) 
represents the sorption affinity of Fe3O4/CM-CD toward BB3, 
and the value of n is indicative of the specific sorption mode 
(i.e., linear at n = 1 or nonlinear at n < 1). 

From the data fit as illustrated in Fig. 5 and the corre-
sponding correlation coefficient (R2) values as listed in 
Table  2, one can see that the sorption isotherms are better 
simulated by the Langmuir model than the Freundlich 
model. This result indicates that the immobilization of BB3 
on Fe3O4/CM-CD composite is due to a chemisorption mech-
anism [63]. It is worth noting that the sorption equilibrium 
experiments were conducted at different BB3 concentrations 
by keeping a fixed Fe3O4/CM-CD dosage of 1.0 g/L. Under 
such circumstances, a limited amount of active sites would 
be provided by the adsorbent for capturing BB3, which cor-
respondingly results in the presence of a saturated sorption 
amount at higher BB3 concentration. Hence, the sorption 
isotherms would not be well simulated by the Freundlich 
model with the assumption that the sorption amount of 
BB3 is expected to exponentially increase with the increase 
of its equilibrium concentration in solution. For all the tem-
peratures, the values of qe,exp are smaller than those of qmax 
calculated from the Langmuir model simulation. This phe-
nomenon means that the active sites of Fe3O4/CM-CD are 
not completely occupied and the adsorbed BB3 molecules 
do not interact with each other. The values of n are calcu-
lated to be in the range of 0–1, suggesting that the sorption 
of BB3 on Fe3O4/CM-CD composite is a nonlinear and favor-
able process.

Fig. 4. Sorption percentage and sorption amount of BB3 on 
Fe3O4/CM-CD composite as a function of solid dosage. T = 298 K, 
pH = 5.0, CBB3 = 150 mg/L, I = 0.01 mol/L NaCl.

Fig. 5. Sorption isotherms, Langmuir and Freundlich model 
fits of BB3 on Fe3O4/CM-CD composite. pH = 5.0, m/V = 1.0 g/L, 
I = 0.01 mol/L NaCl. Symbols represent the sorption isotherm 
data, solid lines denote the fit curves of Langmuir model and 
dashed lines denote the fit curves of Freundlich model.

Table 2
Parameters for Langmuir and Freundlich models at different 
temperatures

Correlation parameters T = 298 K T = 313 K T = 328 K

Langmuir qmax (mg/g) 203.54 194.82 187.28
b (L/mg) 0.042 0.029 0.023
R2 0.989 0.984 0.986

Freundlich KF (mg1–n·Ln/g) 31.06 22.84 18.43
n 0.360 0.395 0.418
R2 0.950 0.948 0.954
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The intrinsic thermodynamic parameters of the sorp-
tion systems, that is, the changes of Gibbs free energy (ΔG°), 
enthalpy (ΔH°) and entropy (ΔS°), were further calculated 
according to the following Eqs. (5)–(7), separately.

∆ = −G RT K0 0ln � (5)

∆ = −
∂∆
∂









S G

T
P

0
0

� (6)

∆ = ∆ + ∆H G T S0 0 0 � (7)

The negative ΔG° values (Table 3) imply the feasibility 
and spontaneity of BB3 binding on Fe3O4/CM-CD compos-
ite without the input of additional energy from outside of 
the sorption system. Specifically, the value of ΔG° becomes 
less negative with the increase of temperature, which results 
in the decrease of sorption spontaneity and sorption trend. 
The negative ΔS° value (Table 3) reveals the occurrence of 
some structural changes and the reduction of randomness 
during the sorption process. In other words, the adsorbed 
BB3 molecules have smaller randomness than those in the 
bulk solution. The negative ΔH° values (Table 3) indicate 
that the removal of BB3 by Fe3O4/CM-CD is an exothermic 
process. A series of previous studies proposed that the inter-
action affinity of dyes with solvent molecules became stron-
ger than that with adsorbent surfaces at higher temperature 
[64–66]. Consequently, the dyes would be more difficult to 

be captured by the adsorbent materials. In addition, the 
mobility of BB3 molecules would increase with the rise of 
temperature, which enhances the magnitude of BB3 desorp-
tion from the Fe3O4/CM-CD surfaces [64]. The increased 
mobility of dye molecules at the elevated temperatures was 
also demonstrated by the decreased values of b and KF as well 
as the increased values of n as listed in Table 2. The absolute 
values of ΔH° are found to be higher than those of TΔS° 

(Table 3), indicating the sorption of BB3 on Fe3O4/CM-CD 
composite is an enthalpy-controlling process rather than an 
entropy-controlling procedure.

3.6. Comparison with other adsorbents

To help evaluate the application feasibility of Fe3O4/
CM-CD in practical effluent disposal, the maximum sorp-
tion capacity (i.e., qmax derived from Langmuir model fit) of 
this material toward BB3 is carefully compared with those of 
other previously reported adsorbents. As listed in Table 4, the 
qmax value of BB3 on Fe3O4/CM-CD is higher than those on rice 
hull [15], Corynebacterium glutamicum [19], acrylic resin [13], 
amberlite XAD 1180 [16], sugarcane bagasse [17], Aleppo 
pine-tree sawdust [21], fly ash [14], sepiolite [14] and apricot 
stone activated carbon (ASAC) [14], while lower than those 
on Dowex Optipore SD 2 and Lewatit MonoPlus SP 112 [16]. 
The comparison herein indicates that Fe3O4/CM-CD exhibits 
favorable removal performance toward BB3.

3.7. Removal efficiency for simulation wastewater

Considering the heterogeneity and complexity of the 
real aquatic environment, the removal performance of 
Fe3O4/CM-CD toward BB3 in a simulation wastewater 
was tested to verify the research findings derived from the 
single-solute experiments. Specifically, the simulated effluent 
was composed of 20 mg/L of Cd(II), 20 mg/L of Pb(II),  
10 mg/L of As(V), 10 mg/L of Cr(VI), 50 mg/L of 1-naphthol,  
150 mg/L of BB3, 20 mg/L of humic acid (to simulate the nat-
ural organic matter in the water environment) and 0.01 mol/L 
of NaCl as the background electrolyte. Herein, the addition 
of heavy metal ions, anionic and organic pollutants was 

Table 3
Thermodynamic parameters for BB3 sorption on Fe3O4/CM-CD 
composite

T 
(K)

ΔG° 
(kJ/mol)

ΔS° 
(J/mol·K)

TΔS° 
(kJ/mol)

ΔH° 
(kJ/mol)

298 –7.12 –17.79 –24.91
313 –6.06 –59.70 –18.69 –24.74
328 –5.33 –19.58 –24.93

Table 4
Comparison of BB3 sorption capacity of Fe3O4/CM-CD with other adsorbent materials

Materials Experimental conditions qmax (mg/g) References

Rice hull T = 298 K 13.41 [15]
Corynebacterium glutamicum pH = 6.0, T = 298 K 27.95 [19]
Acrylic resin pH = 5.5, T = 290 K 34.36 [13]
Amberlite XAD 1180 pH = 4.3, T = 293 K 35.70 [16]
Sugarcane bagasse pH = 6.0, T = 293 K 37.59 [17]
Aleppo pine-tree sawdust T = 293 K 65.36 [21]
Fly ash T = 303 K 128.21 [14]
Sepiolite T = 303 K 155.52 [14]
ASAC T = 303 K 181.50 [14]
Fe3O4/CM-CD pH = 5.0, T = 298 K 203.54 This study
Dowex Optipore SD 2 pH = 4.3, T = 293 K 270.90 [16]
Lewatit MonoPlus SP 112 pH = 4.3, T = 293 K 560.70 [16]
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due to their extensive distribution in the mixed wastewater 
discharged by a series of industrial processes, for example, 
galvanization, machinery, electronics, catalysis, batteries 
manufacturing, pigment processing, petroleum refining, 
medical diagnosis, pesticide production, chemical engineer-
ing, etc. Typical experiment was conducted by adding 150 
mL of the simulation wastewater into a 500 mL beaker. The 
subsequent removal test was carried out at pH 5.0 by using 
a similar method as that for batch experiments. As shown 
in Fig. 6, a 1.0 g/L of Fe3O4/CM-CD results in the removal of 
~51% Cd(II), ~80% Pb(II), ~42% As(V), ~38% Cr(VI), ~67% 
1-naphthol and ~74% BB3. Herein, the co-sorption behavior of 
multiple components on Fe3O4/CM-CD is possibly controlled 
by various driving forces such as electrostatic interaction, 
surface complexation, ligand exchange, hydrophobic action 
and inclusion effect [19,33,44,56–61]. Specifically, the removal 
percentage of BB3 from the simulation wastewater (~74%) is 
comparable to that from the single-solute system (~77% at pH 
5.0 as illustrated in Fig. 3), indicating the ignorable influence 
of coexisting chemical constituents on the decontamination 
of BB3. It is undeniable that the compositions in the simu-
lation wastewater are somewhat different from those in the 
real effluent. Nevertheless, the result herein demonstrates 
the feasibility of using Fe3O4/CM-CD composite for the puri-
fication of actual BB3-containing wastewater.

3.8. Regeneration and reusability property

The regeneration and recyclability of Fe3O4/CM-CD com-
posite was explored to evaluate its application potential in 
the purification of BB3-polluted wastewater. It was reported 
that almost 100% of the sequestrated methylene blue could 
be desorbed from the CM-CD conjugated magnetic nanoad-
sorbent by using a methanol solution containing acetic acid 
(5% (v/v)) as eluent [33]. Considering the similarity between 
the molecular structure of BB3 and methylene blue, the same 
strippant was used in the present study to conduct the desorp-
tion experiments and the regenerated Fe3O4/CM-CD compos-
ites were then used for six successive rounds. As illustrated 
in Fig. 7, the sorption amount of BB3 slightly decreases from 

~115 to ~108 mg/g after six rounds of adsorption/desorption 
tests. The small decline of BB3 sorption amount may be due 
to the slight loss of Fe3O4/CM-CD dosage during the recovery 
process. Nevertheless, the experimental result herein shows 
that Fe3O4/CM-CD composite exhibits favorable regenera-
tion capacity and excellent reusability performance for the 
removal of BB3. In other words, this material can guarantee 
long-term application in the disposal of BB3-polluted water.

Herein, the cost of Fe3O4/CM-CD is evaluated to further 
determine its application potential in the practical wastewater 
treatment. Specifically, this magnetic composite can be 
rapidly and simply synthesized by using the co-precipitation 
method. The raw materials, that is, FeCl3∙6H2O, FeCl2∙4H2O 
and CM-CD, have relatively low prices of ca. US$5.8/500g, 
US$7.3/500g and US$218.1/500g, respectively. Hence, the 
cost for preparing Fe3O4/CM-CD composite is calculated to 
be ca. US$0.2/g on the basis of the synthesis procedure. By 
integrating the low production cost with the satisfactory 
recycling ability as verified above, one can conclude that 
Fe3O4/CM-CD would be an economical and applicable 
adsorbent for the treatment of BB3-bearing wastewater.

4. Conclusions

The present work reported the synthesis of magnetic 
Fe3O4/CM-CD composite for the removal of BB3 from the 
aqueous solution. The usage of nontoxic raw materials (iron 
salts and CM-CD) and the application of simple chemical 
co-precipitation approach ensured the safety and cheap-
ness of the adsorbent material. The surface-coated CM-CD 
moieties improved the stability of Fe3O4/CM-CD in solu-
tion. Batch experiments were carried out to investigate the 
removal performance of Fe3O4/CM-CD toward BB3 as a func-
tion of contact time, solution pH, ionic strength, solid dos-
age and temperature. The sorption kinetic data were well 
simulated by the pseudo-second-order equation, suggesting 
chemisorption was the underlying sequestration mechanism 
of BB3 by Fe3O4/CM-CD composite. The calculated thermo-
dynamic parameters pointed to the occurrence of an exother-
mic, spontaneous and entropy decreasing sorption process. 

Fig. 6. Removal performance of Fe3O4/CM-CD toward BB3 in the 
simulation wastewater.

Fig. 7. Regeneration and reusability of Fe3O4/CM-CD compos-
ite in the removal of BB3. T = 298 K, pH = 5.0, m/V = 1.0 g/L, 
CBB3 = 150 mg/L, I = 0.01 mol/L NaCl.
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The sorption/desorption experiments suggested that Fe3O4/
CM-CD composite possessed favorable regeneration capac-
ity and excellent reusability performance for the removal of 
BB3. Owing to its low production cost, environmental friend-
liness, high stability, high sorption capacity, favorable recy-
clability and convenient separation property, Fe3O4/CM-CD 
composite could be potentially used as a good adsorbent for 
the purification of BB3-bearing effluents.
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