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The adsorptive removal of antibiotics from aqueous solutions is recognized as the most suitable approach due to its easy operation,
low cost, nontoxic properties, and high eﬃciency. However, the conventional regeneration of saturated adsorbents is an expensive
and time-consuming process in practical wastewater treatment. Herein, a scalable adsorbent of magnetic Fe3O4@chitosan carbon
microbeads (MCM) was successfully prepared by embedding Fe3O4 nanoparticles into chitosan hydrogel via an alkali gelationthermal cracking process. The application of MCM composites for the adsorptive removal of doxycycline (DC) was evaluated
using a ﬁxed-bed column. The results showed that pH, initial concentration, ﬂow rate, and bed depth are found to be important
factors to control the adsorption capacity of DC. The Thomas and Yoon-Nelson models showed a good agreement with the
experimental data and could be applied for the prediction of the ﬁxed-bed column properties and breakthrough curves. More
importantly, the saturated ﬁxed bed can be easily recycled by H2O2 which shows excellent reusability for the removal of
doxycycline. Thus, the combination of the adsorption advantage of chitosan carbon with catalytic properties of magnetic Fe3O4
nanoparticles might provide a new tool for addressing water treatment challenges.

1. Introduction
In the past years, doxycycline (DC) has gradually become
one of the most widely used antibiotics in the world especially in human therapy and livestock industry because of
its speciﬁc antimicrobial properties and minor adverse side
eﬀects [1–3]. Regretfully, the metabolism of humans or animals cannot decompose the DC antibiotic thoroughly, and
only 20–50% of DC can be absorbed into the organism. Thus,
the residues of antibiotics have been frequently detected in
soil, surface water, groundwater, and other aquatic environment [4]. It has been veriﬁed that exposure to low-level and
accumulative DC may lead to a variety of dangerous eﬀects,

including destruction of aquatic photosynthetic organisms
and indigenous microbial populations and dissemination into
antibiotic-resistant genes among microorganisms [5, 6].
Hereby, DC wastewater has drawn great attention and is
especially targeted in the ﬁeld of wastewater treatment. Compared with the traditional chemical and biological strategies
to purify the antibiotic wastewater, the adsorptive removal
of antibiotic from aqueous solution is the most suitable
approach for the treatment of toxic antibiotic wastewater
because of its easy operation, low cost, nontoxic properties,
and high eﬃciency [7, 8]. A series of adsorbents, such as activated carbon [9], clays [10], graphene oxide [11], and zeolites
[12], have been exploited extensively and applied widely for
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the removal of organic antibiotics. In particular, the utilization of costless, renewable, and environmentally friendly
activated carbon (AC) as adsorbents has become popular
owing to its abundant porous structure and stable chemical
property [13–15]. However, the adsorption of toxic organic
compounds with activated carbon only transfers the pollutants from the wastewater to the surface of adsorbents
rather than decomposing them, which limited the recycling
of the adsorbents. In order to deal with such conundrums,
the periodical regeneration by traditional physicochemical
approaches should be executed for the pollutant-loaded
adsorbents, such as thermal regeneration [16], oxidative catalytic regeneration [17], ultrasound-assisted sorbent regeneration [18], electrochemical method [19], and microwave
regeneration [20].
The Fenton oxidation is the most powerful method to
decompose organic pollutants because the ⋅OH generated
in the Fenton system (⋅OH, oxidation potential: 2.8 V) is
highly oxidative and nonselective, which can destruct many
hazardous organic pollutants easily and eﬀectively like azo
dye [21], doxycycline [22], p-nitrophenol [23], sulfamethoxazole [24], and polyacrylamide [25]. In contrast, the heterogeneous Fenton oxidation, based on solid-liquid interface
reactions, has more advantages than homogeneous Fenton
reaction (H2O2 + Fe2+/Fe3+) with regard to less sludge formation, expanded pH range, and generation of highly potent
chemical oxidants. More importantly, the removal eﬃciency
through heterogeneous Fenton can be increased signiﬁcantly
by an enrichment or preconcentration sorption process and
subsequent oxidation of the contaminants [26]. Speciﬁcally, organic contaminants are ﬁrst adsorbed by adsorbents
from a large volume of eﬄuent, then separated from the
wastewater system and mineralized by advanced oxidation.
At the same time, the pollutant-loaded adsorbents are regenerated. For example, in our previous study, raspberry-like
Fe3O4@yeast shows excellent reusability for the removal of
azo dyes because of the consecutive and synergistic eﬀect of
yeast biosorption and Fe3O4 nanoparticles [27].
Herein, we synthesized magnetic Fe3O4@chitosan carbon
microbeads (MCM) by a simple thermal cracking process
under a nitrogen atmosphere at 350°C, aimed at combining
the catalytic property of Fe3O4 with the adsorption capacity
of chitosan carbon microbeads. Based on the XRD, SEM,
and FT-IR characterization results, a possible mechanism
for the formation of MCM was proposed. A ﬁxed-bed column was employed to investigate the removal eﬃciency of
doxycycline. The eﬀects of pH, initial concentration, ﬂow
rate, and bed depth were also analyzed. Afterward, the
regeneration/recycling tests were carried out by triggering
the Fenton oxidation in the presence of H2O2 solution.

2. Materials and Methods
2.1. Materials. Chitosan, Fe3O4 nanoparticles, glutaraldehyde
(25% (v/v)) aqueous solution, and acetic acid (36% (v/v))
were provided by Xi’an Chemical Agent Corp. All chemicals
used in this work were of analytical grade and used without
further puriﬁcation. Deionized water was used throughout
this study.
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2.2. Preparation of Samples. 0.3 gram of chitosan was dissolved in 10 mL of 1% aqueous acetic acid solution to prepare
the chitosan solution. Then, 0.9 gram of Fe3O4 nanoparticles
was slowly added into the prepared chitosan solution. The
homogenous solution was injected into a gently stirred
sodium hydroxide solution using a syringe to form magnetic
microspheres. After magnetic stirring for 4 h, the products
were harvested by ﬁltration, followed by washing with a copious amount of distilled water until the pH value was 7. Then,
these magnetic microbeads were immersed in a cross-linking
agent, 5% glutaraldehyde, for 8 h at room temperature. The
cross-linked microbeads were ﬁltered, washed, and dried at
60°C for 12 h. Finally, the resulting products were pyrolyzed
in a tubular reactor at 350°C for 40 min under a nitrogen
atmosphere. The synthesis of chitosan carbon microbeads
(CSM) was also carried out in accordance with the above
steps but without the adding of Fe3O4.
2.3. Material Characterization of Samples. The size and
surface morphology of the samples were determined by a
Philips XL 30 ﬁeld emission scanning electron microscope
(FE-SEM). The crystallographic structure of the samples
was measured by X-ray diﬀraction (XRD) on a Rigaku
D/MAX-3C diﬀractometer operated at a voltage of 40 kV
and a current of 20 mA, at a 0.028 scan rate with Cu Kα radiation. Fourier transform infrared (FT-IR) spectra of samples
were recorded on a Bio-Rad FTS135 spectrometer in the
range 500–4000 cm−1 using a KBr wafer technique, to study
the functional groups of the samples. To obtain N2 adsorption/desorption curves (BET curves), adsorption-desorption
experiments using liquid nitrogen were performed on a
Micromeritics surface analyzer (WBL-8XX).
2.4. Continuous Fixed-Bed Experiments. The ﬁxed-bed
adsorption experiments were performed in up-ﬂow columns
with an internal diameter of 0.6 cm and a length of 15 cm.
The inﬂuences of diﬀerent initial concentrations of DC (20,
25, and 30 mg/L), ﬂow rates (1.1, 2.1, and 3.1 mL/min), pH
(2, 4, 7, 9, and 11), and bed depths (0.8, 1.2, and 1.6 cm) were
studied. The pH of the DC solutions was adjusted by the
addition of NaOH (0.1 mol/L) and HCl (0.1 mol/L). In order
to exclude the trapped air and wet the porosity of activated
carbon, water was pumped into the column at the ﬂow rate
of 8 mL/min for 10 min before starting the experiment. The
column eﬄuent samples were taken out at regular time intervals, and the concentration was analyzed by a Jenway 6405
UV-vis spectrophotometer at 351 nm.
The dynamic adsorption behavior of ﬁxed-bed columns
was investigated in terms of analyzing the shape of breakthrough curves. And the experimental breakthrough curves
determined as the ratio of Ct /C0 vs. t (min) (where C0 is
the inlet sample concentration, Ct is the outlet sample concentration, and t is the elapsed time) represent the loading
of DC onto Fe3O4/chitosan carbon microspheres. From a
practical point of view, operation of the column was stopped
when the concentration in the eﬄuent is higher than 90% of
the inﬂuent concentration because of the establishment of
the saturation time, t s .
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Scheme 1: Schematic of the adsorption and in situ regeneration mechanism of MCM in the removal of DC.

3. Results and Discussion

The volume of the eﬄuent, V ef f (mL), was deﬁned as
V ef f = Q ⋅ t total ,

1

where t total is the total ﬂow time in min and Q is the ﬂow rate
which circulates through the column in mL/min.
The area above the breakthrough curve means the
total mass of DC adsorbed, and qtotal , in mg, was evaluated
through the following equation:
qtotal =

Q
1000

t=t total
t=0

C 0 − Ct dt

2

Equilibrium DC uptake per unit mass of adsorbent, qe
(mg/g), was calculated using the following equation when
steady-state conditions were reached:
qe =

qtotal
,
m

3

where m (g) is the mass of adsorbent in the column.
The total amount of DC passed through the column mtotal
(mg) can be estimated from
mtotal =

C 0 ⋅ Q ⋅ t total
1000

4

2.5. Heterogeneous Fenton Oxidation Regeneration. After
each adsorption cycle, the sorbent bed was washed by distilled water in the upward direction at a suitable ﬂow rate
(2.1 mL/min) to remove the residual DC. Then, the regeneration experiment was carried out by injecting various aqueous solutions through the column bed in an upward
direction at a ﬂow rate of 1.1 mL/min for 1.5 h. After the heterogeneous Fenton-like reaction, the column was rinsed
again to remove the residual H2O2. Finally, the bed was
reused for the next adsorption/regeneration cycle, up to three
consecutive cycles.

3.1. Formation Procedure of MCM and Characterization.
The formation of magnetic Fe3O4@chitosan carbon microbeads by alkali gelation-thermal cracking route was proposed
in Scheme 1.
According to previous literatures, chitosan is insoluble
in water but soluble in diluted acidic solution below its
pKa (~6.3), in which the amine groups (–NH2) of chitosan
can be facilely converted into the soluble protonated form
(–NH3+) [28]. In the current study, the chitosan was dissolved in 1% acetic acid with vigorously stirring to obtain a
homogeneous quaternized chitosan solution and then intertwined together to form a three-dimensional network linked
by hydrogen bonding or Van der Waals forces. Owing to
the fact that the amine groups (–NH2) of chitosan polymers
were protonated easily, the chitosan network tends to expand
due to the repulsive force among the protonation amine ions
(–NH3+). Such network expansion provides a great opportunity for Fe3O4 nanoparticles to be ﬁxed onto the linear scaﬀold
of chitosan molecules. Thereafter, the mixture containing
Fe3O4 nanoparticles and chitosan was injected into NaOH
solution drop by drop. Under alkaline condition, –NH3+
groups were deprotonated and converted into insoluble forms
(-NH2) [29], resulting in the disappearance of electrostatic
repulsion between chitosan molecules. Consequently, the
magnetic Fe3O4@chitosan hydrogel microbeads were formed
through the sharing of the lone electron pairs from the
nitrogen atom in amine with Fe irons [30, 31]. Then, the
magnetic Fe3O4@chitosan hydrogel microbeads were pyrolyzed in a tubular reactor at 350°C for 40 min under a nitrogen
atmosphere to obtain MCMs. The content of Fe3O4 can be
controlled precisely by tuning the dosage of reactants. Compared with the classical impregnation method, the present
route by alkali gelation provides a better choice to synthesize
functional composites containing Fe3O4 nanoparticles and
carbon-related materials with higher content of Fe irons.
From the above analysis, chitosan polymers play a signiﬁcant trifunctional role in the formation of the Fe3O4@chitosan
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composite. Firstly, the native entanglement or cross-linking
property of chitosan chains helps Fe3O4 nanoparticles reunite
together tightly and become a stable three-dimensional network due to the strong hydrogen bonding or Van der Waals
forces. Secondly, the water absorption capacity of the threedimensional network is partly retained, which is beneﬁcial to
the formation of pores or channels in the MCM during the
thermal cracking process. Thirdly, chitosan polymers can act
as a carbon source, providing lots of active sites for the adsorption of pollutants. Similarly, the Fe3O4 nanoparticles play two
vital roles in the magnetic Fe3O4@chitosan carbon microbeads. On the one hand, the mechanical stability of MCM
can be strengthened by embedding hard Fe3O4 nanoparticles
into chitosan. On the other hand, part of chitosan is replaced
by Fe3O4 nanoparticles, oﬀering additional catalytic active
sites on the MCM substance. From this point of view, the prepared MCMs are demonstrated to not only preserve the
adsorption performance of chitosan carbon but also possess
an in situ regeneration ability of Fe3O4 nanoparticles.
The incorporation of Fe3O4 nanoparticles into the CSM
matrix can be observed straightforwardly from the microscopy photos. The optical microscopy photos of MCM and
CSM are presented in Figures 1(a) and 1(b), respectively. It
can be seen that the MCMs inherited the spherical shape after
the addition of Fe3O4 nanoparticles into the chitosan hydrogel microbeads. Correspondingly, the color of MCM substrates changed from white to black. Figures 1(a) and 1(b)
show that the MCM outer surface was rough and interspersed with small bumps while the CSM outer surface was
very smooth and ﬂat. The loading of Fe3O4 nanoparticles
onto the MCM scaﬀold led to a rough topographical surface
for the CSM substrate. Such unique regular surface morphology usually contributes to the relatively more catalytic active
sites, which is expected to favor the adsorption of contaminants. The absence of scattering Fe3O4 nanoparticles around
the composite CSM implies a strong adhesion between the
MCM scaﬀold and the Fe3O4 nanoparticles.
The incorporation of Fe3O4 nanoparticles into the CSM
matrix can be further veriﬁed from the SEM images. SEM
images of Fe3O4 nanoparticles, CSM, and MCM are shown
in Figures 1(c)–1(h). Figures 1(c) and 1(d) display the primitive Fe3O4 nanoparticles, which exhibit irregular shape with
the length of 0.2–0.3 μm. The inset image in the bottom right
corner of Figures 1(e) and 1(g) demonstrated that both MCM
and CSM samples were spherical. The average diameter of
MCM was around 1.5–2.0 mm, which was much bigger than
that of CSM about 1.2–1.5 mm, implying that the successful
decoration of chitosan carbon with Fe3O4 nanoparticles
enlarged the diameter size. On the other hand, the Fe3O4
nanoparticles in MCM also provided a mechanical strength
against shrinkage during drying and consequently make the
MCM denser. In contrast, the drastic shrinkage phenomenon
happened under absolute drying conditions on the surface of
CSM which is smaller in diameter. Figure 1(e) presents a typical SEM micrograph of CSM. It can be observed that the surface of CSM is completely smooth and ﬂat. Figure 1(f) shows
that the internal morphology of CSM exhibits an ordered
incompact structure probably caused by the thermal cracking
process [25, 32]. However, with the introduction of magnetic
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Fe3O4 nanoparticles, there are signiﬁcant changes on the
outer surface morphology of MCM. The SEM micrograph
of MCM (Figure 1(g)) shows a rough topographical surface
decorated with some small bumps, which increase the surface
area of the MCMs and provide more active sites for the
adsorption of pollutant molecules. Hereby, the MCM adsorbent should have a better adsorption performance compared
with the CSM. At higher magniﬁcation (Figure 1(h)), some
clusters resulted from the aggregation of Fe3O4 nanoparticles
distributed evenly in the MCM’s core, suggesting that the
Fe3O4 nanoparticles were successfully embedded into the
MCM substrate.
To explain chemical binding between Fe3O4 and CSM,
the Fourier transform infrared (FTIR) spectra of the pure
Fe3O4, CSM, and MCM were recorded. In Figure 2, the IR
spectrum of MCM was very similar to that of CSM, indicating that the introduction of magnetic particles did not
destroy the function groups of chitosan. For CSM, the peak
at 3366 cm−1 resulted from axial stretching vibration of OH superimposed on the N-H stretching band and intermolecular hydrogen bonds of the polysaccharide [33], and the
adsorption peaks at 2919 and 2874 cm−1 are assigned to the
stretching vibration of C-H. The typical band of primary
amine groups (-NH2) appears at 1655 cm-1 [34]. The biosorption bands around 1075 and 1027 cm−1 display the
stretch vibration of the C-O bond. For magnetic Fe3O4 nanoparticles, the peak at 636 cm−1 relates to the Fe-O group [35].
The formation of a new peak at 636 cm−1 in MCM is related
to the blending of Fe3O4 nanoparticles. The IR spectrum
indicates that chitosan carbon and Fe3O4 both existed in
MCM, and the Fe3O4 has been embedded into the MCM successfully. Notably, the N-H stretching vibration has a blue
shift to 1637 cm−1 due to the sharing of the lone electron
pairs from the nitrogen atom in amine with Fe iron [30, 31].
Figure 3 shows the XRD patterns of chitosan carbon,
pure Fe3O4 nanoparticles, and the magnetic Fe3O4/chitosan
composite microspheres (MCM). Diﬀraction peaks of pure
Fe3O4 nanoparticles at 2θ of 18.4°, 30.3°, 35.6°, 37.3°, 43.2°,
53.4°, 57.2°, and 62.9° corresponded to (110), (220), (311),
(222), (400), (422), (511), and (440) in the face center-cubic
phase of Fe3O4, which agree with the literature data [36]. In
Figure 3, chitosan is seen to show only a typical peak at
around 2θ = 18 3° . This broad peak indicates the existence
of amorphous structure [37]. As expected, the broad peak
at 2θ = 18.3° of MCM originates mainly from the amorphous
structure of chitosan. Other diﬀraction peaks emerging in the
XRD pattern of MCM are very close to the feature peak of
Fe3O4 nanoparticles, which indicates the existence of Fe3O4
nanoparticles in the MCM, and no other diﬀractions are
found, meaning the high purity of the samples.
The nitrogen adsorption isotherm of MCM is shown
in Figure 4. Nitrogen adsorption isotherm is measured over
a relative pressure (P/P0) range from approximately 10−7 to
1. The BET surface area of MCM is estimated to be
3.278 m2/g by the Brunauer-Emmett-Teller (BET) equation.
A sharp increase in the isotherm at a high relative pressure
indicates capillary condensation in the mesopores. Nonlocal
density functional theory (NLDFT) [38] was applied to calculate the pore size distribution of MCM (inset image). It
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Figure 1: Optical microscopy photos (40×) of MCM (a) and CSM (b); FE-SEM images: (c, d) Fe3O4 nanoparticles, (e) dissected CSM, (f)
CSM under high magniﬁcation, (g) dissected MCM, and (h) MCM under high magniﬁcation.
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reveals that the MCM has a high proportion of microspore
volume and a low average pore diameter, and the average
microspore volume is evaluated to be 0.0083 cc/g.
3.2. Removal of Doxycycline from Aqueous Solutions through
a Fixed Bed via Adsorption. The ﬁxed-bed adsorption
requires very few devices and low operational cost. The
ﬁxed-bed columns are essential towards the industrial scale

design and scale-up of the continuous system for required
applications and performances [39]. Generally, the column
process is continuous and the inﬂuent wastewater comes in
touch with a certain amount of adsorbents, hereby aﬀording
room for a large volume of ﬂowing polluted ﬂuid [40]. To
evaluate the eﬀect of operating conditions on the adsorption
of DC, a batch of adsorption experiments including the eﬀect
of pH, initial feed solution concentration (C0 ), bed depth (Z),
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diketone moiety and tricarbonyl system. Secondly, in acidic
condition, the hydrogen atoms can protonate amine groups
of chitosan [45] forming a positively charged surface on
MCM. As a result, the electrostatic repulsion between the
positive DC ions and MCM with the positively charged surface is against the sorption process, whereas the protonation
reaction gets weak with increasing the pH value and the
sorption capacity is enhanced. Finally, when the pH is above
9, a good adsorption performance is obtained. This is due to
the excellent adsorption capacity of MCM with abundant
absorptive sites and outstanding porosity. The relatively
ample activated sites and the porous structure of adsorbent
can supply more binding sites to remove more organic contaminants from aqueous solution.
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Figure 4: Nitrogen adsorption isotherm of the MCM.

and ﬂow rate (Q) has been conducted. The results are displayed in Table 1.
3.2.1. pH Eﬀect on the Adsorption Performance. pH is one of
the dominant factors that aﬀect the removal eﬃciency of
antibiotic, because pH can aﬀect the speciation of a DC molecule in solution and the surface charge of the adsorbent. The
pH aﬀects the prevalent chemical mechanisms by controlling
the electrostatic interaction between the adsorbent and
organic molecules, consequently changing the removal rate
of DC from the aqueous solution and the breakthrough
curves [41]. Thus, the eﬀect of pH was investigated by varying the pH of the aqueous DC solution from 2.0 to 11.0, while
the DC concentration, ﬂow rate, and bed height were kept
constant at 25 mg/L, 1.1 mL/min, and 1.2 cm, respectively.
Breakthrough curves for DC uptake at various pH values are
presented in Figure 5(a). The results extracted from the breakthrough curves are listed in Table 1. As can be seen in Table 1,
the adsorption capacity of DC shows a signiﬁcant increase
from 0.934 to 4.816 mg/g with the increase in pH values from
2.0 to 11.0. From Figure 5(a), much sharper breakthrough
curves of DC adsorption onto the MCM at lower pH conditions are observed. It is clear that the breakthrough and
exhaustion times increase with the increase in pH.
Two vital factors are likely responsible for the remarkable
eﬀect of pH on DC adsorption. Firstly, pH can change the
surface charge of ionizable organic compounds in chemical
speciation [42, 43], and DC is an amphoteric molecule with
ionizable groups such as tricarbonyl amide, phenolic diketone, and dimethyl amine moieties, which has three pKa
values (3.5, 7.7, and 9.5) [43, 44]. In addition, DC exists in
various forms in aqueous solution and its predominant specious forms are diﬀerent, showing as cations, zwitterions,
and anions under acid, neutral, and alkaline conditions,
respectively. Below pH 3.5, the DC molecule exists as DC+
due to the protonation of the dimethyl ammonium group,
while in the pH between 3.4 and 7.7, DC0 appears and
becomes a predominant form. As pH increases, this form
transforms to anion (DC− and DC2−, respectively, above
pH 7.7 and 9.5), owing to the deprotonation of phenolic

3.2.2. Eﬀect of DC Concentration, Bed Depth, and the Feed
Flow Rate. As the DC concentration decreases, the adsorption capacity of MCM increases, reaching saturation in the
ﬁxed bed only when the DC concentration is 30 mg/L, while
at other concentrations, especially at 20 mg/L, the saturated
time has been prolonged to achieve adsorption equilibrium
(Figure 5(b)). When C 0 increased from 20 to 30 mg/L, the
equilibrium adsorption capacity (qe ) decreased from 3.128
to 2.045 mg/L (Table 1). This can be explained that at higher
DC concentration, the bed exhaustion was reached more
rapidly before the saturation of MCM caused by a relatively
smaller depth of the mass transfer zone. Moreover, the
adsorption process depends on the intraparticle diﬀusion of
the DC. On the other hand, increasing inﬂuent concentration
leads to the increment of the driving force for the mass
transfer for a ﬁxed adsorption zone length [46]. It should
be noted that the highest experimental adsorption capacity
(4.18 mg/g) was achieved at the lowest C 0 (20 mg/L), which
indicated that the adsorption process was favorable at lower
solute concentration. The stronger driving force between
the solute in the adsorbent and the solute in the solution
makes the active sites of the adsorbent consume quickly,
and ﬁnally an earlier breakthrough time and a sharper breakthrough curve were obtained [39]. The results obtained in the
present study are in good agreement with the results obtained
by Han et al. [47] where rice husk was used to adsorb methylene blue from the aqueous solution in a ﬁxed-bed absorber
at various inlet concentrations.
Figure 5(c) displays the results of the inﬂuence of the bed
height on the breakthrough time. From Figure 5(c), it can be
observed that with the increase in bed height, the breakthrough time increases and the slope of the breakthrough
curve decreases, at a ﬂow rate of 1.1 mL/min, a constant feed
concentration of 25 mg/L, and a pH of 7. Under this situation, the highest DC adsorption capacity (2.787 mg/g) was
obtained at the highest bed depth. The reason may be related
to the situation that more eﬀective adsorption on the surface
of MCM had occurred with increasing bed depths. The BECT
increases from 0.206 to 0.411 min as the bed depth increases,
which suggests that more volume of DC solution could be
treated and the enhanced contact time makes it possible to
remove more contaminants. Furthermore, an increase in
the bed depth results in a broadened mass transfer zone
where the mass transfer zone formed can reach a deeper area,
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Table 1: Parameters of Thomas and Yoon-Nelson models.

C0 (mg/L)
25
25
25
25
25
20
25
30
25
25
25
25
25
25

Z (cm)

Q (mL/min)

pH

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
0.8
1.2
1.6
1.2
1.2
1.2

1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
2.1
3.1

11
9
7
4
2
7
7
7
7
7
7
7
7
7

Thomas model
q0 (mg/g)
kT × 103 (mL/(min·mg))
2.725
2.823
3.749
4.518
7.487
4.107
3.749
2.834
4.647
3.749
2.817
3.749
4.108
5.518

and the diﬀusion phenomena are predominant compared
with the axial dispersion phenomena in the mass transfer
[48, 49]. In addition, an increase in the bed height leads to a
larger speciﬁc surface of the adsorbent which provides more
available binding sites. As expected, the adsorption capacity
increases with an increase in the bed height, since the total
surface area of the ﬁxed-bed column increases [50, 51].
The eﬀect of ﬂow rate on DC biosorption by MCM was
studied by varying it from 1.1 to 3.1 mL/min, keeping the
bed height and initial solution concentration constant at
1.2 cm and 25 mg/L, respectively. A decrease in adsorption
capacity from 2.448 to 2.282 mg/g by increasing the ﬂow rate
from 1.1 to 3.1 mL/min is shown in Table 1, from which it
can be seen clearly that the ﬂow rate has strong eﬀects on
the adsorption trend in a ﬁxed-bed column. This behavior
can be explained in terms of the fact that the high ﬂow rate
cannot provide the DC molecule enough time to migrate
from the solution to the adsorbent surface and penetrate into
the center of the adsorbent and then bind with the activated
sites [52]. In other words, the contact time must be prolonged
and the intraparticle diﬀusion is eﬀective at a lower ﬂow rate.
Typical breakthrough curves are plotted in Figure 5(d) where
a much sharper breakthrough curve with an increase in the
ﬂow rate was observed. An abatement removal eﬃciency
and steeper breakthrough curve occurred, suggesting that
the contaminant had inadequate time to react with the functional groups before the adsorption equilibrium is conducted
[53]. This is because the adsorption process was aﬀected by
limited residence time of the adsorbate in the ﬁxed bed.
With increasing the ﬂow rate, the residence time is longer
as the DC molecule diﬀuses into the pore of the adsorbent.
Additionally, an increase in the ﬂow rate decreases the external diﬀusion mass transfer resistance at the surface of the
adsorbents, ﬁnally leading to a fast saturation and an earlier
breakthrough time.
3.3. Breakthrough Model Analysis. The design and scale-up of
ﬁxed-bed adsorption columns require the prediction of the

5.974
4.568
3.432
2.239
0.910
4.168
3.432
2.168
2.487
3.432
3.538
3.432
2.959
0.840

R2
0.994
0.982
0.984
0.977
0.962
0.983
0.984
0.985
0.998
0.984
0.982
0.984
0.996
0.929

Yoon-Nelson model
kY (min−1)
τ
R2
0.068
0.071
0.094
0.113
0.187
0.082
0.094
0.095
0.116
0.094
0.070
0.094
0.103
0.138

55.623
42.529
32.289
20.845
8.4716
48.139
32.289
16.806
15.286
32.289
45.545
32.289
14.429
2.775

0.994
0.982
0.984
0.977
0.962
0.983
0.984
0.985
0.998
0.984
0.982
0.984
0.996
0.929

concentration-time proﬁle or breakthrough curve for the
eﬄuent [54]. Many mathematical theory models with theoretical rigor are diﬀerential in nature and usually involve
complex numerical methods. Because of this, in this study,
we used the Thomas and Yoon-Nelson models to predict
the dynamic performance of the column, which are empirical
and semiempirical mathematical models. These semiempirical models are less rigorous than other theoretical models but
easier to apply. All the model parameters are listed in Table 2.
3.3.1. Thomas Model. The Thomas model is one of the
most popular and widely used to represent the behavior
of the adsorption process. This model assumes that the
main reason limiting the adsorption in a ﬁxed-bed column
is the mass transfer at the interface rather than the chemical reaction [55, 56]. The Thomas model is given in the
following equation:
ln

C0
k ⋅q ⋅m
− kt ⋅ C0 ⋅ t,
−1 = T 0
Q
Ct

5

where kT (mL/(min·mg)) is the Thomas rate constant, q0
(mg/g) is the predicted adsorption capacity of the ﬁxed-bed
column, m (g) is the mass of adsorbent, and Q (mL/min) is
the ﬂow rate. C 0 (mg/L) and Ct (mg/L) are the inﬂuent and
the eﬄuent concentrations of DC at interval time, respectively.
The adsorption capacity of the column q0 and the
Thomas rate constant kT are determined from the plot of ln
C 0 /C t − 1 against t. The diﬀerence of the experimental
and predicted adsorption capacity of DC in the ﬁxed-bed columns is found to be not negligible. The ﬁxed-bed columns
did not reach their maximum capacity from the predicted
results. But from the regression coeﬃcient (R2 ) which ranged
from 0.929 to 0.998, it can be concluded that the Thomas
model ﬁtted the experimental data very well. The value of
constant kT tends to increase as the initial inﬂuent DC concentrations decreased from 30 to 20 mg/L, which implies a
lower mass transfer and an enhanced adsorption capacity at
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Figure 5: Breakthrough curve for adsorption of DC at diﬀerent column conditions: (a) pH (Z = 1 2 cm, Q = 1 1 mL/min, and C 0 = 25 mg/L);
(b) initial concentration (Z = 1 2 cm, Q = 1 1 mL/min, and pH = 7); (c) bed depth (C 0 = 25 mg/L, Q = 1 1 mL/min, pH = 7); (d) ﬂow rate
(Z = 1 2 cm, C 0 = 25 mg/L, and pH = 7).

a lower concentration. Furthermore, this phenomenon is
because of an increase in the inﬂuence of mass transfer on
the adsorption process [41]. These results suggest that the
driving force is mainly coming from the concentration diﬀerence between the DC molecule on the sorbent and the DC
molecule in the solution. A similar trend has been obtained
where the bed depth shows a decrease. As the bed depth
decreases from 1.6 to 0.8 cm, the kT value increases from
2.817 to 4.647 whereas the theory adsorption capacity
showed a reverse trend. With the increase in the ﬂow rate,
the theory adsorption capacity q0 decreased but the kT value
increased. This phenomenon supposes that the contact time

is a predominant reason inﬂuencing adsorption capacity.
The above results indicate that lower initial inﬂuent DC
concentration, higher bed height, and lower ﬂow rate are
favorable for higher adsorption of DC onto MCM in a
continuous column process.
3.3.2. Yoon-Nelson Model. The linearized Yoon-Nelson
model is presented by the following equation [57–59]:

ln

Ct
= k Y ⋅ t – τ ⋅ kY ,
C0 − Ct

6

10
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Table 2: Experimental parameters of adsorptive removal of DC in a ﬁxed bed.

C 0 (mg/L)
25
25
25
25
25
20
25
30
25
25
25
25
25
25

Z (cm)

Q (mL/min)

pH

t total (min)

mtotal (mg)

qtotal (mg)

qe (mg/g)

V ef f (mL)

EBCT (min)

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
0.8
1.2
1.6
1.2
1.2
1.2

1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
2.1
3.1

11
9
7
4
2
7
7
7
7
7
7
7
7
7

108
93
72
54
30
96
72
63
48
72
96
72
51
30

2.970
2.558
1.980
1.485
0.825
2.112
1.980
2.079
1.320
1.980
2.640
1.980
2.678
2.325

1.233
0.839
0.627
0.426
0.239
0.801
0.627
0.523
0.396
0.627
0.989
0.627
0.598
0.585

4.816
3.281
2.448
1.666
0.934
3.128
2.448
2.045
2.333
2.448
2.787
2.448
2.334
2.282

118.8
102.3
79.2
59.4
33.0
105.6
79.2
69.3
52.8
79.2
105.6
79.2
107.1
93.0

0.308
0.308
0.308
0.308
0.308
0.308
0.308
0.308
0.206
0.308
0.411
0.308
0.162
0.109

where kY is the adsorption rate constant (min−1), τ is the time
required to reach 50% adsorbate breakthrough (min), and t is
the time (min). The parameters kY and τ are obtained from
the slope and intercept of the graph between ln Ct / C0 −
C t and time (t).
Table 2 shows the results. The regression coeﬃcient (R2 )
values are higher than 0.9. Consequently, the calculated τ
values are quite close to the time needed for 50% DC breakthrough from the experiments, which indicates that a good
ﬁtting has been obtained. The kY values increase with
increasing DC concentration due to the increase in the force
controlling the mass transfer between the liquid phase
and solid phase [47]. In addition, the time necessary to reach
50% of the retention (τ) signiﬁcantly increases with the
decrease in DC concentration. This is because the bed
exhaustion occurred more rapidly before the complete saturation of MCM at higher DC concentration. The kY values
decrease but the 50% breakthrough time τ shows a reverse
trend when the bed depth increases. The kY values increase
and the τ decreases with an increasing ﬂow rate.
3.4. Regeneration of MCM via Heterogeneous Fenton
Oxidation Reaction. From an economic standpoint, the
reusability of the adsorbents is one of the most important
features to exemplify the potential of MCM for real applications. Moreover, both the magnetic and oxidation properties
imparted by the mixing Fe3O4 nanoparticles are important
for practical application. In this study, the regeneration
experiments were carried out by using H2O2 solution to trigger the heterogeneous Fenton oxidation. According to the
contrast experiments, the DC was hardly degraded in the
absence of H2O2 (or Fe ion).
During the adsorption/regeneration process, the DC
molecules are ﬁrst removed from polluted water by the
adsorption process and preconcentrated on the surface of
MCM adsorbent. Then, the regeneration processes are carried out by triggering the heterogeneous Fenton oxidation.
Namely, the decomposition of H2O2 using Fe3O4 nanoparticles as Fenton catalysts was able to generate principal

oxidizing species like ⋅OH radicals according to the following reactions:
Fe2+ + H2 O2 → Fe3+ + ⋅ OH + OH−
Fe3+ + H2 O2 → Fe2+ + H+ + HOO

7

In these ways, the saturated DC molecules on the surface of MCM adsorbent could be oxidized to degradation
products.
Radicals + DC → degradationproducts

8

To investigate the eﬀect of H2O2 doses on the regeneration eﬃciency of MCM, the regeneration process was
conducted with diﬀerent amounts of H2O2. And the performance of the continuous column was evaluated for three
consecutive adsorption/regeneration cycles. The DC concentration, ﬂow rate, bed depth, and pH were kept constant at
25 mg/L, 1.1 mL/min, 1.2 cm, and 7, respectively. The experimental results are shown in Figure 6.
In Figure 6, the regeneration eﬃciency is expressed as
η=

tr
⋅ 100%,
tf

9

where η is the regeneration eﬃciency of the saturated MCM
using H2O2, t r is the total ﬂow time in the regeneration carbon, and t f is the total ﬂow time in the fresh carbon.
As shown in Figure 6, the regeneration eﬃciency can be
easily controlled by adjusting the H2O2 dosage, and the optimal H2O2 concentration is 5% in this study. The regeneration eﬃciency is calculated as 78%, 93%, 72%, and 55% for
H2O2 dosage in feed of 2%, 5%, 8%, and 11%, respectively.
The regeneration eﬃciency increased with ranging H2O2
dosage from 2% to 5% and then decreased with ranging
H2O2 dosage 5%–11%. This phenomenon can be well
explained from two aspects. On the one hand, the Fe ions
play a signiﬁcant role as a catalyst leading to the rapid
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regeneration of reactive oxygen species, such as ⋅OH radicals
which were mainly responsible for the degradation of
organic contaminant [60]. Consequently, the heterogeneous
Fenton oxidation process was carried out by degrading DC
molecules easily in the presence of H2O2 solution. On the
other hand, the reduced catalytic rate with higher H2O2 concentrations such as 8% and 11% was probably caused by the
competition of the excessive H2O2 and target DC molecule
against the active sites of the catalyst. Additionally, if the
original concentration of H2O2 was higher, the H2O2 might
scavenge the ⋅OH radical seriously and hence the regeneration eﬃciency of the DC molecule decreased [61].
As seen in Figure 6, a saturated ﬁxed bed can be easily
restored by the Fe3O4/H2O2 Fenton-like oxidation process
following a relatively low concentration of aqueous H2O2
(5%). And the good performance of a saturated ﬁxed bed
with 5% H2O2 was calculated for three consecutive adsorption/regeneration cycles. The regeneration eﬃciency was
generally above 80% in two previous cycles. The excellent
reusability of MCM is because of its strong aﬃnity on DC
and high degradation ability during the ﬁrst and second
adsorption cycle, implying that the MCM integrating the
adsorption feature of chitosan carbon and the catalytic property of Fe3O4 may have a good application prospect on multiple adsorption cycles.
The embedding of Fe3O4 nanoparticles into the CSM
substrate is beneﬁcial to the easy separation of catalysts from
the aqueous system. In order to verify magnetic separation of
MCM, an external magnet was used to separate the samples
from mixture solution. Figure 7(a) shows that MCM was
settled at the bottom of the test vessel by self-gravity without a magnetic ﬁeld. When an external magnetic ﬁeld was
introduced, the MCMs can be completely attracted to the
sidewall from the aqueous solution within about 5 seconds,
as seen in Figure 7(b). Such excellent magnetic property

Magnet

Figure 6: Regeneration eﬃciency of the saturated MCM at diﬀerent H2O2 concentrations and reusability of MCM with optimal H2O2
concentration.

(a)

(b)

Figure 7: Photographs of separation of MCM by gravity (a) and
magnetism (b).

means that MCM can be easily be separated and collected
from the adsorption system by a simple magnetic process
after adsorption.

4. Conclusion
In summary, a low-cost magnetic chitosan@Fe3O4 composite
material, which integrates the adsorption features of chitosan
with the magnetic and catalytic properties of Fe3O4 nanoparticles, was synthesized via an alkali gelation-thermal cracking
process. The mechanism for the formation of the product
was discussed in detail. These composites exhibited excellent
properties for the eﬀective removal and oxidative destruction
of DC from aqueous solution via a ﬁxed-bed column method.
The optimum conditions were observed at an initial DC
concentration of 20 mg/L, a ﬂow rate of 1.1 mL/min, and a
bed depth of 1.6 cm. The Thomas and Yoon-Nelson models
showed a good agreement with the experimental data and
could be applied for the prediction of the ﬁxed-bed column
properties and breakthrough curves. The MCM possesses a
ferromagnetic characteristic allowing them to be easily

12
separated from the aqueous system by an external magnet.
The regeneration of the saturated adsorbent after the adsorption process can be realized using H2O2 solution and could be
controlled easily by adjusting the H2O2 dosage. Considering the abundant and low-cost raw materials, the facile
fabrication route, the easy recovery and separation process,
and the excellent reusability, the magnetic Fe3O4@chitosan
carbon microbeads may serve as a promising and scalable
adsorbent for the removal and oxidation of organic compounds in practical applications.

Data Availability
The data used to support the ﬁndings of this study are available from the corresponding author upon request.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Acknowledgments
This work was ﬁnancially supported by the Fund Project of
Shaanxi Key Laboratory of Land Consolidation and
Fundamental Research Funds for the Central Universities
(nos. 310829162014, 310829161015, 310829175001, and
310829165007).

References
[1] L. Ji, F. Liu, Z. Xu, S. Zheng, and D. Zhu, “Adsorption of
pharmaceutical antibiotics on template-synthesized ordered
micro- and mesoporous carbons,” Environmental Science
& Technology, vol. 44, no. 8, pp. 3116–3122, 2010.
[2] M. Majewski, “A current opinion on the safety and eﬃcacy of
doxycycline including parenteral administration – a review,”
Polish Annals of Medicine, vol. 21, no. 1, pp. 57–62, 2014.
[3] M. Ghaemi and G. Absalan, “Fast removal and determination
of doxycycline in water samples and honey by Fe3O4, magnetic
nanoparticles,” Journal of the Iranian Chemical Society, vol. 12,
no. 1, pp. 1–7, 2015.
[4] L.-J. Zhou, G.-G. Ying, S. Liu et al., “Occurrence and fate of
eleven classes of antibiotics in two typical wastewater treatment plants in South China,” Science of the Total Environment,
vol. 452-453, no. 5, pp. 365–376, 2013.
[5] Y. Zhao, F. Tong, X. Gu, C. Gu, X. Wang, and Y. Zhang,
“Insights into tetracycline adsorption onto goethite: experiments and modeling,” Science of the Total Environment,
vol. 470-471, no. 2, pp. 19–25, 2014.
[6] I. Braschi, S. Blasioli, L. Gigli, C. E. Gessa, A. Alberti, and
A. Martucci, “Removal of sulfonamide antibiotics from water:
evidence of adsorption into an organophilic zeolite Y by its
structural modiﬁcations,” Journal of Hazardous Materials,
vol. 178, no. 1–3, pp. 218–225, 2010.
[7] B. Pan and B. Xing, “Adsorption mechanisms of organic
chemicals on carbon nanotubes,” Environmental Science &
Technology, vol. 42, no. 24, pp. 9005–9013, 2008.
[8] Y. S. Ho and G. McKay, “The kinetics of sorption of divalent
metal ions onto sphagnum moss peat,” Water Research,
vol. 34, no. 3, pp. 735–742, 2000.

Journal of Nanomaterials
[9] C. Başar, “Applicability of the various adsorption models of
three dyes adsorption onto activated carbon prepared waste
apricot,” Journal of Hazardous Materials, vol. 135, no. 1–3,
pp. 232–241, 2006.
[10] A. Baglieri, D. Borzí, C. Abbate, M. Négre, and M. Gennari,
“Removal of fenhexamid and pyrimethanil from aqueous solutions by clays and organoclays,” Journal of Environmental Science and Health, Part B, vol. 44, no. 3, pp. 220–225, 2009.
[11] Y. Gao, Y. Li, L. Zhang et al., “Adsorption and removal of
tetracycline antibiotics from aqueous solution by graphene
oxide,” Journal of Colloid and Interface Science, vol. 368,
no. 1, pp. 540–546, 2012.
[12] P. Chutia, S. Kato, T. Kojima, and S. Satokawa, “Adsorption of
As (V) on surfactant-modiﬁed natural zeolites,” Journal of
Hazardous Materials, vol. 162, no. 1, pp. 204–211, 2009.
[13] I. D. Mall, V. C. Srivastava, N. K. Agarwal, and I. M. Mishra,
“Adsorptive removal of malachite green dye from aqueous
solution by bagasse ﬂy ash and activated carbon-kinetic study
and equilibrium isotherm analyses,” Colloids and Surfaces A:
Physicochemical and Engineering Aspects, vol. 264, no. 1–3,
pp. 17–28, 2005.
[14] B. Hameed, A. Din, and A. Ahmad, “Adsorption of methylene
blue onto bamboo-based activated carbon: kinetics and equilibrium studies,” Journal of Hazardous Materials, vol. 141,
no. 3, pp. 819–825, 2007.
[15] I. D. Mall, V. C. Srivastava, N. K. Agarwal, and I. M. Mishra,
“Removal of Congo red from aqueous solution by bagasse ﬂy
ash and activated carbon: kinetic study and equilibrium isotherm analyses,” Chemosphere, vol. 61, no. 4, pp. 492–501,
2005.
[16] S. W. Nahm, W. G. Shim, Y.-K. Park, and S. C. Kim, “Thermal
and chemical regeneration of spent activated carbon and its
adsorption property for toluene,” Chemical Engineering Journal, vol. 210, no. 6, pp. 500–509, 2012.
[17] Y. I. Matatov-Meytal and M. Sheintuch, “Abatement of pollutants by adsorption and oxidative catalytic regeneration,”
Industrial & Engineering Chemistry Research, vol. 36, no. 10,
pp. 4374–4380, 1997.
[18] Y. Wang and R. T. Yang, “Desulfurization of liquid fuels by
adsorption on carbon-based sorbents and ultrasound-assisted
sorbent regeneration,” Langmuir, vol. 23, no. 7, pp. 3825–
3831, 2007.
[19] S. N. Hussain, H. M. A. Asghar, H. Sattar, N. W. Brown, and
E. P. L. Roberts, “Removal of tartrazine from water by adsorption with electrochemical regeneration,” Chemical Engineering
Communications, vol. 202, no. 10, pp. 1280–1288, 2015.
[20] X. Liu, G. Yu, and W. Han, “Granular activated carbon
adsorption and microwave regeneration for the treatment
of 2, 4,5-trichlorobiphenyl in simulated soil-washing solution,” Journal of Hazardous Materials, vol. 147, no. 3,
pp. 746–751, 2007.
[21] J. H. Ramirez, F. J. Maldonado-Hódar, A. F. Pérez-Cadenas,
C. Moreno-Castilla, C. A. Costa, and L. M. Madeira, “Azodye Orange II degradation by heterogeneous Fenton-like
reaction using carbon-Fe catalysts,” Applied Catalysis B
Environmental, vol. 75, no. 3-4, pp. 312–323, 2007.
[22] X. Zhang, B. Bai, H. Wang, and Y. Suo, “Facile fabrication
of sea buckthorn biocarbon (SB)@α-Fe2O3composite catalysts
and their applications for adsorptive removal of doxycycline
wastewater through a cohesive heterogeneous Fenton-like
regeneration,” RSC Advances, vol. 6, no. 44, pp. 38159–
38168, 2016.

Journal of Nanomaterials
[23] A. Zhang, N. Wang, J. Zhou, P. Jiang, and G. Liu, “Heterogeneous Fenton-like catalytic removal of p-nitrophenol in water
using acid-activated ﬂy ash,” Journal of Hazardous Materials,
vol. 201-202, no. 1, pp. 68–73, 2012.
[24] C.-A. Chiu, K. Hristovski, S. Huling, and P. Westerhoﬀ,
“In-situ regeneration of saturated granular activated carbon
by an iron oxide nanocatalyst,” Water Research, vol. 47,
no. 4, pp. 1596–1603, 2013.
[25] T. Liu, H. You, and Q. Chen, “Heterogeneous photo-Fenton
degradation of polyacrylamide in aqueous solution over Fe
(III)–SiO2 catalyst,” Journal of Hazardous Materials, vol. 162,
no. 2-3, pp. 860–865, 2009.
[26] L. Gu, N. Zhu, H. Guo, S. Huang, Z. Lou, and H. Yuan,
“Adsorption and Fenton-like degradation of naphthalene
dye intermediate on sewage sludge derived porous carbon,”
Journal of Hazardous Materials, vol. 246-247, pp. 145–153,
2013.
[27] R. Song, B. Bai, G. L. Puma, H. Wang, and Y. Suo, “Biosorption
of azo dyes by raspberry-like Fe3O4@ yeast magnetic microspheres and their eﬃcient regeneration using heterogeneous
Fenton-like catalytic processes over an up-ﬂow packed reactor,” Reaction Kinetics, Mechanisms and Catalysis, vol. 115,
no. 2, pp. 547–562, 2015.
[28] D. Y. Pratt, L. D. Wilson, and J. A. Kozinski, “Preparation
and sorption studies of glutaraldehyde cross-linked chitosan
copolymers,” Journal of Colloid and Interface Science, vol. 395,
pp. 205–211, 2013.
[29] Y. Li and F. S. Zhang, “Catalytic oxidation of methyl orange
by an amorphous FeOOH catalyst developed from a high ironcontaining ﬂy ash,” Chemical Engineering Journal, vol. 158,
no. 2, pp. 148–153, 2010.
[30] Y. Qiu, Z. Ma, and P. Hu, “Environmentally benign magnetic
chitosan/Fe3O4 composites as reductant and stabilizer for
anchoring Au NPs and their catalytic reduction of 4-nitrophenol,” Journal of Materials Chemistry A, vol. 2, no. 33,
pp. 13471–13478, 2014.
[31] D. Wei, Y. Ye, X. Jia, C. Yuan, and W. Qian,
“Chitosan as an active support for assembly of metal
nanoparticles and application of the resultant bioconjugates
in catalysis,” Carbohydrate Research, vol. 345, no. 1,
pp. 74–81, 2010.
[32] P. Zheng, Z. Tong, and B. Bai, “Facile synthesis of
α-Fe2O3@ porous hollow yeast-based carbonaceous microspheres for ﬂuorescent whitening agent-VBL wastewater
treatment,” Journal of Solid State Chemistry, vol. 235,
pp. 119–124, 2016.
[33] D. Feng, B. Bai, H. Wang, and Y. Suo, “Enhanced mechanical
stability and sensitive swelling performance of chitosan/yeast
hybrid hydrogel beads,” New Journal of Chemistry, vol. 40,
no. 4, pp. 3350–3362, 2016.
[34] J. Dean, Lange’s Handbook of Chemistry, McGraw-Hill, 1999.
[35] G.-Y. Li, Y.-R. Jiang, K.-L. Huang, P. Ding, and L.-L. Yao,
“Kinetics of adsorption of Saccharomyces cerevisiae mandelated
dehydrogenase on magnetic Fe3O4–chitosan nanoparticles,”
Colloids and Surfaces A: Physicochemical and Engineering
Aspects, vol. 320, no. 1–3, pp. 11–18, 2008.
[36] L. Zhou, Y. Wang, Z. Liu, and Q. Huang, “Characteristics
of equilibrium, kinetics studies for adsorption of Hg (II), Cu
(II), and Ni (II) ions by thiourea-modiﬁed magnetic chitosan
microspheres,” Journal of Hazardous Materials, vol. 161,
no. 2-3, pp. 995–1002, 2009.

13
[37] S.-F. Wang, L. Shen, W.-D. Zhang, and Y.-J. Tong, “Preparation and mechanical properties of chitosan/carbon nanotubes
composites,” Biomacromolecules, vol. 6, no. 6, pp. 3067–3072,
2005.
[38] M. L. Occelli, J. P. Olivier, A. Petre, and A. Auroux, “Determination of pore size distribution, surface area, and acidity in
ﬂuid cracking catalysts (FCCs) from nonlocal density functional theoretical models of adsorption and from microcalorimetry methods,” The Journal of Physical Chemistry. B,
vol. 107, no. 17, pp. 4128–4136, 2003.
[39] F. Kazemi, H. Younesi, A. A. Ghoreyshi, N. Bahramifar, and
A. Heidari, “Thiol-incorporated activated carbon derived from
ﬁr wood sawdust as an eﬃcient adsorbent for the removal of
mercury ion: batch and ﬁxed-bed column studies,” Process
Safety and Environmental Protection, vol. 100, no. 2-3,
pp. 22–35, 2016.
[40] S. K. Maji, Y. H. Kao, C. J. Wang, G. S. Lu, J. J. Wu, and C. W.
Liu, “Fixed bed adsorption of As (III) on iron-oxide-coated
natural rock (IOCNR) and application to real arsenic-bearing
groundwater,” Chemical Engineering Journal, vol. 203, no. 9,
pp. 285–293, 2012.
[41] Z. Aksu and F. Gönen, “Biosorption of phenol by immobilized
activated sludge in a continuous packed bed: prediction of
breakthrough curves,” Process Biochemistry, vol. 39, no. 5,
pp. 599–613, 2004.
[42] Y. Chao, W. Zhu, X. Wu et al., “Application of graphene-like
layered molybdenum disulﬁde and its excellent adsorption
behavior for doxycycline antibiotic,” Chemical Engineering
Journal, vol. 243, no. 5, pp. 60–67, 2014.
[43] G. D. Sheng, D. D. Shao, X. M. Ren et al., “Kinetics and thermodynamics of adsorption of ionizable aromatic compounds
from aqueous solutions by as-prepared and oxidized multiwalled carbon nanotubes,” Journal of Hazardous Materials,
vol. 178, no. 1–3, pp. 505–516, 2010.
[44] S. Hassan and F. G. Ali, “Equilibrium, thermodynamics and
kinetics study of doxycycline adsorption from aqueous solution using spent black tea leaves and pomegranate peel
wastes,” International Journal of Development Research,
no. 4, pp. 129–135, 2014.
[45] N. Sakkayawong, P. Thiravetyan, and W. Nakbanpote,
“Adsorption mechanism of synthetic reactive dye wastewater
by chitosan,” Journal of Colloid and Interface Science, vol. 286,
no. 1, pp. 36–42, 2005.
[46] S. Mondal, K. Aikat, and G. Halder, “Ranitidine hydrochloride
sorption onto superheated steam activated biochar derived
from mung bean husk in ﬁxed bed column,” Journal of Environmental Chemical Engineering, vol. 4, no. 1, pp. 488–497,
2016.
[47] R. Han, Y. Wang, W. Yu, W. Zou, J. Shi, and H. Liu, “Biosorption of methylene blue from aqueous solution by rice husk in a
ﬁxed-bed column,” Journal of Hazardous Materials, vol. 141,
no. 3, pp. 713–718, 2007.
[48] K. U. Ahamad and M. Jawed, “Breakthrough studies with
mono- and binary-metal ion systems comprising of Fe(II)
and As(III) using community prepared wooden charcoal
packed columns,” Desalination, vol. 285, pp. 345–351,
2012.
[49] S. H. Hasan, P. Srivastava, and M. Talat, “Biosorption of lead
using immobilized Aeromonas hydrophila, biomass in up ﬂow
column system: factorial design for process optimization,”
Journal of Hazardous Materials, vol. 177, no. 1–3, pp. 312–
322, 2010.

14
[50] P. D. Saha, S. Chakraborty, and S. Chowdhury, “Batch
and continuous (ﬁxed-bed column) biosorption of crystal
violet by Artocarpus heterophyllus (jackfruit) leaf powder,”
Colloids and Surfaces B: Biointerfaces, vol. 92, no. 24,
pp. 262–270, 2012.
[51] J. Cruz-Olivares, C. Pérez-Alonso, C. Barrera-Díaz, F. UreñaNuñez, M. C. Chaparro-Mercado, and B. Bilyeu, “Modeling
of lead (II) biosorption by residue of allspice in a ﬁxed-bed
column,” Chemical Engineering Journal, vol. 228, pp. 21–27,
2013.
[52] S.-T. Song, Y.-F. Hau, N. Saman et al., “Process analysis of
mercury adsorption onto chemically modiﬁed rice straw in
a ﬁxed-bed adsorber,” Journal of Environmental Chemical
Engineering, vol. 4, no. 2, pp. 1685–1697, 2016.
[53] Y. Long, D. Lei, J. Ni, Z. Ren, C. Chen, and H. Xu, “Packed bed
column studies on lead (II) removal from industrial wastewater by modiﬁed Agaricus bisporus,” Bioresource Technology,
vol. 152, no. 1, pp. 457–463, 2014.
[54] M. T. Uddin, M. Rukanuzzaman, M. M. R. Khan, M. A. Islam,
and M. Uddin, “Adsorption of methylene blue from aqueous
solution by jackfruit (Artocarpus heteropyllus) leaf powder: a
ﬁxed-bed column study,” Journal of Environmental Management, vol. 90, no. 11, pp. 3443–3450, 2009.
[55] S. Sadaf and H. N. Bhatti, “Batch and ﬁxed bed column studies
for the removal of Indosol Yellow BG dye by peanut husk,”
Journal of the Taiwan Institute of Chemical Engineers,
vol. 45, no. 2, pp. 541–553, 2014.
[56] M. Riazi, A. R. Keshtkar, and M. A. Moosavian, “Batch and
continuous ﬁxed-bed column biosorption of thorium (IV)
from aqueous solutions: equilibrium and dynamic modeling,”
Journal of Radioanalytical and Nuclear Chemistry, vol. 301,
no. 2, pp. 493–503, 2014.
[57] H. Muhamad, H. Doan, and A. Lohi, “Batch and continuous
ﬁxed-bed column biosorption of Cd2+ and Cu2+,” Chemical
Engineering Journal, vol. 158, no. 3, pp. 369–377, 2010.
[58] M. Calero, F. Hernáinz, G. Blázquez, G. Tenorio, and M. A.
Martín-Lara, “Study of Cr (III) biosorption in a ﬁxed-bed column,” Journal of Hazardous Materials, vol. 171, no. 1–3,
pp. 886–893, 2009.
[59] Y. H. Yoon and J. H. Nelson, “Application of gas adsorption
kinetics. I. A theoretical model for respirator cartridge service
life,” American Industrial Hygiene Association Journal, vol. 45,
no. 8, pp. 509–516, 2010.
[60] H. Niu, D. Zhang, S. Zhang, X. Zhang, Z. Meng, and Y. Cai,
“Humic acid coated Fe3O4 magnetic nanoparticles as highly
eﬃcient Fenton-like catalyst for complete mineralization of
sulfathiazole,” Journal of Hazardous Materials, vol. 190,
no. 1–3, pp. 559–565, 2011.
[61] W. Wang, Y. Liu, T. Li, and M. Zhou, “Heterogeneous Fenton
catalytic degradation of phenol based on controlled release
of magnetic nanoparticles,” Chemical Engineering Journal,
vol. 242, no. 242, pp. 1–9, 2014.

Journal of Nanomaterials

Nanomaterial

Nanomaterials
Journal of

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Journal of

Applied Chemistry
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Scientifica
Hindawi
www.hindawi.com

Polymer Science
Volume 2018

Advances in

Volume 2018

Advances in

Chemistry
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Physical Chemistry
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
International Journal of

Analytical Chemistry

Advances in
Condensed Matter Physics

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Journal of

International Journal of

Chemistry
Hindawi
www.hindawi.com

Biomaterials
Volume 2018

High Energy Physics
Volume 2018

Materials

Corrosion

Volume 2018

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

BioMed
Research International

Journal of

International Journal of
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Engineering
Journal of

Advances in

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Advances in

Journal of

Nanotechnology
Hindawi
www.hindawi.com

Volume 2018

Advances in

Tribology

Hindawi
www.hindawi.com

Volume 2018

Materials Science and Engineering
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

