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ABSTRACT: In this study, we have demonstrated a simple ionic polymerization route for the fabrication of amagnetically separable
adsorbent, that is, activated carbon/cobalt ferrite/alginate composite beads, for effective dye removal from aqueous solution.
Adsorption characteristics of the as-fabricated magnetic beads were assessed by using methylene blue (MB) as an adsorbate. The
isotherms, kinetics, and thermodynamics of the adsorption of MB onto the magnetic beads have been studied at various
experimental conditions (initial dye concentration, contact time, solution pH, and temperature). The kinetics of the adsorption
process was found to follow the pseudosecond-order kinetics. The equilibrium data fitted well to both the Langmuir and the
Freundlich models. Various thermodynamic parameters such as the standard Gibbs energy (ΔG�), standard enthalpy (ΔH�), and
standard entropy (ΔS�) changes were calculated. The prepared magnetic beads had a high magnetic sensitivity under an external
magnetic field, which provides an easy and efficient way to separate the beads from aqueous solution.

1. INTRODUCTION

Dyestuff in wastewater from various industries, such as textiles,
printing, pulp mills, leather, food, dyestuffs, and plastics, is stable
and resistant to biodegradation because of its complex aromatic
molecular structure.1,2 Undoubtedly, the removal of dyestuff
from waste effluents is of environmental importance. So far,
various technologies including biological treatment,3 coagulation/
flocculation,4 ozone treatment,5 chemical oxidation,6 membrane
filtration,7 ion exchange,8 photocatalysis,9 and adsorption10 have
been developed for the treatment of dye-containing effluents.
Among them, adsorption is a reliable alternative due to its
simplicity and high efficiency as well as the availability of a wide
range of adsorbents (e.g., activated carbon, clay, biomass, poly-
mer, zeolite, nanomaterials, etc.). In particular, activated carbon
offers an attractive option for the efficient removal of various
pollutants fromwaters because of its high surface area and porous
structure.11�14 Unfortunately, the utilization of activated carbon
on a large scale is limited by process engineering difficulties, such
as its dispersion problem and regeneration cost.

Supramolecular architectures of natural carbohydrates have recently
received considerable attention as a suitable immobilization matrix in
many fields, such as nanoengineering and biotechnology.15,16 These
biopolymers containing various functionalities, surface areas, and
porosities are stable in most organic solvents, allowing them also to
be suitable for environmental applications. Alginate, a natural poly-
saccharide extracted frombrown seaweed, is a linear binary copolymer
consistingof homopolymeric blocksof (1�4)-linkedβ-D-mannuronic
acid (M) and R-L-guluronic acid (G) residues with a wide range of
compositions and sequences (Figure 1a).17,18 The most important
feature of alginate lies on the selectively ionic interaction with multi-
valent ions to transform it into a hydrogel, forming the so-called “egg-
box” structure.19 Thereby, this cross-linked network endows it with
significant advantages to use as an immobilizationmatrix for adsorbent
(e.g., activated carbon) impregnation. In addition, the presence of

negative carboxylate functions along polymer chains ensures its high
affinity and binding capacity for cations. It can reasonably be utilized as
a naturally available low cost adsorbent for water treatment.

More recently, many efforts have been devoted to the modified
alginate-based adsorbent to introduce the as-combined compo-
nents' functionality. For example, alginate/polyurethane compo-
site foams with enhanced mechanical strength were capable of
selectively adsorbing lead ions.20 Chitosan�calcium alginate blen-
ded bioadsorbent was effective for the removal of various toxic
organics (phenol,21 o-chlorophenol,21 2,4-dichlorophenol,22 and
salicylic acid22) and heavy metals (Pb(II)23 and Cu(II)24) from
aqueous solutions. Besides these, as a suitable immobilization
matrix, alginate can also entrap various compounds, such as
activated carbon,25 clay,26 iron oxide,27 and carbon nanotubes28

to extend its functionality. A recent study by Rocher et al.29,30

showed that the alginate beads containing commercially available
activated carbon and magnetic iron oxide nanoparticles can be
used as a low cost and biocompatible adsorbent, thus developing a
clean and safe process for water pollution remediation. However,
the fabrication route usually involved simply mixes activated
carbon and iron oxide in a sodium alginate solution.

Previously, we have demonstrated the strong adsorbability and
fast adsorption rate of themagnetically separable activated carbon/
cobalt ferrite composite as a new adsorbent for water treatment.31

Herein, we focus on the fabrication of magnetically separable
activated carbon/cobalt ferrite/alginate composite beads as an
efficient adsorbent for dye removal from aqueous solution. The
objective of this study is to assess the removal efficiency of the
selected dye model, methylene blue (MB), from aqueous solu-
tion onto the as-fabricated magnetic beads. Effects of various
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parameters, namely, contact time, initial concentration, solution
pH, and temperature, on the removal of MB were investigated in
a batch mode. Kinetic, equilibrium, and thermodynamic studies
have also been conducted.

2. EXPERIMENTAL SECTION

2.1. Chemicals. All of the reagents were of analytical grade
with the mass fraction purity of 0.99 and used as received with-
out further purification. Co(NO3)2 3 6H2O, Fe(NO3)3 3 9H2O,
NaOH, CaCl2, activated carbon (AC) powder, and methylene
blue (MB) were purchased from Chengdu Kelong Chemical
Reagent Co. (China). Sodium alginate, chemical grade with the
mass fraction purity of 0.95, was obtained from Sinopharm
Chemical Reagent Co., Ltd. (China). The activated carbon/
cobalt ferrite (CoFe2O4) composite was obtained by a facile low-
temperature refluxing route, according to our previous study.31

The Brunauer�Emmett�Teller (BET) surface area and the
total pore volume of the activated carbon/cobalt ferrite compo-
site were determined to be 463 m2

3 g
�1 and 0.18 cm3

3 g
�1,

respectively, by using a Micromeritics Gemini 2370 surface area
analyzer at 77 K. The room temperature saturation magnetiza-
tion was measured to be 7.6 A 3m

2
3 kg

�1 by using a Lakeshore
7404 vibrating sample magnetometer under the applied field of
( 1.2 3 10

6 A 3m
�1.

2.2. Preparation of the Activated Carbon/Cobalt Ferrite/
Alginate Composite Beads. The activated carbon/cobalt fer-
rite/alginate composite beads were prepared by an ionic polym-
erization route. In a typical procedure, 1.5 g of sodium alginate
powder was dissolved in 100 cm3 deionized water at 353 K
for 3.6 3 10

3 s, resulting in a transparent and viscous solution.
A sample of 1.5 g of activated carbon/cobalt ferrite composite was
then added to the above viscous solution and stirred for 1.8 3 10

3

s. The aqueous solution containing sodium alginate and activated
carbon/cobalt ferrite composite was slowly added dropwise to
0.18 mol 3 kg

�1 CaCl2 solution using a syringe. The drops gelled

into magnetic beads when they contacted the CaCl2 solution.
Finally, the resulting beads were washed several times with
distilled water. A schematic illustration is shown in Figure 1b.
2.3. Adsorption Experiments. Batch adsorption experiments

were carried out in a thermostatted shaker with a shaking speed
of 15.7 rad 3 s

�1 using 100 cm3 Erlenmeyer flasks and conducted
in duplicate. In general, 0.8 g of wet beads (corresponding dry
weight of 0.07 g) were added into 25 cm3 of MB solutions of
desired initial concentrations [(5.35 3 10

�5, 1.07 3 10
�4, 1.60 3 10

�4,
2.14 3 10

�4, and 2.67 3 10
�4)mol 3 kg

�1] at natural pH in a flask and
agitated in a temperature-controlled shaker at 298 K. At pre-
determined time intervals, the magnetic beads were removed
from the solution by magnetic separation. The effect of pH on
adsorption ofMB onto themagnetic beads was studied over a pH
range of (3.0 to 11) with a contact time of 7.2 3 10

3 s. The pH was
adjusted by adding aqueous solutions of 0.1mol 3 kg

�1HCl or 0.1
mol 3 kg

�1 NaOH. The adsorption kinetics were determined by
an analysis of the adsorption capacity from the aqueous solution
at different time intervals. For adsorption isotherms,MB solution
of different concentrations in the range of (5.35 3 10

�5 to
2.67 3 10

�4) mol 3 kg
�1 was incubated with magnetic beads under

agitation until the equilibrium was achieved. The effect of
temperature on the adsorption characteristics was investigated
by determining the adsorption isotherms at (298, 308, 318, and
328) K. The concentration of dye was determined at 664 nm for
MB using a UV�vis spectrophotometer (Shimadzu, UV-2550).
The equilibrium adsorption capacity of MB onto the magnetic
beads was calculated by the following equation:

qe ¼ ðC0 � CeÞV
m

ð1Þ

where C0 and Ce are the initial and equilibrium concentrations
ofMB,m is themass of dry beads, andV is the volume of solution.
2.4. Characterization.The X-ray powder diffraction (XRPD)

measurements were recorded on a Rigaku Dmax/Ultima
IV diffractometer with monochromatized Cu KR radiation
(λ = 0.15418 nm). The morphology was observed with a JSM-
6510 scanning electron microscope (SEM). A pHS-3C digital pH
meter (Rex Instruments Factory, Shanghai, China) was employed
for the pH measurements. The point of zero charge (pHPZC) of
the adsorbent was determined by the solid addition method. To a
series of 100 cm3 conical flasks, 45 cm3 of 0.1 mol 3 kg

�1 NaCl
solution was transferred. The initial pH values (pHi) of the
solution were adjusted from (2.0 to 12) by adding either 0.1
mol 3 kg

�1 HCl or 0.1 mol 3 kg
�1 NaOH. The total volume of the

solution in each flask was made exactly to 50 cm3 by adding the
NaCl solution. Then, 0.25 g of the dry magnetic beads was added
to each flask, and the mixtures were agitated at 15.7 rad 3 s

�1.
After 1.73 3 10

5 s, the final pH values (pHf) of the solutions were
measured. The difference between the initial and final pH values
(ΔpH = pHi � pHf) was plotted against the pHi. The point
of intersection of the resulting curve with abscissa, at which
ΔpH = 0, gave the pHPZC.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Prepared Magnetic Beads.
The crystalline structure of the magnetic composite beads was
determined by X-ray powder diffraction (XRPD). Figure 2 shows
the XRPDpattern of themagnetic beads. No peak observed for the
calcium alginate and activated carbon indicates their amorphous
nature. In contrast, the magnetic beads show the six characteristic

Figure 1. (a) Chemical structure of alginate and (b) schematic illustra-
tion for the fabrication of the magnetic beads.
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peaks, which can be indexed to the cubic cobalt ferrite (JCPDS
file no. 22-1086), suggesting that the cobalt ferrite in the
magnetic beads is well-crystallized. Figure 3a shows a digital
photograph of the wet magnetic beads, which display a quasi-
spherical shape and dark brown color due to the presence of
activated carbon/cobalt ferrite composite, indicating the well
immobilization of activated carbon/cobalt ferrite composite in
the matrix. The magnetic beads in the swollen state have average
diameters of about 2 mm with a narrow distribution (Figure 3b).
The surface morphology of the dry magnetic beads was observed
by scanning electron microscopy (SEM). As shown in Figure 3c,
the magnetic beads present an egg-like morphology. A magnified

SEM image (Figure 3d) further indicates the beads have a
wrinkled and porous surface. This structural characteristic may
be benefit for the uptake of toxic pollutants, such as organic dye in
aqueous solution. Additionally, the beads possess a high magnetic
response to an external magnetic field (inset in Figure 3b), which
provides an easy and efficient way to separate the beads from
aqueous solution.
3.2. Effect of pH. Solution pH is an important parameter in

the adsorption process. In this study, the adsorption experiments
have been conducted in the initial pH range of (3.0 to 11) with
25 cm3 of 1.60 3 10

�4 mol 3 kg
�1 initial concentration at 298 K for

7.2 3 10
3 s. Figure 4 shows the effect of the initial solution pH on

the adsorption capacity of MB onto the magnetic beads. The
adsorption capacity of MB experiences a rapid increase in the
initial pH of (3.0 to 5.0), followed by a slow increase of at pH of
(5.0 to 7.0) to an approximately constant at pH of (7.0 to 11). It
is known that the solution pH can affect the surface charge of the
adsorbent, the degree of ionization of the different pollutants,
and the dissociation of functional groups on the active sites of the
adsorbent as well as the structure of the dye molecule. For the
magnetic beads, the point of zero charge (pHPZC) determined by
the solid addition method is about ca. 5.4 (Figure 5). Below this
pH, the magnetic beads acquire a positive surface charge. The
competitive effects of H+ ions and the electrostatic repulsion
between the cationic MB molecules and the positively charged
active adsorption sites on the magnetic beads could lead to a
decrease in the adsorption capacity of MB. It should be noted that
leached Co and Fe from cobalt ferrite in the magnetic beads under
acidic solution during the adsorption process possibly occurred.32

In contrast, the surface of the magnetic beads acquires a negative
charge at a pH higher than pHPZC. The electrostatic attraction
between the negatively charged surface of the magnetic beads
and cationic MB molecule could result in an increase in the
adsorption capacity of MB. Figure 4 also demonstrates that the
solution pH values change during the adsorption process. At low
initial pH (pHi e 5), the final pH values (pHf) are higher than
pHi values, which is due to an acid neutralization effect and
proton adsorption of the surface of the magnetic beads.33,34 The
pHf reaches (6.2 to 6.8) when the pHi ranges from (7.0 to 11),
indicating a buffering capacity caused by the adsorbent.27,35,36

3.3. Adsorption Kinetics. Figure 6 shows the effect of contact
time on the adsorption capacity of MB onto the magnetic beads

Figure 2. XRPD patterns (diffraction peak intensity I versus diffraction
angle 2θ) of calcium alginate (solid line) and magnetic beads (dashed
line). Diamond: CoFe2O4.

Figure 3. Digital photograph (a), size distribution Ds versus diameter d
(b), and SEM image (c,d) of the magnetic beads. The inset in panel b
shows the magnetic separation of the beads from solution under an
external magnetic field.

Figure 4. Equilibrium adsorption capacity qe (half-filled square) and
pHf (half-filled circle) versus pHi for the adsorption of MB onto the
magnetic beads. pHf: final pH values, pHi: initial pH values.
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at different initial concentrations at 298 K. It demonstrates that
the adsorption capacity of MB increases rapidly at the initial
adsorption stage and then continues to increase with contact
time at a relatively slow rate. The adsorption process reaches

equilibrium within 5.4 3 10
3 s, and no significant change is observed

from (5.4 3 10
3 to 1.08 3 10

4) s, suggesting that the adsorption rates
are quite fast under all of the studied initial concentrations. The
adsorption capacity of MB increases with increasing initial
concentrations, since the initial concentrations provide an im-
portant driving force to overcome the mass transfer resistance of
the dyemolecules between the liquid phases and the solid phases.
To study the adsorption mechanism well, pseudofirst-order

and pseudosecond-order equations were used to investigate the
adsorption kinetics of MB onto the magnetic beads. In 1898, the
first-order rate equation was represented by Lagergren for the
adsorption of oxalic acid andmalonic acid onto charcoal,37 which
assumes that the rate of change of solute uptake with time is
directly proportional to difference in saturation concentration
and the amount of solid uptake with time. The Lagergren
pseudofirst-order kinetic model is expressed as:37

logðqe � qtÞ ¼ log qe � k1t
2:303

ð2Þ

where k1 is the pseudofirst-order rate constant and qe and qt are
the adsorption capacity of MB onto the magnetic beads at
equilibrium and at time t, respectively. The values of k1 and qe
calculated from the slope and intercept of plots of log(qe � qt)
versus t (not shown) are summarized in Table 1. The values of
the correlation coefficients (R2) for the pseudofirst-order model
are relatively low, and the calculated qe values (qe,cal) are far from
the experimental values (qe,exp), indicating that the adsorption of
MB onto the magnetic beads cannot be applied to a pseudofirst-
order model, which is similar to the result reported for the
adsorption of basic black dye onto calcium alginate beads.38 In
fact, in many cases the Lagergren pseudofirst-order equation
could not fit well to the whole range of contact time and is
generally applicable over the initial stage of the adsorption
processes.39,40

In 1995, Ho proposed a law of the pseudosecond-order
velocity that illustrates the velocity dependence on the capacity
of adsorption in the solid phase but no dependence on the
concentration of the adsorbed substance.41 The pseudosecond-
order kinetic model is presented as the following equation:42

t
qt

¼ 1
k2qe2

þ t
qe

ð3Þ

where k2 is the pseudosecond-order adsorption rate constant.
The values of k2 and qe calculated from the slope and intercept
of plots of t/qt versus t (Figure 7) are given in Table 1.
The correlation coefficients for the linear plots are very high
(R2 > 0.99), and the qe,cal values are in good agreement with qe,exp
values, suggesting that the adsorption kinetics follows the

Figure 6. Adsorption capacity qt versus time t for the adsorption of MB
onto the magnetic beads at different initial concentrations (half-filled
square, 5.35 3 10

�5

mol 3 kg
�1; half-filled circle, 1.07 3 10

�4 mol 3 kg
�1;

half-filled up-triangle, 1.60 3 10
�4 mol 3 kg

�1; half-filled down-triangle,
2.14 3 10

�4 mol 3 kg
�1; half-filled left-triangle: 2.67 3 10

�4 mol 3 kg
�1).

Figure 5. Plot ofΔpH versus pHi for the determination of point of zero
charge of the magnetic beads. ΔpH: the difference between the initial
and final pH values, pHi: initial pH values.

Table 1. Pseudofirst-Order and Pseudosecond-Order Model Parameters for the Adsorption of MB onto the Magnetic Beads

pseudofirst-order pseudosecond-order

C0 qe,exp k1 qe,cal k2 qe,cal

mol 3 kg
�1 mol 3 kg

�1 s�1 mol 3 kg
�1 R2 kg 3mol�1

3 s
�1 mol 3 kg

�1 R2

5.35 3 10
�5 0.019 1.72 3 10

�4 0.008 0.910 0.223 0.019 0.999

1.07 3 10
�4 0.037 1.73 3 10

�4 0.023 0.984 0.087 0.039 1

1.60 3 10
�4 0.057 1.78 3 10

�4 0.032 0.979 0.074 0.058 1

2.14 3 10
�4 0.076 1.10 3 10

�4 0.027 0.949 0.052 0.078 0.999

2.67 3 10
�4 0.095 0.80 3 10

�4 0.026 0.952 0.043 0.097 0.999
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pseudosecond-order model. Similar kinetics were observed in the
adsorption of dye onto other magnetic calcium alginate-based
adsorbents.29,30,43 The qe,cal increases from (0.019 to 0.097)
mol 3 kg

�1 when the initial concentration of MB increases from

(5.35 3 10
�5 to 2.67 3 10

�4) mol 3 kg
�1, whereas the rate constants

(k2) values gradually decrease with the increase of initial con-
centrations due to strike hindrance of higher concentration of
dye.44

From a mechanistic viewpoint, it is indispensable to identify
the steps involved during adsorption process. In general, a
solid�liquid adsorption process could be described by three
steps: (i) transport of adsorbate from bulk solution through
liquid film to the exterior surface of adsorbent (film diffusion);
(ii) transport of adsorbate from the exterior surface to the pores
of adsorbent (intraparticle diffusion); (iii) adsorption of adsor-
bate onto the active site in inner and outer surface of adsorbent.
Commonly, the rate of adsorption is controlled by film diffusion
or intraparticle diffusion or both. The intraparticle diffusion
model can be used for identifying the steps involved during
adsorption process, which is described as45

qt ¼ kit
1=2 þ C ð4Þ

where ki is the intraparticle diffusion rate constant and C is a
constant. It can be seen from eq 4 that, if intraparticle diffusion
plays a significant role in controlling the kinetics of the
adsorption process, the plots of qt versus t

1/2 yield a straight
line passing through the origin. As shown in Figure 8, three
linear regions were clearly observed. The initial linear portion is
a diffusion adsorption stage, resulting from the diffusion of dye
through the solution to the external surface of adsorbent. The
second linear portion is a gradual adsorption stage, correspond-
ing to intraparticle diffusion of dye molecules through the pores
of adsorbent. The third region is the final equilibrium stage
where the intraparticle diffusion starts to slow down due to the
extremely low adsorbate left in aqueous solution and the
decrease of adsorption sites.46 The observed multilinearity
suggests that intraparticle diffusion is not the rate-limiting step.
In addition, the slope of the linear portion implies the rate of
the adsorption process. The diffusion rates (Table 2) decrease
with the increase of the contact time under all of the studied
initial dye concentrations. This is because the dye molecules
diffuse into the inner structure of the adsorbent and the pores
for diffusion become smaller. The free path of the molecules in
the pore decreases, and the molecules may also be blocked.
A similar phenomenon was observed in the adsorption of
Reactive Black 5 onto activated carbons and basic dye onto
pumpkin seed hull.47,48

The adsorption kinetic data were further analyzed by Boyd
kinetic model to determine the actual rate-controlling step
involved in the dye adsorption process. This model is expressed
as49

F ¼ 1� 6
π2

expð � BtÞ ð5Þ

Figure 7. Pseudosecond-order plots of the ratio of time and adsorption
capacity t/qt versus time t for the adsorption of MB onto the magnetic
beads (half-filled square, 5.35 3 10

�5

mol 3 kg
�1; half-filled circle, 1.07 3

10�4 mol 3 kg
�1; half-filled up-triangle, 1.60 3 10

�4 mol 3 kg
�1; half-filled

down-triangle, 2.14 3 10
�4 mol 3 kg

�1; half-filled left-triangle, 2.67 3 10
�4

mol 3 kg
�1).

Figure 8. Intraparticle diffusion plots of adsorption capacity qt versus the
square root of time t

1/2

for the adsorption of MB onto the magnetic beads
(half-filled square, 5.35 3 10

�5 mol 3 kg
�1; half-filled circle, 1.07 3 10

�4 mol 3
kg�1; half-filled up-triangle, 1.60 3 10

�4mol 3 kg
�1; half-filled down-triangle,

2.14 3 10
�4 mol 3 kg

�1; half-filled left-triangle, 2.67 3 10
�4 mol 3 kg

�1).

Table 2. Intraparticle Diffusion Model Parameters for the Adsorption of MB onto the Magnetic Beads

C0 ki,1 C1 ki,2 C2 ki,3 C3

mol 3 kg
�1 mol 3 kg

�1
3 s
�1/2 mol 3 kg

�1 R2 mol 3 kg
�1

3 s
�1/2 mol 3 kg

�1 R2 mol 3 kg
�1

3 s
�1/2 mol 3 kg

�1 R2

5.35 3 10
�5 5.14 3 10

�4 1.26 3 10
�4 0.993 2.49 3 10

�4 0.007 0.911 4.36 3 10
�6 0.018 0.944

1.07 3 10
�4 1.04 3 10

�3 9.52 3 10
�4 0.907 2.30 3 10

�4 0.022 0.766 9.09 3 10
�7 0.038 0.951

1.60 3 10
�4 1.77 3 10

�3 1.96 3 10
�3 0.868 3.02 3 10

�4 0.034 0.842 4.92 3 10
�6 0.056 0.875

2.14 3 10
�4 2.57 3 10

�3 3.02 3 10
�3 0.852 3.66 3 10

�4 0.049 0.976 8.56 3 10
�7 0.076 0.957

2.67 3 10
�4 3.47 3 10

�3 4.04 3 10
�3 0.847 3.66 3 10

�4 0.066 0.976 2.72 3 10
�5 0.092 0.942
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where F is the fraction of solute adsorbed at different time t
and parameter Bt is a mathematical function of F and is given
by

F ¼ qt
qe

ð6Þ

In the substitution of eq 6 in eq 5, the kinetic expression can be
represented as

Bt ¼ � 0:4977� lnð1� FÞ ð7Þ
The linearity of these plots is employed to distinguish

between external transport (film diffusion) and intraparticle
transport controlled rates of adsorption. A straight line
passing through the origin proves that adsorption processes

are governed by intraparticle diffusion mechanism; otherwise
they are governed by film diffusion or external mass trans-
port.50 As shown in Figure 9, the plots are linear but do not
pass through the origin, and the R2 of linear fitting at different
initial dye concentration is in the range of (0.935 to 0.976),
indicating that external mass transport mainly governs the
rate-limiting process of adsorption of MB onto the magnetic
beads.
3.4. Adsorption Isotherms.The isotherm study can describe

how an adsorbate interacts with the adsorbent. The isotherm
provides a relationship between the concentration of dye
in solution and the amount of dye adsorbed on the solid
phase when both phases are in equilibrium. Figure 10 shows
the equilibrium isotherms for the adsorption of MB onto the
magnetic beads, and the equilibrium adsorption data are
analyzed by using the Langmuir and Freundlich isotherm
models.51,52 The Langmuir isotherm theory assumes mono-
layer coverage of adsorbate over a homogeneous adsorbent
surface. A basic assumption is that adsorption takes place at
specific homogeneous sites within the adsorbent. Once a dye
molecule occupies a site, no further adsorption can take place at
that site. The Langmuir isotherm is

Ce

qe
¼ 1

bqm
þ Ce

qm
ð8Þ

where b is the Langmuir constant related to the energy of
adsorption, and qm is the Langmuir monolayer adsorption
capacity. The values of qm and b are calculated from the slope
and intercept of the linear plot of Ce/qe against Ce, and the
parameters are shown in Table 3. The correlation coefficient of
the isotherm is relatively high (R2 = 0.973), which indicates that
the Langmuir model is suitable for describing the adsorption
equilibrium of MB by the magnetic beads. The monolayer
adsorption capacity determined from the Langmuir isotherm is
0.105 mol 3 kg

�1.
The essential characteristics of the Langmuir isotherm can be

expressed in terms of a dimensionless constant separation factor
RL that is given by53

RL ¼ 1
1 þ bC0

ð9Þ

The value of RL indicates the shape of the isotherm to be
either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL

< 1), or irreversible (RL = 0).54 The calculated RL values at
different initial concentrations of MB are presented in Fig-
ure 11. The values of RL lie between 0 and 1, thereby
confirming that the adsorption is a favorable process. In
addition, the low RL values reveal that the interaction between
dye molecules and the magnetic beads might be relatively
strong.55

Figure 9. Plots of Boyd parameter Bt versus time t for the adsorption of
MB onto the magnetic beads (half-filled square, 5.35 3 10

�5

mol 3 kg
�1;

half-filled circle, 1.07 3 10
�4 mol 3 kg

�1; half-filled up-triangle, 1.60 3 10
�4

mol 3 kg
�1; half-filled down-triangle, 2.14 3 10

�4 mol 3 kg
�1; half-filled

left-triangle, 2.67 3 10
�4 mol 3 kg

�1).

Figure 10. Equilibrium adsorption capacity qe versus equilibrium
concentrations Ce for the adsorption of MB onto the magnetic beads
and predicted isotherm curves (half-filled square, experimental data;
dashed line, Langmuir fitted curve; dash�dotted line, Freundlich fitted
curve).

Table 3. Isotherm Parameters for the Adsorption of MB onto
the Magnetic Beads

Langmuir Freundlich

b qm Kf

kg 3mol�1 mol 3 kg
�1 R2 mol 3 kg

�1 n R2

2.116 3 10
5 0.105 0.973 0.036 2.19 0.979
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The Freundlich isotherm is an empirical equation assuming
that the adsorption process takes place on heterogeneous
surfaces and adsorption capacity is related to the concentration
of dye at equilibrium. It can be described as:

log qe ¼ log Kf þ 1
n
log Ce ð10Þ

whereKf is roughly an indicator of the adsorption capacity and 1/
n is the adsorption intensity. Freundlich constantsKf and n can be
obtained from the intercept and the slope of the linear plot of log
qe versus log Ce (Table 3). The correlation coefficient (R2 =
0.979) reflects that the experimental data agree with the Freun-
dlich mode. Meanwhile, the value of n for Freundlich model is
greater than 1, indicating that the adsorption of MB also exhibits
a favorable shape.
3.5. Adsorption Thermodynamics. The thermodynamic

parameters provide in-depth information on inherent energetic
changes that are associated with adsorption. The thermodynamic
parameters, such as standard Gibbs energy change (ΔG�),

enthalpy change (ΔH�), and entropy change (ΔS�), were
determined by using the following equations:56

Kd ¼ qe
Ce

ð11Þ

ΔGo ¼ � RT ln Kd ð12Þ

ln Kd ¼ ΔSo

R
�ΔHo

RT
ð13Þ

where Kd is the distribution coefficient, T is the temperature, and
R is the gas constant (8.3145 J 3mol�1

3K
�1), respectively. ΔS�

andΔH� are calculated from the slope and intercept of van't Hoff
plots of ln Kd versus T

�1 (Figure 12). The calculated values of
thermodynamic parameters are given in Table 4. The negative
ΔG� values at different temperatures indicate the spontaneous
nature of the adsorption of MB onto the magnetic beads. The
more negative value with the increase of temperature shows that
the amount adsorbed at equilibrium must increase with increas-
ing temperature. The value of ΔH� is found to be positive in the
temperature range of (298 to 328) K. Adsorption in liquid phase
is a complex phenomenon in which solute and solvent compete
for the solid surface. Adsorption and desorption of solute and
solvent molecules take place simultaneously, and the energetic
changes involved could result in a positive ΔH�. In addition, the
positive value of ΔS� reflects the good affinity of MB toward the
magnetic beads and the increased randomness at the solid�solu-
tion interface during the adsorption process.

4. CONCLUSION

In conclusion, a novel magnetically separable adsorbent,
namely, activated carbon/cobalt ferrite/alginate composite beads,
has been prepared by a simple ionic polymerization route.
Adsorption characteristics of the as-fabricated magnetic beads
were assessed by using methylene blue (MB) as an adsorbate.
The pH effect, kinetics, isotherms, and thermodynamics are
determined by batch experiments. The kinetic studies reveal that
the adsorption process follows the pseudosecond-order kinetic
model. The equilibrium data have been well-described by the
Langmuir and Freundlich models. The ΔH� value is positive in
the temperature range of (298 to 328) K. The ΔG� values are
negative at different temperatures indicating the spontaneous
nature of the adsorption of MB onto the magnetic beads. The
ΔS� value is positive suggesting the good affinity of MB toward
the magnetic beads and the increased randomness at the
solid�solution interface during the adsorption process. In addi-
tion, the prepared magnetic beads have high magnetic sensitivity
under an external magnetic field, which provides an easy and
efficient way to separate the beads from aqueous solution.

Figure 11. Separation factor RL versus initial concentrations C0 for the
adsorption of MB onto the magnetic beads.

Figure 12. van't Hoff plot of the natural logarithm of the distribution
coefficient ln Kd versus the reciprocal of temperature T�1 for the
adsorption of MB onto the magnetic beads.

Table 4. Thermodynamic Parameters for the Adsorption of
MB onto the Magnetic Beads

T ΔG� ΔH� ΔS�

K kJ 3mol�1 kJ 3mol�1 J 3mol�1
3K

�1

298 �5.80 39.4 152

308 �7.98

318 �9.06

328 �10.5
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