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a b s t r a c t

Porous polysulfone (PSF) microcapsules containing both tributyl phosphate (TBP) as extractant and mag-
netic nanoparticles (Fe3O4) that help the isolation operation have been successfully prepared for the
first time using a phase inversion method. Several techniques, including Fourier transform infrared (FT-
IR), scanning electron microscope (SEM), vibrating sample magnetometer (VSM) and thermogravimetric
analysis (TGA) have been used to characterize the microcapsules. The adsorption of four kinds of phenols
(4-chlorophenol, 4-CP; 2-chlorophenol, 2-CP; 4-nitrophenol, 4-NP; phenol, Ph) from aqueous solutions
on to the magnetic microcapsules has then been studied in a batch system as a function of contact time
(5–60 min), initial phenols concentrations (about 99–1050 mg/L) and pH (2–12). The results show that
increasing the initial concentration of the phenols and the adsorption time favored the adsorption. In
contrast, the adsorption decreased for pH > 6. Adsorption data were modeled using Freundlich and Lang-
muir adsorption isotherms and the appropriate parameters were calculated. The Freundlich equation
provided a better fit for the four phenols than the Langmuir equation. Simultaneously, various kinetic
models including pseudo-first-order, pseudo-second-order and intraparticle diffusion were investigated
to determine the mechanism of adsorption. The experimental data fitted the pseudo-second-order kinetic

model well, and showed that intraparticle solute diffusion was not the only rate-controlling sorption step.
In an investigation of potential industrial applications, it is demonstrated that the final concentration of
phenols treated with the novel magnetic microcapsules will be within allowed limits. After six extrac-
tion and regeneration cycles, the microcapsules were unchanged and showed almost the same adsorption
ability. These results demonstrate that these novel magnetic microcapsules have potential applications
in the treatment of environmental pollution caused by phenols. This study broadens the application of

, at th
microcapsules, which are

. Introduction

Phenol and its derivatives are versatile raw materials in chemi-
al industry [1], and widely used in many industrial activities such
s the petrochemical industries, kraft pulp mills, olive oil produc-
ion, and various other chemical manufacturing industries. As a
esult, phenols are extensively present in the effluents of these
anufacturing plants and are inevitably introduced into waste
ater. Most of them are toxic [2], and have a low permissible safety

evels. For instance, the permitted concentration of volatile phe-
ols is 0.5 mg/L for standard A effluent and 2.0 mg/L for standard

effluent, according to the Chinese Integrated Water Discharge

tandard (GB 8978-1996). Therefore, it is considered necessary to
emove phenols from effluents before discharging them into the
ater stream.

∗ Corresponding author. Tel.: +86 931 4165997; fax: +86 931 8912582.
E-mail address: zhanghx@lzu.edu.cn (H. Zhang).

385-8947/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.cej.2009.12.008
e moment, mainly used to remove heavy metals from water.
© 2009 Published by Elsevier B.V.

In order to remove phenolic compounds from aqueous solution,
various treatment technologies with their inherent limitations and
merits are available. These include oxidation [3,4], ion exchange
[5,6], adsorption [7,8] and solvent extraction [9,10]. Adsorption
technology is currently being applied extensively to the removal
of organic and inorganic micro-pollutants from aqueous solutions.
Several adsorbents have been investigated by previous researchers
such as activated carbon [11,12], natural materials [13–17] and
synthetic resins [5,18]. The advantages associated with these solid-
phase adsorbents are easy isolation, high adsorption capacity and
an effective regeneration process [19]. However, some deficien-
cies such as intraparticle resistance and low rates of absorption are
present. In contrast, liquid–liquid extraction, which is an effective
extraction method, demonstrates a rapid rate of absorption [20].

However, the organic solvents used in this procedure are usually
volatile, toxic, flammable and easily form an emulsion which causes
loss of extractant and damage to water supplies [20,21].

To overcome the disadvantages of both solid-phase extrac-
tion and liquid-phase extraction, and at the same time make best

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zhanghx@lzu.edu.cn
dx.doi.org/10.1016/j.cej.2009.12.008
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se of their advantages, the organic extractant can be encapsu-
ated with a polymer membrane. In the solvent microcapsule,
iquid-phase extractant fills the supporting porous structure and
he core of microcapsules [21]. This can allow phenols to diffuse
apidly into the microcapsules from the surface porous struc-
ure. Compared to conventional solid-phase adsorbents, solvent

icrocapsules are characterized by rapid adsorption. Furthermore,
ompared to conventional liquid–liquid extraction, solvent micro-
apsules have several advantages, such as minimal use of organic
olvents and ease of phase separation [22]. Until now, most appli-
ations of microcapsules have focused on the removal of heavy
etals, such as Co2+ [23], Ni2+ [24] and Cr6+ [25].
To our knowledge, the encapsulation of TBP (a specific extrac-

ant for phenols [26]) within PSF microcapsules has never been
nvestigated. This forms the subject of this report. However, micro-
apsules with small diameters [22–25] are very difficult to separate
rom water after the adsorption. Magnetic separation is considered
o be a promising method to achieve rapid separation and it has the
apability to treat a large amount of wastewater very rapidly [23].
herefore, in the present work, the magnetic microcapsules have
een prepared by wrapping TBP and Fe3O4 with PSF. The magnetic
icrocapsules were then introduced into a solution containing the

argeted phenols. The effects of contact time, initial concentration
f phenols and pH on the phenols adsorption have been investi-
ated. A potential industrial application of the microcapsules is also
eported.

. Materials and methods

.1. Materials and instruments

Polysulfone (PSF), with an intrinsic viscosity of 0.56, was pur-
hased from Dalian Polysulfone plastic Co. Ltd. (Dalian, China).
errous chloride (FeCl2·4H2O) and ferric chloride (FeCl3·6H2O)
ere obtained from Tianjin Chemicals Corporation (Tianjin, China).
,N-dimethylformamide (DMF) and ethanol were purchased from
ianjin Guangfu Chemical Reagent Co. Ltd. (Tianjin, China). Phenol
99.5%, assay) was purchased from Tianjin Guangfu Fine Chem-
cal Research Institute (Tianjin, China). 2-chlorophenol (2-CP),
-chlorophenol (4-CP), 4-nitrophenol (4-NP) and sodium dode-
yl sulfate (SDS) were obtained from Shanghai Chemical Reagent
o. (Shanghai, China). Tributyl phosphate (TBP) was purchased

rom Beijing Chemical Reagent Co. (Beijing, China). All reagents
ere of analytical purity grades and used without any further
urification.

The adsorption experiments were carried out at constant tem-
eratures controlled by a SHA-C Shaker (Jiangsu, China) with a
recision of ±0.5 K. The absorbency was recorded by a TU-1810
pectrophotometer from Purkinje Co. (Beijing, China). The opti-
um UV wavelength for each compound was: 4-CP at 281 nm, 2-CP

t 273 nm, 4-NP at 317 nm and Ph at 270 nm.

.2. Preparation of magnetic particles

Magnetic microspheres were prepared via the co-precipitation
ethod [27]. Briefly, a 25 mL mixed solution of 0.8 M iron(III) chlo-

ide and 0.4 M iron(II) chloride was prepared using water with

vol.% HCl. The mixture was next added to 250 mL of ammonia

olution (5.23 vol.%) with magnetic stirring at 1100 rpm. The reac-
ion was allowed to proceed for 1 h. The Fe3O4 nanoparticles were
ollected by a magnet and thoroughly washed with distilled water
o remove excess amounts of ammonium hydroxide, then washed
everal times with methanol. The Fe3O4 magnetic nanoparticles
ere dried under vacuum at room temperature.
Journal 157 (2010) 466–474 467

2.3. Preparation of TBP/Fe3O4@PSF microcapsules

Preparation of the dispersed phase. TBP/Fe3O4@PSF microcap-
sules were prepared by the phase inversion precipitation technique
[28]. The experimental methodology for synthesis of microcapsules
is based on the following outline: 1.2 g PSF was dissolved in 16 mL
DMF to obtain the PSF solution, then 0.8 mL TBP and 0.1 g Fe3O4
magnetic nanoparticles (which were dispersed into 4 mL DMF by
ultrasonication) were added into the PSF solution and stirred for
2 h at room temperature. In this way a dispersed phase containing
TBP, Fe3O4 magnetic nanoparticles and PSF was obtained.

Preparation of continuous phase. This was achieved by mixing the
SDS solution (0.5 wt.% sodium dodecylbenzenesulfonate in aqueous
solution) with ethanol in 1:1 volume ratio

Preparation of TBP/Fe3O4@PSF microcapsules. The dispersed
phase was injected into the continuous phase using a 0.45 mm
diameter syringe needle. The magnetic microcapsules obtained
were separated from the resulting solution by a magnet, rinsed
with deionized water several times, and kept in deionized water
overnight to remove DMF completely. Finally, the microcapsules
were air-dried at room temperature.

2.4. Characterization

The products obtained were characterized using scanning elec-
tron microscopy (SEM, JSM-5600LV, JEOL, Japan; and JSM-6701F,
JEOL, Japan) and Fourier transform infrared spectrometer (FT-IR,
Nicolet Nexus 670, USA). Magnetic properties were measured using
a vibrating sample magnetometer (VSM, Lakeshore7304, USA). The
encapsulation capacity of the TBP was measured by a thermogravi-
metric analyzer (TGA, STA449, Netzsch, Germany).

2.5. Adsorption and regeneration experiments

The adsorption experiment was carried out in a batch reactor,
held in a water bath. Twenty-five milligrams of TBP/Fe3O4@PSF
microcapsules were added into 25 mL flasks containing 10 mL of
4-CP, 2-CP, 4-NP or Ph solution. The flasks were sealed and shaken
in the shaker. After the adsorption, the magnetic microcapsules
were isolated by an external magnetic field and the concentrations
of phenols in the supernatants determined by UV–vis spectropho-
tometer at the appropriate optimum UV wavelengths. The amount
of 4-CP, 2-CP, 4-NP and Ph adsorbed was calculated by the differ-
ence between the initial and final concentrations. The effects of pH
(2–12), contact time (5–60 min) and initial phenols concentrations
(100–1000 mg/L) were studied. The variation of the uptake of 4-
CP, 2-CP, 4-NP and Ph with adsorption time was investigated using
kinetic models.

Regeneration experiments for the TBP/Fe3O4@PSF microcap-
sules were conducted as followings: (i) 250 mg of TBP/Fe3O4@PSF
microcapsules were put into 10 mL of mixture containing 4-CP
(4.43 mg/L), 2-CP (4.66 mg/L), 4-NP (4.46 mg/L) and Ph (5.02 mg/L)
at room temperature (about 20 ◦C) for 1 h to adsorb phenols. (ii)
After extraction, the microcapsules were isolated from the phenols
solutions using an external magnetic field, were soaked twice in
1 mL NaOH solution (1.0 M) for 30 min at room temperature, and
then the eluate collected to determine the concentrations of phe-
nols using high-performance liquid chromatography (HPLC) at a
wavelength of 280 nm. (iii) The microcapsules were washed with
deionized water until neutral and then used for another cycle.
The procedure was repeated six times to study the stability of the

TBP/Fe3O4@PSF microcapsules.

The chromatographic system consisted of a Waters 600 high-
performance liquid chromatographic pump, and a Waters 600
chromatographic work station. An analytical reversed-phase C18
column (5 �m, 4.6 mm × 250 mm, Dima Technology) was used. The
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Fig. 1. Photo of TBP/Fe3O4@PSF microcapsules.

obile phase consisted of Milli-Q water containing 1% (v/v) acetic
cid and 0.5 g L−1 of KCl as solvent A, and acetonitrile as solvent
. The flow-rate of the mobile phase was 1 mL min−1. The gradient
rofile was 25% B at 0 min, 50% B at 25 min, 100% B at 30 min, and
eld constant for 10 min. The target compounds were identified by
he relative retention time and diode array detection (model 2996,

aters, Milford, MA, USA).

. Results and discussion

.1. Characterization of TBP/Fe3O4@PSF microcapsules

.1.1. Morphological observation
Fig. 1 shows a photo of the microcapsules, illustrating that the

icrocapsules have good, regular shapes. Typical SEM photographs
ere taken of the microcapsules prepared as a dispersed phase con-

aining 1.2 g PSF, 0.8 mL TBP and 0.1 g Fe3O4 in 20 mL DMF and
continuous phase containing 50 mL 0.5 wt.% SDS solution and
thanol (1:1 volume ratios) and are shown in Fig. 2. Fig. 2(a) illus-
rates the general view of the microcapsule which is not completely
pherical, but is similar to that of a hamburger. Fig. 2(b) shows the
uter surface of the microcapsule. Micro-pores can also be clearly
bserved on the surface of the microcapsules, which help to reduce

Fig. 2. SEM image of TBP/Fe3O4@PSF microcap
Fig. 3. VSM magnetization curve of TBP/Fe3O4@PSF microcapsules.

mass transfer resistance owing to the liquid-phase extractant filling
the supported micro-pores [21]. The liquid-phase extractant made
phenols rapidly diffuse into the microcapsules from the surface
micro-pores. Furthermore, the liquid-phase in the core of micro-
capsule can adsorb much more rapidly than conventional solid
adsorbents. These micro-pores allow phenols to access, but TBP
was not released into aqueous solution because of its hydrophobic
character.

3.1.2. Vibrating sample magnetometer characterization
In the preparation of the microcapsules for potential mag-

netic separation, it is of utmost importance that the microcapsules
should possess sufficiently strong magnetic properties, which can
be characterized with a VSM. The magnetization curve from the
VSM data is shown in Fig. 3. The curve has a typical shape, being
symmetrical about the origin. This feature is characteristic of
superparamagnetism, illustrating that the microcapsules respond
magnetically to an external magnetic field and this response

vanishes upon the removal of the field (at the origin). The key
parameter to note is the saturation magnetization (S), which is a
measure of the maximum magnetic strength of the materials. The
S value of the microcapsules (3.2 emu/g) indicates that the micro-
capsules possess sufficient magnetic strength [29]. Fig. 4 displays a

sules: (a) general view; (b) outer surface.
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ig. 4. Photograph of TBP/Fe3O4@PSF microcapsules attracted by a conventional
agnet.

icture in which the magnetic microcapsules were being attracted
y a conventional magnet.

.1.3. FT-IR
To ascertain the presence of TBP in the microcapsules, the

nfrared spectrum of the microcapsules was obtained and is shown
n Fig. 5. The FT-IR spectra of Fe3O4@PSF microcapsules (curve (a))
ave characteristic bands for PSF at 3095.68 cm−1 (C–H stretching
f aromatic ring), 1322.54 cm−1 and 1103.64 cm−1 (asymmetrical
nd symmetrical stretching vibration of O S O), 1247.58 cm−1

stretching vibration of aromatic ether bond). In the same way,
he features (curve (b)) around 1278.71 cm−1 (stretching vibration
f P O) and 1028.27 cm−1 (antisymmetric stretching vibration of
–O–C) are characteristic peaks of TBP. All these features can be
ound in curve (c) clearly showing that TBP has been successfully
ncapsulated in the microcapsules.

.1.4. Thermogravimetric analysis
TGA was employed to quantify the amount of TBP encapsulated
n the microcapsules. The analysis was carried out in nitrogen gas
o prevent the oxidation of the microcapsules. The TGA graph is
hown in Fig. 6. The temperature was increased from room temper-
ture to 800 ◦C at a rate of 10 ◦C/min. The microcapsules lost weight

ig. 5. Infrared spectrum of the microcapsules. (a) Fe3O4@PSF microcapsules; (b)
BP; (c) TBP/Fe3O4@PSF microcapsules.
Fig. 6. TGA of the microcapsules. (a) Fe3O4@PSF microcapsules; (b) TBP/Fe3O4@PSF
microcapsules.

over three regions of temperature. The weight loss between room
temperature and 102.45 ◦C was attributed to the water adsorbed
in the microcapsules. In the range 102.45 ◦C to about 462.45 ◦C, the
weight loss was due to the decomposition of TBP, while PSF began to
decompose at 462.45 ◦C. The encapsulation capacity of the micro-
capsules as calculated was 32.9%, which was slightly better than
that reported elsewhere [30,31]. The encapsulation efficiency was
considered to be very satisfactory. The TGA results also showed that
the microcapsules could be used below 100 ◦C.

3.2. Adsorption studies

3.2.1. Effect of contact time and initial concentration
Fig. 7(a, 4-CP; b, 2-CP; c, 4-NP; d, Ph) depicts the effect of

contact time on the adsorption of phenols at various initial con-
centrations (a, 4-CP 99.4–1070 mg/L; b, 2-CP 314.8–1050.3 mg/L;
c, 4-NP 305.9–992.5 mg/L; d, Ph 403–1030.2 mg/L). It was found
that the rate of uptake of phenols was rapid in the first 5 min and
approximately 90% of adsorption was completed within 15 min
for 4-CP, 2-CP, 4-NP and Ph. The amount of adsorption increased
with increasing contact time and equilibrium was achieved within
30 min.

It was also found that increasing the initial phenols concen-
tration resulted in increased phenols uptake and the quantity of
the four phenols absorbed with the same conditions was in the
order: 4-CP > 2-CP > 4-NP > Ph. This different degree of adsorption
may be explained in terms of the hydrophobic character of the four
phenols. The n-octanol/water partition coefficient is an important
hydrophobic parameter. This is the ratio of the chemical’s con-
centration in n-octanol to that in water in a two-phase system at
equilibrium. Since the measured values of the partition coefficient
range from less than 10−4 to greater than 108 (at least 12 orders
of magnitude), the logarithm, log P (known as the hydrophobic
parameters), is commonly used to describe a compound’s lipophilic
or hydrophobic properties [32]. As shown in Fig. 8, the quantity
of phenol adsorbed increased with the increase of log P values
obtained from United States National Library of Medicine. That is,
hydrophobic interaction may be one of the driving forces.
3.2.2. Effect of solution pH
The effect of solution pH on the adsorption of phenols by the

microcapsules was examined and the results are presented in Fig. 9.
It was found that an alkaline solution, with pH higher than 8.0,
was not favorable for the adsorption. This phenomenon could be
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Fig. 7. Effect of contact time and initial phenols concentration on phenols

xplained in three ways. Firstly, phenols are in a negative ionic form
n alkaline solution, which does not favor adsorption. Secondly, the
ntermolecular hydrogen bond (OH· · ·O P) between the phenolic
ydroxyl group and the phosphoryl group on TBP at pH < pKa, is

avorable for adsorption. Phenols are weak acid compounds with

Ka ≈ 9.41 (4-CP), 8.56 (2-CP), 7.15 (4-NP), 9.99 (Ph) and would be
issociated at pH > pKa, which leads to a disappearance of hydrogen
onding. Thirdly, phenolic acids have lower solubility at low pH in
ater.

ig. 8. The correlation of log P and Qe of phenols (initial phenols concentra-
ion = 1040 mg/L; contact time = 1 h, 20 ◦C, pH 6.0).
e from aqueous solutions (20 ◦C, pH 6): (a) 4-CP; (b) 2-CP; (c) 4-NP; (d) Ph.

3.3. Adsorption modeling

3.3.1. Sorption kinetics of phenols
3.3.1.1. The pseudo-first-order kinetic model. To investigate the
mechanism of adsorption, a simple kinetic model was used to test

the experimental data, by applying the Lagergren equation [33],
which is the first equation describing the adsorption of liquid–solid
systems based on solid capacity.

ln(Qe − Qt) = ln Qe − k1t (1)

Fig. 9. Effect of initial pH on the phenols uptake from aqueous solutions (initial
phenols concentration = 550 mg/L; contact time = 1 h, 20 ◦C).
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ig. 10. The fitting of pseudo-first-order model for different phenols on
BP/Fe3O4@PSF microcapsules (initial phenols concentration = 500 mg/L; pH 6.0,
0 ◦C).

here Qt is the quantity of phenols (mg/g) adsorbed on the
BP/Fe3O4@PSF microcapsules after various times t, Qe is the max-
mum adsorption capacity (mg/g) and k1 is the pseudo-first-order
ate constant for the adsorption process (min−1). The values of
n(Qe − Qt) were calculated from the kinetic data. In order to con-
rm the applicability of the model, a plot of ln(Qe − Qt) against t
hould be a straight line. In a real first-order process, the experi-
ental ln(Qe) should be equal to the intercept of the straight line.

he slope and intercept of each linear region in Fig. 10 are used
o calculate the first-order constant (k1) and Qe (see Table 1). It is
lear that the R2 values are relatively low and the experimental Qe

alues did not agree with the calculated Qe values from the linear
lots. These results showed that the pseudo-first-order model did
ot satisfactorily predict the kinetics of phenols adsorption on to
he TBP/Fe3O4@PSF microcapsules.

.3.1.2. The pseudo-second-order kinetic model. The adsorption
inetics can also be described by a pseudo-second-order equation
34,35]:

t

Qt
= 1

k2Q 2
e

+ t

Qe
(2)

here Qt is the amount of phenol (mg/g) adsorbed on the
BP/Fe3O4@PSF microcapsules after various times t, Qe is the max-
mum adsorption capacity (mg/g) for the pseudo-second-order
dsorption and k2 is the pseudo-second-order rate constant for the

dsorption (g/mg min).

Fig. 11 shows the curves obtained from the experimental
ata (t/Qt) vs. t. The kinetic parameters were calculated and
re listed in Table 1. Higher correlation coefficients for the
seudo-second-order model and calculated Qe values being close

able 1
he rate constants of adsorption kinetic model for different phenols on TBP/Fe3O4@PSF m

Compounds Qe
a (mg/g) Pseudo-first-order Pseudo-s

Qe
b (mg/g) k1 (min−1) R2

1 Qe
b (mg/

4-CP 149.44 39.54 0.0725 0.8367 151.5
2-CP 68.64 22.96 0.0596 0.8588 68.96
4-NP 35.54 29.90 0.0698 0.9077 39.52
Ph 22.64 6.190 0.0657 0.6845 22.94

a Experimental.
b Calculated.
Fig. 11. The fitting of pseudo-second-order model for different phenols on
TBP/Fe3O4@PSF microcapsules (initial phenols concentration = 500 mg/L; pH 6.0,
20 ◦C).

to the experimental data indicate that the absorption of phe-
nols on to TBP/Fe3O4@PSF microcapsules can be more favorably
approximated by a pseudo-second-order model than the pseudo-
first-order one.

3.3.1.3. The intraparticle diffusion model. The adsorbate transport
from the solution phase to the surface of the adsorbent particles
occurs in several steps. The overall adsorption process may be con-
trolled by any one of several steps, e.g. film or external diffusion,
pore diffusion, surface diffusion and adsorption on the pore surface,
or a combination of several steps [36]. The possibility of intra-
particle diffusion was explored by using the intraparticle diffusion
model [37], which is expressed as:

Qt = k3t1/2 + C (3)

where k3 is the intraparticle diffusion constant (mg/g min1/2), and
the value of the intercept C is a constant that gives a measure of the
thickness of the boundary layer, i.e., the larger the value of C the
greater is the boundary layer effect [38]. From the plots in Fig. 12,
the values of k3, C and R2

3 were calculated and are given along with
the correlation factors in Table 1. According to this model, plots of
Qt vs. t1/2 should be linear and pass through the origin if intraparti-
cle diffusion is the rate-controlling step [39]. On the other hand,
if the plots are linear but do not pass through the origin the rate
of adsorption may be controlled by intraparticle diffusion together

with other kinetic effects. As can be seen from Fig. 12, the line did
not pass through the origin. This indicated that particle diffusion
was involved in the adsorption process but it was not the only
rate-limiting step. Other mechanisms were involved.

icrocapsules.

econd-order Intraparticle diffusion

g) k2 (g/mg min) R2
2 k3 (mg/g min1/2) C R2

3

0.0043 0.9994 7.5996 105.8 0.9196
0.0067 0.999 4.2662 42.56 0.9221
0.0030 0.9505 3.6738 10.52 0.9242
0.0245 0.9975 1.3655 14.85 0.8569
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Fig. 13. Langmuir plot for different phenols adsorption onto TBP/Fe3O4@PSF micro-
capsules (contact time = 1 h; pH 6.0, 20 ◦C).

T
T

ig. 12. The fitting of intraparticle diffusion model for different phenols on
BP/Fe3O4@PSF microcapsules (initial phenols concentration = 500 mg/L; pH 6.0,
0 ◦C).

.3.2. Sorption isotherm of phenols
The equilibrium isotherms are very important for understand-

ng the adsorption systems. There are several isotherm equations
vailable for analyzing experimental sorption equilibrium data.
he most frequently used for phenols solutions are the Lang-
uir adsorption isotherm and Freundlich equations. The Langmuir

dsorption isotherm assumes monolayer adsorption on to a sur-
ace containing a finite number of adsorption sites, with uniform
trategies of adsorption and no transmigration of adsorbate in the
lane of the surface [40]. In contrast to Langmuir, the Freundlich

sotherm is based on the assumption that the adsorption occurs on
eterogeneous sites with non-uniform distribution of energy lev-
ls. The Freundlich isotherm describes reversible adsorption and is
ot restricted to the formation of a monolayer [41].

The linear form of the Langmuir and Freundlich equations can
e represented as follows:

angmuir equation :
Ce

Qe
= 1

KLQmax
+ Ce

Qmax
(4)

reundlich equation : ln Qe = ln Kf + 1
n

ln Ce (5)

here Ce (mg/L) is the concentration of the phenol solution at equi-
ibrium and Qe (mg/g) is the amount of sorption at equilibrium. In
he Langmuir equation, Qmax is the maximum sorption capacity
nd KL is the Langmuir constant. These constants can be evaluated
rom the intercept and the slope, respectively, of the linear plot of
xperimental data of Ce/Qe vs. Ce (Fig. 13). In the Freundlich equa-
ion, Kf and 1/n are empirical constants. These constants can also be
valuated from the intercept and slope of the linear plot of ln Qe vs.

n Ce (Fig. 14). The values of the isotherm constants are presented in
able 2. It is observed that the equilibrium data fitted the Freundlich
sotherm better than the Langmuir isotherm, from the relative R2

alues. It could be deduced that phenols are adsorbed on to hetero-
eneous sites with a non-uniform distribution of energy levels [41],

able 2
he Langmuir and Freundlich equations, the related parameters and correlation coefficien

Compounds Langmuir

Qmax (mg/g) KL (L/mg) R2

4-CP 370.4 0.0027 0.906
2-CP 158.7 0.0020 0.969
4-NP 102.0 0.0020 0.782
Ph 79.36 0.0009 0.899
Fig. 14. Freundlich plot for different phenols adsorption onto TBP/Fe3O4@PSF
microcapsules (contact time = 1 h; pH 6.0, 20 ◦C).

i.e. the adsorption of phenols on to TBP/Fe3O4@PSF microcapsules
follows a multilayer adsorption process, and is not restricted to the
formation of a monolayer.

3.4. The investigation of potential industrial application

3.4.1. Effect of adsorbent dose on the removal ratios of phenols
In order to investigate the effect of adsorbent dose on the
removal ratios of phenols and to optimize the dose, a series
of adsorption experiments was carried out. Varying amounts of
TBP/Fe3O4@PSF microcapsules (5–30 g/L) were added to a 10 mL
mixture of 4-CP (4.43 mg/L), 2-CP (4.66 mg/L), 4-NP (4.46 mg/L) and
Ph (5.02 mg/L). The residual concentrations of phenols in the solu-

ts for different phenols on TBP/Fe3O4@PSF microcapsules.

Freundlich

Kf (mg/g) (L/mg)1/n n R2

1 2.482 1.362 0.9749
5 1.232 1.503 0.9917
4 1.475 1.783 0.9403
8 0.158 1.236 0.9739
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Fig. 15. Effect of weight of microcapsules on removal capability of phenols in aque-
ous solutions (10 mL of mixture containing 4-CP (4.43 mg/L), 2-CP (4.66 mg/L), 4-NP
(4.46 mg/L) and Ph (5.02 mg/L); contact time = 1 h; pH 6.0, 20 ◦C).

Table 3
Removal ability (R) of regenerated TBP/Fe3O4@PSF microcapsules to phenols for six
times.

Compounds R1 (%) R2 (%) R3 (%) R4 (%) R5 (%) R6 (%)
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Ph 62.7 60.2 61.1 59.6 60.7 60.5
4-NP 80.6 71.9 71.5 70.9 69.9 70.1
2-CP 80.2 72.6 70.9 71.6 70.5 71.1
4-CP 96.7 81.5 80.5 79.9 80.2 80.9

ions after the adsorption were determined (Fig. 15). As can be seen
rom Fig. 15, the quantity of phenols removed increased with the
ncrease in dosage of adsorbents up to certain levels, and then lev-
led off. The final concentration (4-CP (0.14 mg/L), 2-CP (0.92 mg/L),
-NP (0.86 mg/L) and Ph (1.87 mg/L)) was within allowed limits
hen 250 mg of microcapsules were added. This indicates that the
icrocapsules do have a sufficient loading capacity for potential

ndustrial applications.

.4.2. Regeneration of microcapsules
To use the magnetic microcapsules on an industrial scale, it

s necessary to make them easy to clean up. Therefore, regener-
tion of the loaded microcapsules and recovery of phenols in a
oncentrated form are key factors for improving the process eco-
omics. A successful desorption process must restore the sorbent
lose to its initial properties, for effective reuse. In this objective
dsorption–regeneration cycles are realized, the removal capacity
f phenols on to the microcapsules at every cycle was calculated
sing the following equation:

(%) = C0 − Ce

C0
× 100 (6)

here C0 and Ce are the initial and equilibrium concentrations of
henols solution (mg/L), respectively. As shown in Table 3, when up
o five additional adsorption–regeneration cycles were performed,
o decrease of adsorption capacity could be measured. This indi-
ates that the microcapsules have great potential for industrial
pplications.
. Conclusions

Magnetic microcapsules containing TBP have been prepared
uccessfully and used for the adsorption of phenols from aque-
us solution. The results show that it took about 30 min to reach

[

[
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extraction equilibrium, with most of the phenols being adsorbed
within the first 5 min. The amount of the four phenols adsorbed
under the same conditions was in the following order: 4-CP > 2-
CP > 4-NP > Ph. Acid and neutral conditions were favorable for the
adsorption. The adsorption process was well described with a Fre-
undlich model. A two-stage kinetic behaviour has been confirmed,
as the sorption rate followed a pseudo-second-order model. The
results investigating potential industrial applications have demon-
strated that the concentrations of the studied phenols decreased to
the permitted level for effluent. After six repeated extraction and
regeneration cycles, the microcapsules retained almost the same
adsorption ability, indicating that the microcapsules have good
stability. The experiments conducted in this work provided encour-
aging results for the application of these magnetic microcapsules
to the adsorption of phenols from aqueous solutions in large-scale
operations.
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