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Removal of PCP-Na from aqueous systems using
monodispersed pompon-like magnetic nanoparticles
as adsorbents
Yu Liu, Hongbing Yu, Sihui Zhan, Shengjun Li, Hui Yang and Bo Liu

ABSTRACT
Novel monodispersed pompon-like magnetite/chitosan (Fe3O4/CS) composite nanoparticles were
synthesized by a solvothermal method and used as adsorbents for the removal of toxic sodium
pentachlorophenate (PCP-Na) from aqueous media. The adsorption behavior of PCP-Na on Fe3O4/CS
obeyed the Langmuir isotherm and ﬁtted the pseudo-second-order kinetics model. Thermodynamic
parameters showed that the adsorption process was exothermic and spontaneous. Moreover, the
adsorption was strongly pH-dependent. The results of XPS, thermodynamics, pH-dependent and
desorption studies suggested that electrostatic attraction, hydrogen bonding and π-π interactions
were all believed to play a role in PCP-Na adsorption on Fe3O4/CS. Having a saturation magnetization
of 22.2 emu · g1, the Fe3O4/CS can be easily separated from water with magnets within 2 min. The
adsorption equilibrium was achieved quite rapidly (within 30 min) and the maximum removal of PCP-
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Na (91.5%) was obtained at 25 C and pH 6.5. The Fe3O4/CS investigated can be used to remove PCPNa and other contaminants from wastewater.
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INTRODUCTION
Pentachlorophenol (PCP) and its salts, most notably sodium
pentachlorophenate (PCP-Na), are widely used as biocides
for the protection of timber and textiles all over the world
(Muir & Eduljee ). PCP and its salts have attracted
great attention worldwide and have been listed as priority
pollutants by the US Environmental Protection Agency
owning to their toxicity, endocrine-disturbing effect, mutagenicity, carcinogenicity, and bioaccumulation (Keith &
Telliard ). Therefore it is of great importance to develop
efﬁcient technologies to remove PCP and its salts.
Adsorption to solid phases is a key process for the
environmental fate of potentially toxic and bioaccumulative
pollutants. Numerous adsorbents such as carbon black
(Domínguez-Vargas et al. ), pumice (Akbal ), zeolite
(Kuleyin ), and activated carbon (Diaz-Flores et al. )
were developed for removing chlorophenols. However, the
dispersion limitation and recovery difﬁculty of these adsorbents limit their practical applications. Therefore, in order to
obtain effective adsorption result and not to cause secondary
doi: 10.2166/wst.2013.557
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environmental contamination, the extended dispersity and
the facile separation of nano-adsorbents are very important.
Although the biomedical applications of magnetic nanoparticles have been extensively investigated (Bulte et al.
; Nam et al. ), few applications in the environmental ﬁeld have been reported. The facile separation of
magnetic nano-adsorbents provide efﬁcient and cost-effective
approaches for the removal of contaminants. Bare magnetite
nanoparticles are susceptible to air oxidation and are easily
aggregated in aqueous systems (Maity & Agrawal ). Chitosan is a natural polysaccharide with many useful features
such as hydrophilicity, biocompatibility, biodegradability,
antibacterial properties and a remarkable afﬁnity for many
biomacromolecules. Thus, chitosan-modiﬁed Fe3O4 nanoparticles will probably yield a novel magnetic adsorbent for the
efﬁcient removal of contaminants.
The aim of this work was the production of an new
adsorptive material (magnetite/chitosan, Fe3O4/CS), and
the feasibility of using this new adsorbent for PCP-Na

2705

Y. Liu et al.

|

Adsorption of PCP-Na with pompon-like magnetic nanoparticles

removal from water. The adsorption behavior of PCP-Na
onto Fe3O4/CS nanoparticles was evaluated with respect
to the adsorption isotherm, thermodynamics, kinetics and
effects of pH. In addition, the possible adsorption mechanisms of PCP-Na onto Fe3O4/CS is also described.

MATERIALS AND METHODS
Preparation and characterization of magnetic
nano-adsorbents
Fe3O4/CS nanoparticles were prepared by a solvothermal
method (Zhou et al. ). As a comparison, Fe3O4 nanoparticles without modiﬁcation of chitosan were prepared
in a similar way without the addition of chitosan. All
reagents used in the experiments, detailed synthesis procedure and characterization of the prepared nanoparticles
were described in the Supplementary data (available
online at http://www.iwaponline.com/wst/068/557.pdf).
Adsorption studies
A PCP-Na (1.0 g L1) solution was prepared by mixing PCP
with NaOH (0.3 g L1) and stored in a dark-brown glass
bottle to avoid any photochemical reactions. In a typical
adsorption experiment, a measured amount of the as-prepared Fe3O4/CS nanoparticles were added into 100 mL of
PCP-Na solution (50–200 mg L1). The pH of the PCP-Na
solution was adjusted to the desired values with HCl and
NaOH. The suspensions were stirred continuously in a thermostatic shaker at 250 rpm and at constant temperatures of
25, 35 or 45 C respectively. At equilibrium time or given
time intervals, the Fe3O4/CS nanoparticles with absorbed
PCP-Na were separated from the mixture with a magnet.
The concentration of PCP-Na in the aqueous solution was
analyzed with a UV-Visible spectrophotometer (Varian,
Cary 50 Conc, USA), and the absorbance of PCP-Na solution was measured at a wavelength of 320 nm.
W

RESULTS AND DISCUSSION
Characterization of magnetic nano-adsorbents
Figure S1a in the Supplementary data (available online at
http://www.iwaponline.com/wst/068/557.pdf) shows the
X-ray diffraction (XRD) patterns for the Fe3O4 and Fe3O4/
CS nanoparticles. Similar XRD patterns indexed to Fe3O4
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(JCPDS: 65–3107) were observed for both samples. It
revealed that the modiﬁcation with chitosan did not result
in the phase change of Fe3O4. Comparing with the Fe3O4,
the diffraction peaks of Fe3O4/CS were shorter and blunter,
indicating that particle sizes were smaller. The results
showed that the chitosan modiﬁcation could clearly hinder
the increase of the Fe3O4 crystallite size. Figure S1b (available online at http://www.iwaponline.com/wst/068/557.
pdf) presents the Fourier transform infrared (FTIR) spectra
of pure chitosan and Fe3O4/CS. The pure chitosan can be
characterized by the broad peak over the region of 3,200–
3,500 cm1 (O–H stretching and N–H stretching vibrations),
1,660 and 1,592 cm1 (amide I and amide II bands), and
1,150 cm1 (C–O–C stretching vibrations), which is consistent with previous reports (Lawrie et al. ). All these
characteristic bands can also be seen in the spectrum of
Fe3O4/CS. The band that appears at 608 cm1 can be
related to Fe–O vibration (Ge et al. ). These results indicate the presence of chitosan on the as-synthesized Fe3O4/
CS nanoparticles.
Figure 1 shows the transmission electron microscopy
(TEM) images of the as-prepared Fe3O4 and Fe3O4/CS nanoparticles. It is observed that the diameter of the spherical
Fe3O4 is 200–350 nm and the microspheres aggregate; see
Figure 1(a). The BET speciﬁc surface area was 6.35 m2/g. As
for the Fe3O4/CS nanoparticles, it was noteworthy that a
novel pompon-like structure was produced. The Fe3O4/CS
nanoparticles were well monodispersed with diameters of
100–200 nm, see Figure 1(b), and the speciﬁc surface area for
the Fe3O4/CS was 32.18 m2/g. The increased BET surface
area of the Fe3O4/CS compared to the Fe3O4 might be ascribed
to their greater dispersity, smaller particle size and increased
surface roughness. As shown in Figure 1, the Fe3O4/CS was
pompon-like in structure and the surface roughness of the
Fe3O4/CS was signiﬁcantly higher compared to the Fe3O4.
Therefore, the maximum adsorption result of PCP-Na by
using Fe3O4/CS nanoparticles as an adsorbent is reasonable,
and has been validated in the following experiments.
The superparamagnetic properties of the Fe3O4 and
Fe3O4/CS were veriﬁed with the magnetization curve
measured by a vibrating sample magnetometer (VSM). The
magnetization curve (Figure S2 in the Supplementary data,
available online at http://www.iwaponline.com/wst/068/
557.pdf) exhibited zero remanence and coercivity, and follows the Langevin function, which indicated that the
prepared Fe3O4 and Fe3O4/CS were superparamagnetic.
The respective saturation magnetizations of Fe3O4/CS and
Fe3O4 were 22.2 and 22.3 emu g1, suggesting that no
change of the saturation magnetization was observed after
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(M) Al-MCM-41 (M ¼ Naþ, Kþ, Cu2þ, Cr3þ) (Marouf-Khelifa
et al. ) showed that their equilibriums were attained
after 2 h. According to the literature (Akbal ; DiazFlores et al. ; Domínguez-Vargas et al. ; Kuleyin
), chlorophenol adsorption reached equilibrium after
more than 24 h. According to these results, it is clear that
the novel pompon-like Fe3O4/CS nanoparticles have great
potential to act as effective adsorbents.
As shown in Figure S3, the adsorbent (Fe3O4/CS) dose
signiﬁcantly inﬂuenced the adsorption of PCP-Na. The
PCP-Na removal was 70.0% for 0.15 g of Fe3O4/CS, and
it increased greatly to 91.5% for 0.28 g of Fe3O4/CS. However, a further increase in adsorbent amount showed no
positive effect on removal. Hence an optimum adsorbent
dose (2.8 g L1) was chosen in this work. A comparison
of PCP-Na removal using Fe3O4/CS and Fe3O4 as adsorbents in the same conditions is illustrated in the inset of
Figure S3. The maximum removal observed by using the
Fe3O4 adsorbent was 69.2%, and the time required to
achieve adsorption equilibrium was almost 2 h. The rapid
and obvious adsorption result demonstrated the feasibility
and superiority of Fe3O4/CS as an effective adsorbent for
removing PCP-Na from water.
Adsorption isotherms
The equilibrium isotherms for the adsorption of PCP-Na on
Fe3O4/CS at various temperatures (25, 35 and 45 C) were
obtained at pH 6.5 by varying the initial concentration of
PCP-Na from 50 to 200 mg L1 (Figure 2). The adsorption
data were analyzed according to the Langmuir isotherm as
follows (Wang et al. ):
W

Figure 1

|

TEM images of the prepared Fe3O4 (a) and Fe3O4/CS (b).

modiﬁcation with chitosan. Separation of Fe3O4/CS from its
aqueous dispersions can be easily carried out within 2 min
with a magnet. Therefore, the facile separation of Fe3O4/
CS makes its future application viable.
Adsorption equilibrium and effect of adsorbent dose
W

The adsorption experiment was studied at pH 6.5, 25 C, and
an initial PCP-Na concentration of 100 mg L1 (Figure S3 of
the Supplementary data, available online at http://www.
iwaponline.com/wst/068/557.pdf). It is worth noting that
the adsorption equilibrium was reached quite rapidly
(within 30 min). By contrast, the adsorption of PCP from
aqueous solutions by activated sludge biomass (Wang
et al. ), dolomitic sorbents (Marouf et al. ) and
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Ce
1
Ce
¼
þ
qe Kqm qm

(1)

where qe is the adsorption capacity (mg g1) based on the
dry weight of adsorbent, Ce is the equilibrium concentration
(mg L1) in solution, qm is the maximum adsorption
capacity (mg g1), and K is the Langmuir adsorption
equilibrium constant (L mg1). As illustrated in Figure 2(b),
plotting of Ce/qe against Ce at various temperatures yielded
straight lines, revealing that the adsorption of PCP-Na on
Fe3O4/CS obeyed the Langmuir adsorption. As shown in
Table S1 in the Supplementary data (available online at
http://www.iwaponline.com/wst/068/557.pdf), the value
of K decreased with the increase of temperatures, which
conﬁrmed the adsorption process was exothermic in
nature (Hu et al. ).
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kinetics model were used to test the adsorption kinetics
data. The pseudo-ﬁrst-order and pseudo-second-order
equations are given as Equations (2) and (3) respectively
(Ioannou et al. ):
log (qe  qt ) ¼ log qe 

k1
t
2:303

(2)

t
1
1
¼
þ t
qt k2 q2e qe

(3)

where qe and qt are the amount of PCP-Na adsorbed on the
adsorbent (mg g1) at equilibrium and at time t (min),
respectively, k1 and k2 are the adsorption rate constants of
pseudo-ﬁrst-order (min1) and pseudo-second-order (mg
g1 · min1) respectively.
Figure 3(b) shows the adsorption kinetics of PCP-Na on
Fe3O4/CS at 25, 35 and 45 C. And the pseudo-ﬁrst- and
pseudo-second-order constants and correlation coefﬁcients
(R 2) are shown in Table 2. According to the results in
Table 2, the pseudo-second-order adsorption model was
more suitable for describing the adsorption kinetics of
PCP-Na on Fe3O4/CS.
W

Effect of initial pH
Figure 2

|

W

Adsorption of PCP-Na on Fe3O4/CS at 25, 35 and 45 C (pH 6.5). (a) Adsorption
isotherm; (b) Langmuir linear ﬁtting.

The effect of initial pH on the adsorption of PCP-Na by
Fe3O4/CS was investigated at 25 C and an initial PCP-Na
concentration of 100 mg L1. Given the solubility limit at
lower pH values, the pH of the PCP-Na solution were
adjusted to the desired values of 6.5, 7, 8, 9, and 10. As
seen in Figure 3(c), PCP-Na adsorption on the Fe3O4/CS
was reduced by the increasing pH. According to the zetapotential analysis (Figure S4 in the Supplementary data,
available online at http://www.iwaponline.com/wst/068/
557.pdf), the Fe3O4/CS is negatively charged in the pH
range of 6.5–10, and more PCP anions are repelled from
the Fe3O4/CS surface by repulsive electrostatic interactions
when the pH is increased. As a result, PCP-Na removal
decreases with the increase in pH. However, the optimum
removal at pH 6.5 could not be well explained by the
Zeta-potential study. Therefore, several important implications can be drawn from the results of pH effects: (i) the
PCP-Na adsorption to Fe3O4/CS is strongly pH-dependent;
(ii) the PCP-Na adsorption process could not be explained
solely on the basis of electrostatic interactions (attraction
or repulsion); and thus (iii) there must be more than one
mechanism responsible for PCP-Na removal on Fe3O4/CS.
W

Adsorption thermodynamics
The adsorption thermodynamics was investigated at pH
6.5, 25–50 C, with an initial PCP-Na concentration of 100
mg L1, see Figure 3(a). As shown in Figure 3(a), the adsorption capacity of PCP-Na decreased with increasing
temperature. Plotting ln (qe/Ce) against 1/T is shown in
the inset of Figure 3(a) and the thermodynamic parameters
are listed in Table 1. The negative enthalpy change (ΔH ¼ 
20.81 kJ mol1) further conﬁrmed an exothermic adsorption
process as observed in the above adsorption isotherms. Furthermore, the negative values of entropy change (ΔS) and
Gibbs energy change (ΔG) indicated a spontaneous adsorption process driven by enthalpy change (Li et al. ).
W

Adsorption kinetics
In order to further investigate the adsorption process, the
pseudo-ﬁrst-order kinetics model and pseudo-second-order
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Thermodynamic parameters of adsorption at pH 6.5 and different temperatures

lnK
ln (qe/Ce)

ΔG (kJ mol1)
RT ln K

ΔH (kJ mol1)

ΔS (J mol1 · K1)
(ΔHΔG) /T

25

1.33

 3.30

 20.81

 58.76

30

1.03

 2.61

 60.07

35

0.97

 2.49

 59.48

45

0.75

 1.97

 59.25

50

0.64

 1.72

 59.10

W

|

|

W

Temperatures
( C)

Table 2

68.12

(a) Adsorption thermodynamics of PCP-Na on Fe3O4/CS (pH 6.5). (b) Adsorption kinetics of PCP-Na on Fe3O4/CS at 25, 35 and 45 C (pH 6.5). (c) Effect of pH on the adsorption of
PCP-Na by Fe3O4/CS at 25 C. (d) Adsorption and desorption isotherm of PCP-Na on Fe3O4/CS at pH 6.5 and 25 C.
W

Table 1

|

Adsorption mechanisms
X-ray photoelectron spectroscopy (XPS) analysis for
Fe3O4/CS before and after adsorption of PCP-Na at
pH 6.5, 25 C, and an initial PCP-Na concentration of
100 mg L1 were used to further elaborate the adsorption
of PCP on the Fe3O4/CS. The presence of the Cl (2p)
peak on the Fe3O4/CS after the adsorption experiment
suggested that PCP adheres to the surface of Fe3O4/CS
W

Comparison of ﬁrst- and second-order kinetic adsorption models
First-order kinetic model

Second-order kinetic model

Temperatures ( C)

qe.exp (mg g1)

k1 × 103 (min1)

qe.cal (mg g1)

R2

k2 × 103 (mg g1 min1)

qe.cal (mg g1)

R2

25

33.98

45.60

9.12

0.9533

23.86

34.25

>0.9999

35

32.65

23.49

9.78

0.8594

33.99

32.52

>0.9999

45

30.61

63.45

7.85

0.9129

37.60

30.84

>0.9999

W
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(Figure S5 in the Supplementary data, available online at
http://www.iwaponline.com/wst/068/557.pdf). The XPS
distribution of the iron and oxide in the samples after
adsorption are in good agreement with the values of the
samples before adsorption. It can be deduced that no chemical redox reaction occurred during the whole process. For
the Fe3O4/CS studied here, it may be expected that the
excellent adsorption characteristics were most likely due
to the large number of hydroxyl groups and primary
amino groups in chitosan. These groups could act as adsorption sites with high activity. However, given the above
results of the effects of pH, it was deduced that the mechanisms responsible for this adsorption process might be
complicated. Therefore, the mechanisms of this adsorption
system were elaborated as follow.
First, the removal of PCP-Na decreased as the
pH increased from 6.5 to 10, which could be attributed to
the electrostatic repulsion existing between the Fe3O4/CS
surface and the PCP in solution. PCP-Na was present
as PCP (C6H5Cl5–O) when the pH was above 6. On
the other hand, changes in pH can induce the
protonation or deprotonation of R–NH2 of chitosan relative
to its pKa values of 6.3–6.7 (Equations (4) and (5)) (Yan &
Bai ).
R-NH2 þ Hþ ↔ R-NHþ
3

(4)

þ 
R-NHþ
3 þ C6 H5 Cl5 O ↔ R-NH3 O C6 H5 Cl5

(5)

At lower pH conditions (pH ¼ 6.5), more amino groups
were protonated, and thus reaction of Equation (4) proceeded to the right. At higher pH values, OH ions may
be adsorbed to the surface of Fe3O4/CS through a hydrogen
bond, which contributes to the following reaction:
R-NH2 þ OH ! R-NH2    OH

(6)

The action of Equation (6) reduces the combination of
the amino group with the negatively charged PCP by
weak chemical action, see Equation (5). Given that the
intensity of the electrostatic repulsion varies with pH
values, it was assumed that the contribution of the electrostatic mechanism varies with pH.
In addition, the hydroxyl group present in the PCP
ring might combine through hydrogen bonds with the
hydroxyl group on the chitosan surface, which was controlled by the limited number of available vacant sites on
the chitosan surface (Lawrie et al. ). The magnitude
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of ΔH, related to the sorption energy, can indicate the
type of binding mechanism involved, i.e., physical and/or
chemical adsorption.
Energies of 4–8 kJ mol1 are required by Van der
Waals interactions compared to energies of 8–40 kJ
mol1, which correspond to hydrogen bonding
(DiVincenzo & Sparks ). The calculated ΔH value
(20.81 kJ mol1) of the present study was 8–40 kJ mol1,
which was indicative of the hydrogen bonding interactions
between the PCP-Na and the Fe3O4/CS surface. On this
consideration, the adsorption of PCP-Na was partly due
to hydrogen bonding.
Furthermore, it was reported that π-π interactions control the adsorption of phenol and chlorophenols on
granular activated carbons ( Jung et al. ; El-Sheikh
et al. ). The chloro group is an electron-withdrawing
group and therefore, the electron density in an aromatic
ring decreases as the number of chloro group increases.
As a result, PCP-showed the highest afﬁnity to the πelectrons in chitosan. It meant that PCP-Na may be
adsorbed on to the Fe3O4/CS surface through π-π interactions due to the dispersion forces between the π
electrons in the aromatic ring of the PCP and the π electrons in the aromatic rings of the chitosan in Fe3O4/CS. To
conﬁrm the mechanism of π-π interactions, desorption of
the PCP-Na adsorbed on Fe3O4/CS at pH 6.5 and 25 C
was conducted. The adsorbates adsorbed on to the
Fe3O4/CS were desorbed by placing the Fe3O4/CS
loaded with adsorbates in an aqueous solution without
PCP-Na. Under these conditions, the adsorbates were
transferred from the Fe3O4/CS to the solution until a
new equilibrium reached. The results of the adsorption–
desorption process are shown in Figure 3(d). It can be
noted that the experimental data of adsorption and
desorption processes were mostly on the same isotherm,
except the data obtained from the higher initial PCPNa concentration. Because of their weak attraction
forces, it was reported that the adsorption caused by π-π
interactions is reversible (Diaz-Flores et al. ).
In other words, if the adsorption process was caused
by the dispersion forces between the π electrons, the
new equilibrium reached in the desorption step would be
the same as that of the adsorption step. The desorption
experiment here demonstrated that the π-π interactions
played a role in the adsorption but the intensity of π-π interactions was weak at the higher initial PCP-Na
concentration.
Given the above results, therefore, the adsorption of
PCP-Na by Fe3O4/CS appears to be a complex process,
W
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and the adsorption mechanisms involve electrostatic
attraction, hydrogen bonding and π-π interactions.

CONCLUSION
Novel monodispersed pompon-like magnetic Fe3O4/CS
nanoparticles were successfully produced by a solvothermal
method. The prepared Fe3O4/CS was used as adsorbents to
remove PCP-Na from aqueous solutions. The adsorbents can
be well dispersed in the aqueous solution and be easily separated from the solution with a magnet after adsorption. The
adsorption equilibrium was achieved quite rapidly (within
30 min) and the maximum removal of PCP-Na (91.5%)
was obtained at 25 C and pH 6.5. The PCP-Na removal
was strongly pH-dependent. The negative values of ΔG and
ΔH showed that the adsorption was a spontaneous and
exothermic process. The adsorption follows the Langmuir
isotherm and the pseudo-second-order kinetics model. The
adsorption mechanism can be summarized as the combined
effects of electrostatic attraction, hydrogen bonding and π-π
interactions. It is expected that the Fe3O4/CS has great
potential for removal of contaminants from aqueous media.
W
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