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The chitosan/fly-ash-cenospheres/y-Fe,03; (CTS/y-Fe,03/FACs) magnetic composites were prepared by
microemulsion process. The resulting composites were charcterized by XRD, FT-IR, SEM, TGA, DTG and
VSM, and the results indicated that CTS/y-Fe,03/FACs exhibited magnetic property (Ms=6.553 emug')
and thermal stability, and composed of chitosan wrapping magnetic y-Fe,03; and fly-ash-cenospheres
(thickness of the cross-linked chitosan was about 5.2 wm). Then the CTS/y-Fe,03/FACs were employed
as adsorbents for the fast removal of bisphenol A (BPA) and 2,4,6-trichlorophenol (TCP) from aqueous
solutions. The adsorption performances of CTS/y-Fe,03/FACs were investigated by batch mode experi-
ments with respect to pH, temperature, initial concentration, contact time and binary solution system.
The Langmuir isotherm model was fitted to the equilibrium data better than the Freundlich model, and
the kinetic properties were well described by the pseudo-second-order equation. The effects of binary
solution systems also demonstrated that BPA adsorption onto CTS/y-Fe;03/FACs was more affected by
the simultaneous presence of competitive phenolic compound than that of TCP. In addition, the result-
ing composite reusability without obviously deterioration in performance was demonstrated by at least
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three repeated cycles.
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1. Introduction

In recent years, endocrine disrupting chemicals (EDCs) have
become one of the most relevant issues in the fields of environ-
mental science and technology due to their potential to cause
negative effects on the endocrine systems of humans and wildlife
[1,2]. Bisphenols (such as bisphenol-A and bisphenol-F) and
chlorophenols (such as 2,4,6-trichlorophenol, 2,4-dichlorophenol
and pentachlorophenol) are typical EDCs which are widely used
in industrial and agricultural activities [3]. Discharge of bisphenols
or chlorophenols contaminated wastewater into aquatic environ-
ment without adequate treatment can lead to negative effect on the
water quality, and pose adverse effects on the human health. There-
fore, the removal of bisphenols and chlorophenols from aquatic
environment is necessary and very important.

In regular monitoring, the adsorption technique that uses adsor-
bents is an efficient and economically feasible method for the
removal of toxic EDCs such as bisphenols or chlorophenols [4].
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Currently, activated carbon is the most commonly used adsor-
bent for the adsorption process in wastewater treatment because
it has vast surface area and affinity for many organic chemicals,
but it is expensive and necessitates regeneration [5,6]. Therefore,
searching for alternative low-cost adsorbents that have compara-
ble capacity to activated carbon is highly desired [7]. Recently, a
variety of low-cost adsorbents have received much more attention
for these purposes. For example, clay and clay composites [8-10],
soils and river sediments [11,12], fly-ash and surface altered fly-
ash [13,14] have been used as adsorbents for the adsorption of
bisphenols and chlorophenols from aqueous solutions. Fly-ash is
a by-product produced during the combustion of coal in the ther-
mal power plants [15]. In view of converting wastes generated in
some prime industries to suitable materials with practical utility,
great efforts are being made to explore novel applications for fly-
ash prior to disposal. Possessing of enriched SiO, and a portion of
unburned carbon, fly-ash could be a potential adsorption material
in water pollution treatment [15].

Moreover, in order to solve the difficulty in collecting adsor-
bents from their dispersing media, special attention has been
directed to the combination of iron oxide magnetic nanoparticles
and conventional adsorbents. Liu et al. prepared attapulgite/Fe;04
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magnetic adsorbent by co-precipitation technique in the aqueous
suspension of attapulgite pre-modified with FeCl3 [16]. Liu’s group
attached magnetic Fe304 on carbon nanotubes by a polyol-medium
solvothermal method using oleate as an interlinker molecule
[17]. Cao et al. presented a work that magnetic P zeolites were
hydrothermally synthesized by adding magnetic Fe304 particles
during the crystallization [18]. Therefore, when combining iron
oxide magnetic nanoparticles with conventional adsorbents, the
resultant magnetic composites could be the promising multifunc-
tional candidates for the adsorption and separation process.

Herein, we report an effective method to achieve magnetic
composites via chitosan (CTS) enwrapping nanosized y-Fe,03 and
fly-ash-cenospheres. And obtained magnetic composites (CTS/vy-
Fe,03/FACs) were analyzed and characterized by FT-IR, SEM,
TGA, VSM and XRD. Bisphenol-A (BPA) and 2,4,6-trichlorophenol
(TCP), as a typical bisphenol and chlorophenol, respectively, were
selected as model pollutants to examine the performance of
CTS/vy-Fe;03/FACs in single and binary solutions by batch mode
experiments.

2. Experimental
2.1. Materials

Fly-ash-cenospheres (FACs) were friendly supported by China
Power Yaomeng Power Co. Ltd. (Henan, China). Chitosan (CTS)
with 98% deacetylation and an average molecular weight
of 6x10*gmol-! was supplied by Yuhuan Biomedical Corp.
(Zejiang, China). Commercially available magnetic y-Fe;03 (30 nm
outer diameters; 99.5% purity), bisphenol-A (BPA) and 2,4,6-
trichlorophenol (TCP) were obtained from Aladdin reagent Co.,
Ltd. (Shanghai, China). Twenty-five percent (v/v) of glutaralde-
hyde used as the cross-linking agent was provided by Shanghai
Tianlian Fine Chemical Industry Co., Ltd. (Shanghai, China). Sorbi-
tan monooleate (Span-80) and paraffin liquid were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized
ultrapure water (DUW) was purified with a Purelab ultra (Organo,
Tokyo, Japan).

2.2. Instruments

Infrared spectra (4000-400 cm~') were recorded on a Nicolet
NEXUS-470 FTIR apparatus (USA). The identification of crystalline
phase was performed using a Rigaku D/max-yB X-ray diffractome-
ter (XRD) with monochromatized Cu Ko radiation over the 26
range of 20-80° at a scanning rate of 0.02° s~1. The morphology of
CTS/y-Fe;03/FACs was observed by a scanning electron microscopy
(SEM, S-4800). Magnetic measurements were carried out using a
VSM (7300, Lakeshore) under a magnetic field up to 10 kOe. TGA
and DSC of samples were performed for powder samples (about
10 mg) using a Diamond TG/DTA instruments (PerkinElmer, USA)
under a nitrogen atmosphere up to 800°C with a heating rate of
5.0°Cmin—".

2.3. Preparation of CTS/y-Fe203/FACs

The preparation process of CTS/y-Fe;03/FACs was followed the
literature [19] with more modifications. Briefly, 1.0 g of chitosan
was dissolved in 50 mL of 0.1 mol L-! HAc aqueous solution under a
vigorous stirring for 0.5 h at room temperature. Subsequently, 0.3 g
of magnetic nanosized y-Fe;03 and 0.8 g of fly-ash-cenospheres
were added into the colloidal mixture and the reaction system was
continued to be stirred for 1.5 h. Then 100 mL of paraffin oil con-
taining 5% of Span-80 were slowly added into the prepared mixture
under stirring. After 30 min of emulsification, 5.0 mL of 25% (v/v)
glutaraldehyde was added dropwise into the mixture. Then the

cross-linking reaction was continued for 90 min in a water bath
at 40°C under a nitrogen atmosphere. Next step, the pH of the
mixed system was adjusted to 9.0-10 by using 1.0 mol L~ NH3-H,0
and kept in a water bath for a further 1.0h at 70°C. Finally, the
resulting brown precipitate was collected by Nd-Fe-B permanent
magnet. After washed several times by n-hexane, methanol and
DUW, CTS/vy-Fe,03/FACs composites were dried at 60°C under
atmospheric condition.

In comparison, chitosan enwrapping nanosized y-Fe,O3 com-
posites (CTS/y-Fe;03) were also prepared as a blank in parallel but
without the addition of fly-ash-cenospheres.

2.4. Single adsorption studies

The experimental parameters such as pH, temperature, initial
concentration, contact time on the removal of TCP and BPA were
studied in a batch mode of operations. For this purpose, the adsorp-
tion tests were performed by using polycarbonate cylindrical cells
with a lid, a definite amount of adsorbent and a fixed volume of
the aqueous dye solution. After the desired time, CTS/y-Fe;03/FACs
composites were isolated by an external magnetic field, and the
concentrations of BPA and TCP in the solvent phase were deter-
mined with UV-vis spectrophotometer. The maximum absorbance
values were set at 276 nm for BPA and 292 nm for TCP, respectively.
Moreover, the equilibrium adsorption capacity (Qe, mgg~1!) was
calculated.

2.5. Binary adsorption studies

The first step was to examine the adsorption of BPA at equilib-
rium (concentration of BPA ranging from 80 to 300mgL-1) in the
presence of TCP (50mg L1 or 80 mgL~1). For the next step, a series
of binary solutions where the concentration of BPA was fixed at
50mgL-! or 80mgL-1, and concentration of TCP was varied from
100 to 300 mgL-!. These binary solutions were also agitated at
300 rpm for 3.0 h. Equilibrium concentrations of BPA and TCP in the
various binary solutions were determined by UV-vis spectropho-
tometer through the multi-component determination option. In
this experiment, the adsorption temperature was at 298 K, and the
solution pH was 7.0 for the first step and 5.0 for the second step,
respectively.

2.6. Desorption and reuse studies

Desorption study was conducted using methanol/acetic acid
(95:5, v/v) solution as desorption eluent. Adsorption was first
conducted using the optimal procedure in Section 2.4. Then the
CTS/vy-Fe;03/FACs with adsorbed TCP or BPA were separated
rapidly from the solutions by Nd-Fe-B permanent magnet. Sub-
sequently, the supernatant solutions were discarded and the
CTS/vy-Fe;03/FACs composites were washed with 2x 2.0mL of
acetonitrile. Finally, the TCP or BPA were desorbed from the CTS/v-
Fe,03/FACs with 2x 2.5 mL of methanol solution containing 5.0%
acetic under the action of ultrasound. To investigate the regenera-
tion of the adsorbent, the CTS/y-Fe,03/FACs after desorption was
reused in adsorption experiments and the process was repeated for
three times.

3. Results and discussion
3.1. Characterization of CTS/y-Fe203/FACs

The FT-IR spectra of the CTS (a), y-Fe,03 (b), FACs (c) and
CTS/vy-Fe;03/FACs (d) were measured and shown in Fig. 1, respec-

tively. The main functional groups of the predicted structure can
be observed with corresponding infrared absorption peaks. From
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Fig. 1. FT-IR spectrum of the CTS (a), y-Fe,03 (b), FACs (c) and CTS/y-Fe,03/FACs
(d).

the CTS spectrum, the absorption peaks at 1594 and 1092 cm™!
were attributed to the bending vibrations of N-H and skeletal vibra-
tion of C-0. And the strong and wide peak around 3424 cm~! was
assigned to the stretching vibrations of N-H and O-H in CTS. But this
characteristic absorption peak shifted to 3403 cm~! and obviously
became narrow for CTS/y-Fe;03/FACs. Moreover, the characteris-
tic feature of 8sN-H at 1594 cm~! decreased in the spectrum of
CTS/y-Fe,03/FACs and a new sharp peak at 1661 cm~! appeared,
indicating that the cross-linking reaction took place on the -NH,
from CTS to form Schiff base [19]. The peaks around 630cm™!
and 569cm~!, which were existed in the FT-IR spectrum of -
Fe,03 and CTS/vy-Fe;03/FACs, indicated the presence of Fe—O group.
This result confirmed that the introduction of y-Fe,03 into the
cross-linked CTS has been occurred [20]. The absorption peak at
1110cm~! of FACs corresponded to the Si-O-Si bond, which was
also obtained by CTS/y-Fe,03/FACs.

Fig. 2 shows the X-ray diffraction (XRD) patterns of y-Fe; 03 (a)
and CTS/vy-Fe,03/FACs (b). In the 26 range of 25-75°, six character-
istic peaks corresponded to maghemite (26 =30.13°, 35.64°,43.13°,
53.48°, 57.11° and 62.71°) were observed in the y-Fe,03, and the
peak positions could be indexed to (220), (311), (400), (422),
(511)and (440)(JCPDS card (39-1346) for Fe,03) [20]. Moreover,
the corresponding peaks were well present in the pattern of CTS/y-
Fe,03/FACs, but were shifted to lower wavenumbers than those of
v-Fe;03. The results suggested that -y-Fe,03 was introduced into
cross-linked CTS/FACs with no change for its crystal structure.

The morphology of FACs (a), CTS/y-Fe,03/FACs (b) and cross
section of CTS/y-Fe,03/FACs (c) were observed by SEM. As can be
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Fig. 2. X-ray diffraction (XRD) patterns of y-Fe, 03 (a) and CTS/y-Fe,03/FACs (b).

observed in Fig. 3a, the FACs is rough-faced and spherical mor-
phology. The sphere has a diameter near 123 pm. In Fig. 2b, the
SEM micrograph of CTS/vy-Fe, 03 /FACs presented relatively smooth
surface and the diameter was near 140 pm, indicating that the
CTS/y-Fe,03/FACs composites were coated with cross-linked CTS.
Moreover, many pores were existed on the surface, which may
be benefit for BPA and TCP to be trapped and adsorbed within a
short time. According to the cross section of composite adsorbent
(Fig. 3b), the average thickness of the wall for FACs was 2.7 pum,
and the thickness of the cross-linked CTS for CTS/y-Fe,03/FACs was
about 5.5 wm. This result was in agreement with the size of FACs
and CTS/y-Fe;03/FACs.

Fig. 4a shows the magnetic hysteresis loop of CTS/vy-Fe; 03 [FACs,
and the general shape and trend of the curve indicated that CTS/y-
Fe,03/FACs was super paramagnetic [21]. It was obvious that the
saturation magnetization (Ms) values obtained at room tempera-
ture were 6.553 emu g~! for CTS/y-Fe,03/FACs, implying a relative
strong magnetic response to the external magnetic field. Moreover,
the results from Fig. 4b strongly suggested that the remained mag-
netic force in CTS/y-Fe;03/FACs could be attracted by an external
magnetic field effectively. The results also illustrated that CTS/y-
Fe,03/FACs was a feasible magnetic separation carrier.

Fig. 5 shows the TGA and DTG curves of the FACs, y-Fe;03 and
CTS/y-Fe;03/FACs. As shown in Fig. 5, the FACs cannot be easily
decomposed even at high temperature (800 °C), indicating the ther-
mal stability. For y-Fe, 03, it showed little weight loss (3.36%) which
can be ascribed to the evaporation of water molecules. Moreover,
a wide exothermic peak ranged from 465 °C to 650 °C was shown
in DTG curve of y-Fe,03 while no corresponding changes in TGA

Fig. 3. Micrographs from a scanning electron microscopy of FACs (a), CTS/y-Fe;03/FACs (b) and cross section of CTS/y-Fe;03/FACs (c).
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Fig. 4. Magnetization curve of CTS/y-Fe,03/FACs (a), photographs of CTS/y-
Fe,03/FACs suspended in water in the absence (b) and in the presence (c) of an
externally placed magnet.

curve. Some authors attributed this observation to the phase transi-
tion from <y-Fe,03 to a-Fe,03 [22,23]. For CTS/y-Fe,03/FACs, total
weight loss was 45.08% from 25°C to 800°C. Compared with y-
Fe, 03, the characteristic peak of the phase transition from y-Fe,03
to a-Fe; 03 disappeared in the DTG curve of CTS/y-Fe,03/FACs due
to their rigid structure [19]. Thus, the remaining mass for CTS/y-
Fe,03/FACs was attributed to the thermal resistance of FACs and
v-Fe, 03 particles.

3.2. Effect of pH on adsorption of BPA and TCP

In previous studies, the fact that neutral molecules of phe-
nolic compound are benefit for the adsorption process has also
been reported [24-26]. Then, the effect of pH on the adsorption of
BPA and TCP and the effect of initial pH on final pH were shown
in Fig. 6, respectively. From Fig. 6, adsorption of neutral BPA at
pH 7.0 (at pH 5.0 for TCP) onto CTS/y-Fe,03/FACs did not cause
any change in pH. And it was expected that adsorption capac-
ity of BPA attained maximum value of 8.549mgg-! at pH 7.0
(25.91 mgg-1 at pH 5.0 for TCP). Thus, pH 7.0 for BPA and 5.0 for
TCP were selected for the following studies. At a higher pH, the
repulsion of the negatively charged BPA or TCP species and the
dissociation of functional groups of adsorbents may decrease the
interaction of adsorption system. Accordingly, at a lower pH, the
functional groups of CTS/vy-Fe,03/FACs and molecules of phenolic
compound positively charged, electrostatic repulsion was also not
benefit for the adsorption system. The results strongly suggested
that BPA and TCP were trapped by CTS/vy-Fe;03/FACs through
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Fig. 5. TGA and DTG curves of the FACs, y-Fe,03 and CTS/y-Fe,03/FACs.
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Fig. 6. (a) Effect of pH on adsorptive removal of BPA and TCP and (b) effect of initial
pH on equilibrium pH.

the hydrophobic interaction and the hydrogen-bonding interaction
simultaneously.

3.3. Effects of contact time at different initial concentrations and
temperatures

A study of the effect of contact time on the adsorption of
BPA (a) and TCP (b) onto CTS/y-Fe,03/FACs at different initial
concentrations and temperatures are shown in Fig. 7. Moreover,
in order to show the validity of the composite adsorbent, three
types of adsorbents (y-Fe;03, FACs and CTS/y-Fe;03) were also
selected for the adsorption of BPA (Fig. 7a) and TCP (Fig. 7b).
It was observed that with the increase of temperature and ini-
tial concentration, the adsorption rate and adsorption capacity
increased obviously. It was possible that the initial concentration
of phenolic compound molecules (BPA or TCP) provided the nec-
essary driving force to overcome the resistances of mass transfer
between the aqueous phases and the solid phase [26]. Further-
more, higher temperature may provide more chances for phenolic
compound molecules to pass the external boundary layer, and pro-
duced the enlargement of pore volume and surface area enabling
phenolic compound molecules to penetrate further [27]. Compared
with CTS/y-Fe; 03 /FACs, y-Fe,;03, FACs and CTS/y-Fe,03 possessed
lower adsorption capacity and slower adsorption rate. However,
when the FACs were introduced into CTS/vy-Fe; 03, the equilibrium
adsorption capacity (Qe) for both BPA and TCP was increased obvi-
ously. The similar result has been observed by Zhu’s group [19], and
it was believed that more available sites, larger surface area and
smaller pore diameter have been provided by the introduction of
microparticles (such as FACs) into the cross-linked chitosan [20]. In
addition, the adsorption capacity for BPA and TCP both followed the
order: CTS/vy-Fe;03/FACs > CTS/y-Fe,03 > FACs >y-Fe; 03, suggest-
ing the cross-linked CTS and FACs played vital role in the increase
of adsorption capacity. The essential function of y-Fe, 03 could be
only the magnetic source.

3.4. Adsorption kinetics

The pseudo-first-order equation [28], pseudo-second-order
equation [29] and intraparticle diffusion model [30], which can be
expressed by Egs. (1)-(3), respectively, were used to describe the
rate of solute uptake at the solid-solution interface.

Qr = Qe — Qee™™f (1)
_ szEzf

Q= 1+ kyQet (2)

Qe =Kkt®> +C (3)
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Fig. 7. Effects of contact time at different initial concentrations and temperatures on adsorptive removal of BPA (a) and TCP (b).

where Q. and Q; are the amount of adsorbate (mgg~') onto adsor-
bent at the equilibrium and time t (min), respectively. Values of
ki (Lmin~1) and k; (gmg~! min~1) are calculated from the plot of
In(Qe — Qr) versus t and t/q; versus t, respectively. k; is the intra-
particle diffusion rate constant (mgg~! min—%2), C(mgg~') is the
intercept of intraparticle diffusion model.

The adsorption rate constants and regression values from
two rate equations are summarized in Table 1. The non-linear
regression plots of pseudo-first-order kinetic model, pseudo-
second-order kinetic model and intraparticle diffusion model are
shown in Fig. 8. The applicability of the kinetic models to the
adsorption behaviours was studied by judging the correlation coef-
ficient (R?) as well as the experimental and calculated data of
equilibrium adsorption capacity (Qe).

The adsorption of BPA followed pseudo-second-order kinetics
because of the favourable fit between experimental and calcu-
lated values of Q. (R? values above 0.9850 at different conditions).
From Fig. 8a, pseudo-second order kinetic lines of BPA devi-
ated substantially from the experimental points around the first
20 min. The observed deviation from experimental data could be
attributed to the sharp fall in concentration gradient after the
initial rapid adsorption of BPA molecules onto the large amount
of vacant binding sites and not concentration dependent [20,31].
Within this time period, it was believed that there was a switch
between mass transfer diffusion control and pore diffusion con-
trol, and a change in adsorption mechanism may have occurred
after the first 20 min for BPA adsorption [32,33]. For TCP adsorp-
tion onto CTS/y-Fe, 03 /FACs, the calculated equilibrium adsorption
capacity (Qec) agreed better with the experimental value (Qe exp)
for pseudo-first-order kinetic model (Table 1). However, the val-
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ues of R? of pseudo-first-order kinetic model were lower than
those of pseudo-second-order kinetic model, indicating that the
pseudo-second-order kinetic model was more valid to clarify the
behaviours of TCP adsorption. From Fig. 8b, non-linear forms of
pseudo-second-order kinetic model studied at different condi-
tions also showed the better fit than pseudo-first-order kinetic
model, indicating the adsorption of TCP was due to chemisorp-
tion. From Fig. 8a, the results also suggested that pseudo-first-order
kinetic model would be applicable only over the initial stage of
the adsorption process. The regression analysis of intraparticle dif-
fusion model showed that the correlation coefficient values (R?)
for BPA and TCP were lower than 0.96, indicating that more than
one process affected the BPA and TCP adsorption onto CTS/y-
F6203/FACS.

In order to gain more information about the mechanism and
rate-controlling steps affecting the kinetics of adsorption, pore
diffusion and film diffusion were also used to investigate the
adsorption process. And the pore diffusion and film diffusion equa-
tions [34] can be expressed by Egs. (4) and (5), respectively.

Q . (Di\* s
o =6 (ﬁ) {05 4 C (4)
_ _ Y
Bt = —0.4997 — In (1 Qe) (5a)
D
B=m?—2 (5b)

a (pm) is the average radius of the CTS/y-Fe,03/FACs particle. Dq
and D, are the film diffusion coefficient (um?2 S~1) and pore diffu-
sion coefficient (wm? —1), respectively.
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Fig. 8. Kinetic models of the effects of initial concentrations and temperatures for adsorption of BPA (a) and TCP (b) onto CTS/y-Fe,03/FACs.



Table 1

Kinetic constants for the pseudo-first-order model, pseudo-second-order model and intra-particle diffusion model.

Intra-particle diffusion model

Pseudo-second-order kinetic model

Qec (mgg1)

6.998
17.61
9.259
32.26
60.98
52.91

Pseudo-first-order kinetic model

Qec (mgg™)

2.245
10.44
3.981

Qeexp (Mgg™1)

Co (mgL~1)

T(K)

Adsorbates

R2

C(mgg1)
4398
4.966
4836

ki (mgg~! min=93%)

0.2110
0.9206
0.3676
2.035

R2

ky (x102gmg~' min~')

2.818

R2

ki (Lmin~1)

0.0236
0.0174
0.0305
0.0155
0.0166
0.0285

0.8066
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Fig. 9. Plots of Q;/Qe versus t%° for adsorption of BPA and TCP onto CTS/y-
FEzO}/FACS.

The plots of Q;/Qe versus % for adsorption of BPA and TCP onto
CTS/y-Fe;03/FACs were shown in Fig. 9. It was observed that there
were three sections in the curves represented by straight lines. The
slopes of three sections followed the order the initial section > the
second section > the last section, indicating the BPA and TCP were
transported to macro-, meso- and then slowly diffused into microp-
ores [33,35]. According to the values of intercept for pore diffusion,
the plots of Bt versus t for BPA and TCP (figure not shown) did
not pass through the origin (but intersected the y-axis between
—0.0497 and 0.7250 for BPA, —0.3119 and —0.2606 for TCP) indi-
cating that external mass transfer was the rate-limiting process at
the beginning of the adsorption process [33].

All the values of k;, D1 and D at different initial concentrations
and temperatures are shown in Table 2. The data in Table 2 showed
that the film and intraparticle diffusion increased with increasing
initial phenolic compound concentration and solution tempera-
ture while the pore diffusion decreased. Moreover, the results also
showed that the pore diffusion was faster than the film diffusion,
indicating the diffusion process was controlled by film diffusion.

3.5. Adsorption isotherm

Adsorption isotherms are basically important to describe the
non-linear and dynamic equilibrium between the adsorbed solute
on the adsorbent and solute in the solution at a constant tempera-
ture, and the analysis of isotherm data is critical in optimizing the
use of adsorbents [36]. Then the equilibrium data in single solu-
tion system were fitted to the Langmuir [26] and Freundlich [37]
isotherm models. The applicability of the isotherm models to the
adsorption behaviours was studied by judging the correlation coef-
ficient (R?) and a normalized standard deviation AQ(%). AQ(%) is
calculated using

2
AQ(%) = ]00\/2[(%XPN_Q§.31)/QEXP] ©)

where Qexp and Q, are experimental and calculated amount of
adsorbate adsorbed onto adsorbent, respectively, and N is the num-
ber of measurements made.

The nonlinear form of the Langmuir and Freundlich isotherm
models was expressed by the following equations, respectively:

KiQmCe

Q= 1+K.Ce

(7)

Qe = KeCY/" 8)
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Table 2
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Intraparticle rate parameters and diffusion coefficients at different initial concentrations and temperatures.

Adsorbates T (K) Co (mgL-1) Film diffusion Pore diffusion
Dq (pm?S-1) Intercept R? Dy (pm?S-1) Intercept R?
298 100 2.96 x 103 0.6284 0.8066 5.77 x 1072 0.7250 0.9401
BPA 298 150 1.00 x 102 0.2500 0.9366 4.83 x 1072 —0.0497 0.9818
308 100 5.12x 1073 0.5224 0.7779 5.50 x 102 0.5681 0.8558
298 100 1.09 x 102 0.0612 0.9491 3.62x 1072 —0.2606 0.9624
TCP 298 150 1.26 x 1072 0.0106 0.9720 3.05 x 1072 -0.3119 0.9887
308 100 1.24x 1072 0.0049 0.9424 2.90 x 102 —0.3066 0.9442
Table 3
Adsorption isotherm constants for BPA and TCP.
Adsorption isotherm models Constants BPA TCP
298K 308K 318K 298K 308K 318K
Langmuir equation R? 0.9959 0.9954 0.9963 0.9854 0.9881 0.9834
Qmc (mgg™) 77.99 90.09 103.1 106.4 153.8 172.4
K. (Lmg1) 0.0021 0.0023 0.0022 0.0066 0.0067 0.0087
AQ (%) 4.03 3.78 4.26 3.12 247 3.55
Freundlich equation R? 0.9953 0.9951 0.9949 0.9771 0.9803 0.9760
Kr (mgg1) 0.2384 0.3130 0.3455 1.331 1.826 2.607
1/n 0.8506 0.8459 0.8519 0.7305 0.7462 0.7284
AQ (%) 4.77 3.19 5.42 2.85 4.35 4.38
where Ce is the equilibrium concentration of adsorbate (mgL~1), centrations is also listed in Table 4. The values of

Qn is the maximum adsorption capacity of the adsorbent, K; is the
affinity constant. Where K¢ (mgg~1) and n are both the adsorption
equilibrium constants.

The adsorption isotherm constants at three temperatures are
listed in Table 3. From Table 3, it was also observed that the values
of 1/n were all less than 1.0 for all temperatures, indicating that the
BPA and TCP adsorption onto the CTS/vy-Fe,03/FACs was favourable
[38]. Moreover, comparison of Langmuir and Freundlich isotherm
models for BPA and TCP adsorption onto CTS/vy-Fe,03/FACs using
non-linear regression were also illustrated in Figure SI (Support-
ing Information). By fitting the experimental data with Langmuir
and Freundlich isotherm equations, it was also found that Langmuir
isotherm model fitted the equilibrium data significantly better than
the Freundlich model, indicating monolayer molecular adsorption
for BPA and TCP.

3.6. Competitive adsorption in binary solution systems

To study the adsorption interaction between BPA
and TCP, the effect of competitive adsorption of BPA
and TCP onto CTS/y-Fe,03/FACs at different initial con-

16
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both BPA (0.5159 and 0.4316 when the addition of 50 and
80mgL-! of TCP, respectively) and TCP (0.7243 and 0.6304 when
the addition of 50 and 80 mgL~! of BPA, respectively) were found
to be less than 1.0, suggesting that simultaneous presence of both
phenolic compound molecules reduced the adsorption through
competition for binding sites on the CTS/y-Fe,03/FACs [39]. More-
over, the values of QP/Q¢ for TCP were higher than those of BPA,
indicating that BPA adsorption onto CTS/y-Fe,03/FACs was more
affected by the simultaneous presence of competitive phenolic
compound molecules than that of TCP [40]. The total adsorption
capacity in binary solution systems was shown in Figure SI. The
total adsorption capacity reduced with the increase of competi-
tive TCP while slightly increased in the presence of competitive
BPA. The results confirmed that the preferential adsorption by
CTS/y-Fe;03/FACs was given to the TCP.

Moreover, at the higher concentration of competitive pheno-
lic compound, the values of QP/Q¢ also lead to a slight decrease,
implying that the behaviours of competitive adsorption were
enhanced at higher concentration of competitive phenolic com-
pound.
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Fig. 10. Isotherm plots of experimental data and three isotherm models for (a) BPA in the presence of TCP and (b) TCP in the presence of BPA onto CTS/y-Fe,03/FACs.
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Then the isotherm data of the binary solution systems were
analyzed using the Langmuir, Freundlich and extended Langmuir
models, and the plots of experimental data and three isotherm
models for (a) BPAin the presence of TCP and (b) TCP in the presence
of BPA onto CTS/y-Fe,03/FACs are shown in Fig. 10.

The extended Langmuir model can be expressed as [41]:

_ Qm,1KL,1Ce 1
14+ Ky 1Ce1 + K1 2Ce 2

Qm,2K12Ce 2
1+ KL’1 Ceq] + K]_,2Ce72

Qe,1 (9a)

Qe2= (9b)

42.80

where K 1, K13, Qm1 and Qp» are the Langmuir isotherm model
parameters obtained suitably from Eq. (7) in the single solute sys-
tem.

According to the trend in Fig. 10, the adsorption of BPA and TCP
from binary molecule solutions was best described by the Lang-
muir isotherm model, indicating the adsorbate molecules were
adsorbed at well-defined sites and there were no interactions
between molecules adsorbed on adjacent sites [40]. Moreover, the
fitting curves for different concentrations of competitive phenolic
compounds were nearly parallel. The similar phenomena has been
observed by Sismanoglu’s group, the fact that the energy of adsorp-
tion between the specific adsorbing species and the surface sites is
constant and equal for each site has also been reported [42].

49.17

3.7. Desorption and reuse

To test the regeneration of the CTS/y-Fe;O3;/FACs, adsorp-
tion/desorption cycles were conducted with TCP and BPA. The
adsorption capacities of the CTS/y-Fe,03/FACs for the TCP and
BPA in the adsorption/desorption cycles are shown in Figure SI.
It was observed that at the first adsorption step, the adsorption
capacities for the BPA and TCP reached the values of 6.83 and
26.59mgg~!, respectively. After the desorption step, the adsorbed
BPA and TCP were removed about 84.9% and 89.8%, respectively, by
methanol/acetic acid (95:5, v/v) solution. The most likely explana-
tion was that strong competitive adsorption of methanol molecules
onto CTS/vy-Fe,03/FACs surface. In additional, the second and the
third adsorption step showed the similar dynamical shape of the
first adsorption step, suggesting good retention of the activity of
the CTS/y-Fe;03/FACs. It can also be seen that the total adsorption
capacities of both TCP and BPA slightly decreased with increasing
the using times. This could be ascribed to the fact that the regener-
ation process might result in the decrease of binding sites [43].

4. Conclusions

In the present investigation, CTS/y-Fe;03/FACs magnetic com-
posites were successfully prepared and evaluated as an adsorbent
for the adsorption of BPA and TCP in single and binary solu-
tion systems. The prepared CTS/vy-Fe, 03 /FACs exhibited excellently
spherical morphology, thermal stability and saturation magne-
tization. After capture and adsorption of BPA and TCP from
aqueous solutions, CTS/y-Fe;03/FACs could be easily separated
from the suspension by an external magnetic field. The Lang-
muir isotherm model was fitted to the equilibrium data better
than the Feundlich model, and the monolayer adsorption capac-
ities for BPA and TCP were 31.92mgg~! and 69.89 mg g~ at 298K,
respectively. The kinetic properties of CTS/y-Fe,03/FACs were well
described by the pseudo-second-order equation. Intraparticle dif-
fusion (k;) and film diffusion (D) increased with the increasing
initial concentration and solution temperature while the pore dif-
fusion (D) decreased. In binary systems, BPA adsorption onto
CTS/y-Fe;03/FACs was more affected by the simultaneous pres-
ence of competitive phenolic compound molecules than that of
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TCP. Furthermore, CTS/y-Fe,03/FACs magnetic composites could
be regenerated and reused to adsorption of BPA and TCP again.
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