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ABSTRACT

Magnetic TiO, nanocomposites with good monodispersity were successfully synthesized via
a mild sol-gel method, which were used for removal of salicylic acid (SA) residues from
aqueous solution. These as-prepared nanocomposites were extensively characterized by
transmission electron microscopy, scanning electron microscope, N, adsorption-desorption
isotherm with the Brunauer-Emmett-Teller method, Fourier-transformed infrared spectra,
X-ray diffraction, and vibrating sample magnetometer. These results indicated that magnetic
TiO, nanocomposites possessed the core-shell structure of good dispersibility, excellent
chemical stability, and magnetic property (Ms=22.11 emu/g). According to the results of
series experiments, magnetic TiO, nanocomposites showed fast kinetics and satisfied
adsorption capacity for adsorption of SA. Under the optimum experimental condition, the
adsorption process followed pseudo-second-order reaction kinetics and Langmuir adsorption
isotherm. Moreover, the thermodynamic parameters calculated from the adsorption data
suggested that the adsorption of SA was a spontaneous and endothermic nature of the
process. In addition, magnetic TiO, nanocomposites were proved to exhibit high catalytic
efficiency for photodegradation of SA under visible light irradiation, and the intermediate
products of photodegradation were inferred from the mass spectrometry.

Keywords: Adsorption; Isotherms; Kinetics; Magnetic TiO, nanocomposites; Photodegradation;
Removal; Salicylic acid residues

1. Introduction

Salicylic acid (SA), known as o-hydroxy benzoic
acid, is widely used as preservative, additive, and
indicator and also a raw material for the synthesis
of acetylsalicylic acid and its derivates [1-6].
Consequently, SA is frequently present in wastewaters
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originated in pharmaceutical, cosmetic and chemical
industries [2-5]. The presence of SA in wastewater
may cause the side effects on ecosystems and human
health [5,6]. Therefore, the removal of SA from aquatic
environment is an important topic in the field of
environmental science and technology.

Currently, photocatalytic technology, as one green
technology which uses the light energy to degrade
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pollutant, has attracted the attention of many
researchers. Up to now, amongst various photocata-
lysts used for treatment, TiO, has shown excellent
potential, with less preparation costs, long-term stabil-
ity, and strong oxidizing power for the removal of
unwanted organic pollutants [7-12].

However, the photocatalytic reaction needs the tar-
get pollutant to reach the surface of photocatalyst,
hence adsorption plays a key role for the photocata-
lytic process. In other words, good adsorption pro-
motes the target pollutants to come into contact with
more photocatalytic active sites, leading to the better
removal efficiency [13-15]. Traditionally, the high cost
of nanocomposites has caused serious economical
problems.

Consequently, interest has focused on the magnetic
nanomaterials. Magnetic nanomaterials can make the
separation process simple and fast, because it can be
easily collected by a magnet without additional centri-
fugation or filtration, and maintains a very high recy-
cling rate [16,17]. As one of the most widely used
magnetic particles, iron oxide can be easily prepared.
However, the low surface energy and easy aggrega-
tion of iron oxide nanospheres hinder their applica-
tions, and if TiO, is directly coated on the iron oxide
nano-spheres, this will lead to the dissolution effect of
light and reduce the efficiency of photocatalytic
reaction. Therefore, in order to overcome the above-
mentioned drawbacks, the inert layer of SiO, between
TiO, and the magnetic core was introduced, and this
SiO; layer effectively solved this problem [18-20].

In the present work, the magnetic TiO, nanocom-
posites were prepared via a mild sol-gel method
based on iron oxide as the magnetic core and SiO, as
the inert layer. Furthermore, SA was chosen as the tar-
get pollutant. This research mainly focused on the
design of magnetic TiO, nanocomposites and the
behavior evaluation of removal of SA residues
solution. The adsorption performance (containing
adsorption parameters, equilibrium, kinetics, and
thermodynamics) of magnetic TiO, nanocomposites
towards SA was investigated. Moreover, the photocat-
alytic reaction (containing degradation rate (Dr), min-
eralization rate (Mr), and the intermediate products of
photodegradation) of magnetic TiO, nanocomposites
was also studied.

2. Experimental section
2.1. Chemicals and reagents

SA and tetraethyl orthosilicate (TEOS) (AR) were
both obtained from Aladdin Reagent Co., Ltd.
FeCl;-6H,0O (AR), ethanol (AR), ethylene glycol (AR),

6599

sodium acetate (NaAc, AR), concentrated ammonia,
and concentrated hydrochloric acid (37.8%) were all
purchased from National Chemical Reagent Co., Ltd.
Tetrabutyl titanate (CR) and polyethylene glycol 4,000
(PEG 4000) were from Sinopharm Chemical Reagent
Co., Ltd. Deionized ultrapure water used in all experi-
ments was purified with a Purelab Ultra (Organo,
Tokyo, Japan).

2.2. Structural analysis

The morphology of magnetic TiO, nanocomposites
was observed by a transmission electron microscope
(TEM, JEOL, JEM-200CX) and a scanning electron
microscopy (SEM, S-4800). The specific surface area
was measured by using a NOVA 2000e analytical sys-
tem (Quantachrome Co., USA). Fourier-transformed
infrared (FT-IR) spectra were recorded on a Nicolet
Nexus 470 FT-IR (Thermo Nicolet Co., USA) with
2.0cm ' resolution in the range 400-4,000cm ™', using
KBr pellets. X-ray diffraction (XRD) analysis was used
to characterize the crystal structure. XRD patterns
were obtained with a D8 ADVANCE X-ray diffrac-
tometer (Bruker AXS Co., Germany). Magnetic mea-
surement was carried out using a vibrating sample
magnetometer VSM (7,300, Lakeshore) under a mag-
netic field up to 10 kOe. In this work, the degradation
mechanism of tetracycline aqueous solution was
detected by the Thermo LXQ mass spectrometry.

2.3. Preparation of magnetic TiO, nanocomposites

As the scheme of the synthesis approach shows in
Fig. 1, iron oxide nanospheres were first prepared
according to the literature [18]. Briefly, 5mmol
FeCl3-6H,O and 75mL ethylene glycol were added
into a dry beaker with magnetic agitation for 20 min
at room temperature. Then, 44 mmol NaAc was dis-
solved in above solution with magnetic agitation.
Afterwards, this mixture was transferred into a
Teflon-lined stainlesssteel autoclave and sealed to heat
at 473K. After reaction for 16h, the autoclave was
cooled to room temperature. The black product was
collected by a magnet and washed with ethanol for
several times, and then dried at 323K overnight.

In the following step, 5mL TEOS and 36 mL alco-
hol were put into the flask with mechanical agitation
for 15min at 313K, the mixed solution (contained
36mL alcohol, 3mL deionized water, and 10mL con-
centrated ammonia) was then added into above flask
drop by drop, this reaction was conducted under
mechanical agitation for 30min. Afterwards, 2g of
iron oxide was added into above mixture, this reac-
tion was continued for another 6 h. Then, the product
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Fig. 1. Synthetic steps of mag-TiO, nanocomposites.

(collected by a magnet) was washed with deionized
water and ethanol for several times, and dried 12h at
323K. Finally, the magnetic SiO, nanospheres were
obtained.

The magnetic TiO, nanocomposites was prepared
via the sol-gel method, the specific process was as fol-
lows: briefly, 0.0025 mmol PEG 4000, 10mL tetrabutyl
titanate and 36 mL alcohol were put into the flask
with mechanical agitation for 15min at 313K. Subse-
quently, the mixed solution (contained 36 mL alcohol,
3mL deionized water, and 0.2mL concentrated hydro-
chloric acid) was added into above mixture drop by
drop. When the sol was formed, 2g magnetic SiO,
nanospheres were added into the sol and kept stirring
to the gel. After the gel was dried 12h at 323K and
calcined 4h at 773K, the magnetic TiO, nanocompos-
ites was obtained, hereinafter called mag-TiO, nano-
composites for short.

TiO,/iron oxide was prepared using the same pro-
cedure of preparing mag-TiO, nanocomposites, in
addition to using iron oxide nanospheres instead of
magnetic S5iO, nanospheres.

2.4. Batch mode adsorption studies

The experimental parameters on the adsorption of
SA were studied in a batch mode of operations. A cer-
tain amount of mag-TiO, nanocomposites was dis-
persed in testing solution of SA (10mL). After the
desired time of static dark-adsorption at 303K, the
mag-TiO, nanocomposites were isolated by a magnet,
and the concentration of SA in the solvent phase was
determined with a UV-vis spectrophotometer. More-
over, the equilibrium adsorption capacity (Q., mg/g)
was calculated according to Eq. (1):

(Co—CyV
e = ————— 1
Q=" 1)
(Cp (mg/L) and C, (mg/L) are the initial and equi-
librium concentrations of SA, respectively. V (mL) is
the volume of testing solution and W (g) is weight of
mag-TiO, nanocomposites.)

2.5. Photocatalytic degradation activity experiment

The photodegradation reaction was conducted in a
dark closed photocatalytic reactor at 303K and initi-
ated by irradiating with two 150W tungsten lamp
with a light intensity of 390 mW/cm? determined with
a CEL-NP 2000 light power meter (Beijing ZJJY Tech-
nology Co. Ltd.). The reaction flask contained 0.2g
mag-TiO, nanocomposites and 50mL 20mg/L SA
aqueous solution. The sample analysis was conducted
in the interval of 5min, and the concentration of SA
was analyzed by with a UV-vis spectrophotometer
(UV2450, Shimadzu, Japan). The degradation rate (Dr)
was calculated by Eq. (2). The mineralization of SA
was determined by total organic carbon (TOC) value
which was obtained by a TOC analyzer (Multi N/C
2100, Analytik jena AG, Germany). The mineralization
rate (Mr) was calculated by Eq. (3):

Dr = <1 - £> x 100% ()
Co

where Cj is the initial concentration; C is the concen-
tration of the reaction solution.

Mr = (1 - T) x 100% (3)
To

where T, is the organic carbon content of the initial
solution; T is the organic carbon content of the reac-
tion solution.

3. Results and discussion
3.1. Characterization of mag-TiO, nanocomposites

The morphology of mag-TiO, nanocomposites
was observed by TEM and SEM, which are shown in
Figs. 2 and 3. As can be observed in Figs. 2(b) and
Fig. 3, after coating SiO, inert layer and TiO, layer,
the shape of mag-TiO, nanocomposites was still kept
spherical and had good dispersibility, the mean
diameter of mag-TiO, nanocomposites was near
290nm. Furthermore, the core-shell structure could
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be clearly seen in Fig. 2(a), dark part was core (iron
oxide) and bright part was shell (SiO,); the core
diameter and shell thickness was approximately
130nm and 50nm, respectively. The N, adsorption—
desorption isotherm and corresponding pore size dis-
tribution of the as-prepared mag-TiO, nanocompos-
ites are shown in Fig. 4. It could be clearly seen that
the material possessed of typical IV isotherm and the
pore size distribution exhibited a sharp peak centered
at 5.6nm, which was attributed to the calcinations of
PEG 4000.

Fig. 5 shows the XRD patterns; it could be clearly
seen that the two patterns of iron oxide nanospheres
and magnetic SiO, nanopheres were nearly the same.
However, the SiO, inert layer was clearly seen in
Fig. 2(a), illustrating that the SiO, inert layer was
amorphous. The diffraction peaks of anatase TiO,
(20=25.5°, 37°, 48.1°, 54.4°, 63.2°) [21] appeared in the
pattern of mag-TiO, nanocomposites, suggesting that
mag-TiO, nanocomposites possessed the crystalline
structure of anatase TiO,. In addition, the elements of
silicon and titanium displayed in Fig. 3(b) (EDS
image) also proved that the SiO, inert layer and TiO,
were successfully coated on the magnetic core (iron
oxide).

The FT-IR spectra of TiO,/iron oxide and mag-
TiO, nanocomposites were measured by using KBr
disks and are shown in Fig. 6. As shown in Fig. 6, in
addition to the peak at 1,093 cm~!, the two curves
were almost the same. For the mag-TiO, nanocompos-
ites, near 1,093cm ! was the stretching of Si-O-Si
peak, which illustrated that the SiO, inert layer was
successfully coated on the surface of magnetic core
(iron oxide). Furthermore, the stretching band at
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(b)

Fig. 2. TEM images of magnetic SiO, nanospheres (a), mag-TiO, nanocomposites (b).

1,630cm™' may be attributed to the presence of
residual physisorbed water molecules [22]. And due
to the process of high-temperature calcination, PEG
4000 was removed from the system, thus there are no
other absorption peaks in the two curves.

Fig. 7 shows the magnetic hysteresis loop of mag-
TiO, nanocomposites and the magnetic separation
ability was tested in aqueous solution by placing a
magnet near the centrifuge tube (inset). The general
shape and trend of the curve showed that mag-TiO,
nanocomposites possessed good magnetic property.
However, the magnetization saturation (Ms) value of
mag-TiO, nanocomposites (22.11 emu/g) was lower
than that of Fe;O,; this was because the mass percent
of iron, silicon, and titanium in the mag-TiO,
nanocomposites was 41.53, 17.99, and 40.48%,
respectively (calculated from section 2.3). Moreover,
the photograph (inset) also demonstrated that the
mag-TiO, nanocomposites could be easily separated
from the aqueous solution by a magnet.

3.2. Influence of analyte dose on adsorption of SA

As we know, the analyte dose played a key role
in the adsorption process. Therefore, the influence of
analyte dose was investigated in this part, which is
shown in Fig. 8. In the present investigation, the
temperature was chosen at 303K, and the adsorption
of 10mL 20mg/L SA for 8h was studied during the
analyte dose range of 0.0025g-0.1g. In order to
obtain a good adsorption, both the bigger equilibrium
adsorption capacity (Q.) and the higher removal effi-
ciency were needed. From Fig. 8, it could be clearly
seen that the two curves crossed at the point of
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Fig. 3. SEM image of mag-TiO, nanocomposites (a), EDS of

0.02g, in other words, when 0.02g was chosen as the
analyte dose, the adsorption of SA for 8h under
303K had both the bigger Q. and the higher removal
efficiency than others. Therefore, at the following
experiments, 0.02g as the analyte dose was chosen
to use.

3.3. Adsorption isotherm

Adsorption isotherm model was very important to
investigate how SA interacted with mag-TiO, nano-
composites. The equilibrium data of mag-TiO, nano-
composites was then fitted to the Langmuir and
Freundlich isotherm models. The applicability of the
isotherm models to the adsorption behaviors was
studied by judging the correlation coefficient (R?).
The adsorption isotherm constants for mag-TiO, nano-
composites at different temperatures are listed in
Table 1. Moreover, the comparison of Langmuir and
Freundlich isotherm models for SA adsorption onto

T
| 6 T 8 9 10

mag-TiO, nanocomposites (b).

mag-TiO, nanocomposites using curve fitting are also
illustrated in Fig. 9.

The Langmuir isotherm model assumed the uni-
form adsorption on the surface and the monolayer
sorption with a homogenous distribution of sorption
sites and sorption energies. The linear form and non-
linear form were expressed by the following equation,
respectively [23]:

Ce 1 Ce

0. 0wk O )
o KLQmCe
Q=TiKC ©)

where C. is the equilibrium concentration of SA
(mg/L), Q. is the equilibrium adsorption capacity
(mg/g), Om is the maximum adsorption capacity, and
K; represents the affinity constant.
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Fig. 4. N, adsorption-desorption isotherms and corres-
ponding pore size distribution curve (inset) of mag-TiO,

nanocomposites.
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Table 1
Adsorption isotherm constants for mag-TiO, nanocomposites
Adsorption isotherm models Constants Mag-TiO, nanocomposites
303K 313K 323K
Langmuir equation R? 0.9997 0.9993 0.9992
Qm, (mg/g) 9.6899 11.9474 12.2249
Ky (L/mg) 0.2128 0.1944 0.3432
Ry, 0.0629 0.0685 0.0399
Freundlich equation rR? 0.9029 0.9245 0.9479
Kr (mg/g) 2.9675 3.2568 4.6144
n 3.3300 2.9940 3.8417
Note: Analyte dose: 0.02 g, solution volume: 10mL, contact time: 8 h, temperature of medium: 303, 313 and 323 K.
For predicting the favorability of an adsorption In(Q.—Q:) =InQ.— Kt )
system, the Langmuir equation can also be expressed
in terms of a dimensionless separation factor R -
P bQ=Q Qe (10)

defined as follow [24]:

1

R =———
L1+ CLK

(6)

where C,, is the maximal initial concentration of
SA, R, indicates the favorability and the capacity
of adsorption system, If Ry >1, the isotherm is
unfavorable; R; =1, the isotherm is linear; 0 <Ry <1,
the isotherm is favorable; R; =0, the isotherm is
irreversible.

The linear and nonlinear forms of the Freundlich
isotherm model were given as follows [25]:

InQ. =InKg+ (1/n)InC, (7)

Q. = KeCl" ®)
where Kg is an indicative constant for adsorption
capacity (mg/g) and 1/n indicates the intensity of the
adsorption. Value of n>1 represents a favorable
adsorption condition [26].

From Table 1 and Fig. 9, the mag-TiO, nanocom-
posites had good applicability to Langmuir isotherm,
indicating that the adsorption of SA onto mag-TiO,
nanocomposites was the monolayer adsorption.

3.4. Adsorption kinetics

In order to examine the controlling mechanism of
adsorption process (such as mass transfer and
chemical reaction), the kinetic data obtained have
been analyzed using pseudo-first-order rate equation
and pseudo-second-order rate equation. The pseudo-
first-order equation can be expressed as [27]:

where Q. and Q; are the amount of SA (mg/g) onto
mag-TiO, nanocomposites at the equilibrium and at
time ¢ (min), respectively, and k; (L/min) is the rate
constant of pseudo-first-order adsorption.

Langmuir
7
g | —e—303K
& 51 _g 313k
& 4
Y I —&—323K
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¢ 2}
(3]
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0
0 10 20 30 1] S0 60
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Freundlich
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v 0.8
% i /:3:3;
o 0.67F g
i 0.al m 313K
0.2r A 323K
D i . i
0 0.5 1 1.9 2
logC,

Fig. 9. Comparison of Langmuir and Freundlich isotherm
models for SA adsorption onto mag-TiO, nanocomposites
using curve fitting. Analyte dose: 0.02g, solution volume:
10mL, contact time: 8h, temperature of medium: 303,
313K and 323K.
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Table 2
Kinetic constants for the pseudo-first-order equation and pseudo-second-order equation
Adsorbate  C, TEK  Qeexp Pseudo-first-order equation Pseudo-second-order equation
L
(me /D meE o K« R Qe Kk n R’
(mg/g)  (L/min) (mg/g) (g/mgmin) (mg/g-min)
SA 20 303 6.2300 4.1417 0.8929 09619  6.4433 0.0100 0.4152 0.9998
313 6.9200 4.9229 0.8882 0.9526  7.1429 0.0088 0.4490 0.9997
30 303 74500 49121 0.8936 0.8702  7.5815 0.0109 0.6265 0.9998

Note: Analyte dose: 0.02 g; solution volume: 10 mL, contact time: 8 h.

The second pseudo-second-order equation can be
expressed as [28,29]:

t 1 t

o ke a (1

_ KZQgt 12
Qt — HTzQet ( )
h =K, Q? (13)

where Q. and Q; are the amount of SA (mg/g) onto
mag-TiO, nanocomposites at the equilibrium and at
time ¢ (min), respectively, k, (g/mgmin) is the rate
constant of pseudo-second-order adsorption, and h
(mmol/g-min) is the initial adsorption rate of pseudo-
second-order model.

The adsorption rate constants and regression val-
ues are summarized in Table 2. The curve fitting plots
of pseudo-first-order and pseudo-second-order kinetic
model are shown in Fig. 10. It could be observed that
the adsorption of SA followed the pseudo-second-
order kinetics well because of the favorable fit
between experimental and calculated data of equilib-
rium adsorption capacity (Q.) (R, values above
0.9997), indicating that the chemical process was the
rate-limiting step in the adsorption process [30].
According to the results, with the increase of initial
concentration, the initial adsorption rate and adsorp-
tion capacity increased obviously. It was possible
because the initial concentrations of SA provided the
necessary driving force to overcome the resistances of
mass transfer between the aqueous phases and the
solid phase [31].

3.5. Adsorption thermodynamics

The sorption thermodynamics were necessary to be
considered because they could conclude whether the

process was spontaneous or not and gained an insight
into the sorption behavior. Parameters including Gibbs
free energy change (AG®), enthalpy change (AH®), and
entropy change (AS°) were calculated according to the
following thermodynamic equations [32]:

Psendofirst—order

4 + 30T 20mefI 50
2 u 40T 20mefI S)
; 0 20T 0me/I 50
a7
ERY
B L]
&
_8 1 L 1 L
0 2 4 B 8 10
time (h)
Pseundo—second—order
1.4
» I
- 1.2
! 1
:1 0.8
e ¢ 30C 20mg/L SA
a 0.6
g 0.4 B 40T 20ag/L SA
s 0.2 4 30T 30ag/L SA
0 1 ' L '
0 2 4 B 8 10
time (h)
Fig. 10. Kinetic modeling of the effect of initial

concentration and temperature on adsorption of SA onto
mag-TiO, nanocomposites: Analyte dose: 0.02g, solution
volume: 10mL, contact time: 8h, temperature of medium:
303 and 313K, initial concentration of SA: 20 and 30mg/L.
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Table 3
Thermodynamic parameters for the adsorption of SA onto
mag-TiO, nanocomposites

Analyte T (K) Thermodynamic parameters
AG® AH® AS®
(kJ]/mol) (kJ/mol) (J/molK)
mag-TiO, 303 —25.9185 19.74 0.1497
nanocomposites 313 —26.5379
323 —28.9129

Note: Analyte dose: 0.02g; solution volume: 10mL; contact time:
8h.

Q.\ AS° AH®
In<ce =R " RT (14)
AG® = AH® — TAS® (15)

where R is the gas constant (8.314]/molK) and T is
the absolute temperature (K).

The obtained thermodynamic parameters are listed
in Table 3. A negative AG® value indicated that the
nature of adsorption of SA was spontaneous and more
favorable at higher temperature. Moreover, the posi-
tive values of enthalpy change AH® further confirmed
the endothermic nature of the processes, Fig. 11 also
proved this view. In addition, by adsorption of SA on
the surface of mag-TiO, nanocomposites, the number
of the water molecules surrounding SA molecules
decreased and the degree of the freedom of the water
molecules increased. Therefore, the positive values of
AS° suggested increased randomness at the solid-solu-
tion interface in the process of adsorption of SA on
the surface of mag-TiO, nanocomposites [33].

3.6. Photocatalytic activity

Adsorption is a very important factor to photoca-
talysis, because the photocatalytic reaction needs the
target pollutant to reach the surface of the photocata-
lyst. In order to prove that the mag-TiO, nanocompos-
ites we prepared have a good photocatalytic activity,
two groups of photocatalyst were studied, which is
shown in Fig. 12(a). It could be clearly seen that the
degradation rate of mag-TiO, nanocomposites could
reach nearly 78% for photodegradation of 50mL
20mg/L SA in 30min under the visible light irradia-
tion, which was higher than that of TiO,/iron oxide
(65%). This demonstrated that the introduction of SiO,
inert layer effectively solved the problem of the light
dissolution effect, and the mag-TiO, nanocomposites
possessed the strong ability to degrade SA residues
from aqueous solution.
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Fig. 11. Influence of temperature.
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Fig. 12. The photocatalytic activity ((a). the degradation
rate with different photocatalysts, (b). the mineralization
rate with mag-TiO, nanocomposites).

In addition, the mineralization of SA was quanti-
fied by measuring the TOC content of the solution
with the results summarized in Fig. 12(b). TOC
analysis demonstrated that about 49% SA had been



W. Zhang et al. | Desalination and Water Treatment 52 (2014) 6598—6610

(a) 120
i 137
o 100}
o L
&
S 8o
c
2
2 6o}
g’ L
s 40}
o
S I
€ Lol 93
0 . T . T . |I v ; + . _||.l X I_||||I|
80 100 120 140 160 180 200 220 240
m/z
(b) 120
[ 160
o 100 | 162
(3] L
s
S 8o}
c
2
2 6ot
(]
2
& 40f 164
©
2
0
80 100 120 140 160 180 200 220 240
m/z
(c) 120
- 1602
o 100F
Q L
&
S 8o}
c
2
2 6o}
q, L
2
% Or 164
E L
20 |
137 198 219
! 1411 196299
0 ety I|I.._|||||||_|I||.Il||]||_ .”.Il.... L
80 100 120 140 160 180 200 220 240

m/z

Fig. 13. m/z of degraded SA ((a). the initial SA solution, (b).
photodegradation of SA in 15min, (c). photodegradation of
SA in 30 min).
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disintegrated into CO, and H,O over mag-TiO, nano-
composites after visible light irradiation for 30min.
Overall, the mineralization rate was significantly
lower than the degradation rate, indicating that there
were a lot of intermediates produced during the
photocatalytic process.

According to the experimental results, we pro-
posed the possible mechanism of photodegradation of
SA with mag-TiO, nanocomposites; MS was employed
to identify the intermediates, which was shown in
Fig. 13. It could be found that there were many inter-
mediates generated in Fig. 13(b) and (c), the mass
measurement (m/z) of photodegradation of SA was
presented in Table 4. From Fig. 13 and Table 4, it
could be seen that the measured mass (m/z=93) was
found in Fig. 13(a), illustrating that the initial SA
solution contained impurity.

In addition, the intermediate products of photo-
degradation of SA with mag-TiO, nanocomposites
were inferred from the MS, the results are shown in
Fig. 14. In process 1, B (m/z=256) was obtained by
the esterification of A (m/z=137), then by losses of
—OH and —COOH, C (m/z=196) was generated, and
D (m/z=198) was transformed from C (m/z=196). In
process 1[I, E (m/z=93) was generated from A
(m/z=137) by loss of —COOH, and F (n/z=100) was
obtained from E (m/z=93) by the addition reaction of
hydrogen, then with the esterification of F (m/z=100),
G (m/z=219) was generated, H (m/z=226) was also
obtained from G (m/z=219) by the addition reaction
of hydrogen; afterwards, H (m/z=226) was frag-
mented into I (m/z=224), and 1 (n/z=224) was fur-
ther fragmented into J (m/z=200, by loss of —C,Hj)
and K (m/z=196, by loss of —C=0) and L (m/z=198)
was obtained from K (m/z=196) by the addition
reaction of hydrogen. In process III, E (m/z=93)
was attacked by the active species (-OH radical),

Table 4
Mass measurement for photodegradation of SA with
mag-TiO, nanocomposites

Measured mass (m/z)

The SA solution
Photodegradation of

93, 137
137}, 1571, 1581, 1601, 1621, 1641,

SA in 15min 1961, 1981, 2001, 2191
Photodegradation of 137, 1417, 158, 16071, 162, 164, 196],
SA in 30 min 198}, 200], 219

Note: The changes in measured mass was marked with T and |
(1 indicating the measured mass increased, | indicating the
measured mass decreased).
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Fig. 15. Adsorption capacities of 10mL 20mg/L SA with
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adsorption at 303K in different cycles (left) and
photodegradation rates of 50mL 20mg/L SA with 0.2g
mag-TiO, nanocomposites in 30 min under the visible light
irradiation at 303K in different cycles (right).

generating the intermediate product of M (m/z=141)
and N (m/z=157), and O (m/z=158) was transformed
from N (m/z=157), then P (m/z=160), Q (m/z=162)
and R (m/z =164) were generated from O (m/z=158)
by the addition reaction of hydrogen, respectively.

3.7. Stability of mag-TiO, nanocomposites

The stability of mag-TiO, nanocomposites was
very important to adsorption and photodegradation of
SA. To evaluate the stability of mag-TiO, nanocom-
posites, adsorption and photodegradation experiments
were conducted at different conditions, which are
shown in Fig. 15. Fig. 15 shows that (i) after adsorp-
tion of 10mL 20mg/L SA with 0.02 g mag-TiO, nano-
composites at 303K, and (ii) after photodegradation of
50mL 20mg/L SA with 0.2 g mag-TiO, nanocompos-
ites at 303K, these samples were isolated by a magnet
and sonicated with alcohol to remove the residual SA
and the photocatalytic by-products, hereafter, washed
with deionized water and alcohol and vacuum dried
at room temperature. After five cycles, the adsorption
capacities and photodegradation rates of mag-TiO,
nanocomposites decreased very little, indicating that
these as-prepared mag-TiO, nanocomposites had
excellent chemical stability.

4. Conclusions

In this work, the mag-TiO, nanocomposites with
good monodispersity were successfully synthesized
via a mild sol-gel method, which was used for
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removal of SA residues. These as-prepared nanocom-
posites were extensively characterized by TEM, SEM,
Brunauer-Emmett-Teller method, FT-IR, XRD, and
VSM. The results indicated that mag-TiO, nanocom-
posites possessed the core-shell structure of good
dispersibility, excellent chemical stability, magnetic
property (Ms=22.11 emu/g), and the average diame-
ter of 290nm. According to results of series experi-
ments, mag-TiO, nanocomposites showed fast kinetics
and satisfied adsorption capacity for adsorption of SA.
Under the optimum experimental condition, the
adsorption process followed pseudo-second-order
reaction kinetics and followed the Langmuir adsorp-
tion isotherm. Moreover, the thermodynamic parame-
ters (positive values of AH®, AS° and negative values
of AG®) calculated from the adsorption data suggested
that the adsorption of SA onto mag-TiO, nanocompos-
ites was a spontaneous and endothermic nature of the
process. In addition, the mag-TiO, nanocomposites
were proved to exhibit high catalytic efficiency for
photodegradation of 50mL 20mg/L SA in 30min
under the visible light irradiation; the degradation rate
could reach nearly 78% and the mineralization rate
was approximately 49%. However, the mineralization
rate was significantly lower than the degradation rate,
indicating that there were a lot of intermediates
produced during the photocatalytic process. The
intermediate products were inferred from the MS.
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