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ABSTRACT

The adsorption of 2,4,6-trichlorophenol (2,4,6-TCP) on synthesized magnetic mesoporous sil-
ica (Fe3O4/SiO2/m-SiO2, MMS) composites and the regeneration of its adsorption capacity
through direct UV photolysis was performed in this work. MMS exhibited good perfor-
mance in removing 2,4,6-TCP from aqueous solutions. The adsorption ratio of 2,4,6-TCP
was determined to be influenced by aquatic pH, dissolved humic acids, ionic strength,
temperature, and the loaded adsorbents. The adsorption isotherm fit the Freundlich and
Polanyi–Manes model better than the Langmuir model, which indicated that the adsorption
of 2,4,6-TCP was more likely a pore-filling process. The calculated adsorbed capacity for
2,4,6-TCP on MMS was 55 mg/g. Direct UV photolysis could decompose the adsorbed
2,4,6-TCP and later regenerate the adsorption capacity of MMS to a certain degree; however,
the outer mesoporous silica layer was not UV-persistent, and large parts of the mesoporous
silica layer were also shown to be corrupted from the Fe3O4/SiO2 core. Therefore, after long
duration UV irradiation, the adsorption of 2,4,6-TCP on regenerated MMS was much lower
than on freshly synthesized MMS. These results suggest that the photostability of magnetic
core-shell-like nanocomposites should be investigated because parts of the composites might
leach into the bulk phase during practical use and cause potential environmental risks,
similar to other well-known nanomaterials.
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1. Introduction

Chlorophenols are considered as a type of highly
toxic, carcinogenic, and persistent pollutant and are
widely used in pesticides, antiseptics, and wood pre-
servers [1]. Among all chlorophenols, 2-chlorophenol
(2-CP), 2,4-dichlorophenol (2,4-DCP), and 2,4,6-trichlo-
rophenol (2,4,6-TCP) are the most frequently detected

in drinking water due to their production as by-prod-
ucts of disinfection [1]. Chlorophenols can enter the
environment during their manufacturing, transport, or
use and cause undesired effects on organisms even at
trace levels [2]. Chlorophenols have thus been charac-
terized as important pollutants by many governments.
Both biological and chemical remediation methods
have been investigated to remove chlorophenols from
aquatic solutions [3–6]. Hydroxyl-radical-based (·OH)
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advanced oxidation technology is the most powerful
method to decompose various phenolic compounds.
However, results from this technology demonstrate
that chlorophenols are more persistent than other
substituted phenols, including methylphenols, nitro-
phenols, and aminophenols [7]. The substitution posi-
tion and number of chlorine atoms also showed great
influence on the degradation of chlorophenols [6,8].

Conversely, research has shown that adsorption
could be an alternative method for the fast removal of
chlorophenols, particularly when large volumes of
chloropenols in aqueous solutions need to be
removed. Active carbons were the most commonly
used adsorbents; the adsorption capacities for 2,4,6-
TCP were between 100 and 700 mg/g [9–11]. The
adsorption of chlorophenols by other sorbents includ-
ing carbon nanotubes [12], graphene oxide [13],
modified clay minerals [14], and zeolites [15,16] were
also investigated; their adsorption capacities were
found to be between 10 and 200 mg/g. All these
adsorbents require centrifugation to achieve aqueous
adsorbents separation in the slurry operation method,
making them inconvenient to treat large volumes of
wastewater.

In recent decades, various magnetic mesoporous
nanocomposites (MMNPs) with well-defined mesopor-
ous structures, shapes, and tailored properties were
synthesized and characterized because of their poten-
tial application in healthcare, drug delivery, industry,
and environmental remediation [17,18]. MMNPs have
also been used as adsorbents due to their high specific
surface area and easy recyclability. The adsorption
capacity of methyl orange onto mesoporous magnetic
Co/carbon nanocomposites could reach 380 mg/g
[19]. MMNPs also possess good adsorption capacity
for the removal of inorganic pollutants [20,21]. How-
ever, compared with the wide investigation of the
adsorption of chlorophenols compared to other adsor-
bents, the study on the adsorption of chlorophenols
over MMNPs was limited [22,23].

The synthesis of MMNPs requires more time and
typically has a higher cost than that of other nanopar-
ticles. Therefore, regeneration and reuse of MMNPs
are an important issue that should be researched. Elec-
trothermal desorption, liquid elution, microwave soni-
cation, and chemical oxidation have been applied to
regenerate adsorbents [16,24,25]. Zhang et al. showed
that ozone oxidation can be a successful method of
regenerating the adsorption capacity of FAU-type zeo-
lite for the removal of 2,4,6-TCP; the specific surface
area could also be enhanced after ozone oxidation
[16]. However, ozone oxidation was shown to not be
suitable for the regeneration of all adsorbents. Valdés
et al. found that the adsorption of methylene blue on

active carbon decreased after ozone treatment because
of changes in its structural properties [26]. This is thus
worthwhile to investigate the ability of other methods
such as UV photolysis, to regenerate the adsorption
capacity of adsorbents.

In this work, magnetic mesoporous silica (MMS,
Fe3O4/SiO2/m-SiO2) was synthesized and its structure
was systematically characterized. The adsorption
kinetics and capacity of 2,4,6-TCP over MMS and the
parameters that influence adsorption were investi-
gated. Conversely, the performance of direct UV
photolysis in regenerating the adsorption capacity of
MMS and its structural changes after regeneration was
also investigated in this work.

2. Materials and methods

2.1. Reagents

2,4,6-trichlorophenol (98%) was obtained from the
Aladdin reagent Corporation (Shanghai, China) and
used as a representative of chlorophenol pollutants.
FeCl3·6H2O, sodium acetate (NaAc·3H2O), tetraethyl
orthosilicate (TEOS), ethylene glycol, absolute ethanol,
concentrated aqueous ammonia solution, and hydro-
chloric acid were purchased from Sinopharm Chemi-
cal Reagent Co. Ltd (Shanghai, China). All reagents
were analytical grade and used without further purifi-
cation. Commercial humic acid (Sigma-Aldrich,
sodium salt) was purified before use according to the
previous work [27]. Deionized water with a resistivity
of greater than 18.0 MΩ cm was used during sample
preparation.

2.2. Synthesis of Fe3O4/SiO2/m-SiO2

Fe3O4 core and Fe3O4/SiO2 were synthesized
according to reported methods; the details of this pro-
cedure have been described in the authors’ previous
work [28]. Fe3O4/SiO2/m-SiO2 was synthesized
according to the methods reported by Xu et al. with
little modification [29]. About 0.1 g Fe3O4/SiO2 was
added to 80 mL deionized water, 60 mL ethanol, 1.0 g
concentrated ammonia aqueous solution, and 0.3 g
hexadecyltrimethylammonium bromide (CTAB). The
suspension was homogenized for 0.5 h to form a uni-
form dispersion with sonication; the resulting solution
was then transferred to a 250 mL three-necked round-
bottom flask. After mechanical stirring for 10 min at
1,000 rpm, 0.4 g TEOS was added dropwise to the
above solution. The reaction was allowed to proceed
at room temperature for 6 h. The solids were then sep-
arated from the dispersion by a magnet and washed
repeatedly with ethanol, water, and acetone to remove
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nonmagnetic by-products. Then, the magnetic nano-
composites were redispersed in 60 mL of acetone and
refluxed at 80˚C for 48 h to remove the template
CTAB; this extraction procedure was repeated three
times. The obtained Fe3O4/SiO2/m-SiO2 was then
washed with deionized water three times and then
dried in a vacuum at 60˚C for 6 h.

2.3. Characterization of synthesized magnetic materials

The Brunauer–Emmett–Teller (BET) surface area
was determined by a Micromeritics ASAP 2020 setup.
The XRD patterns of the prepared products were
recorded with a Dmax-rA powder diffractometer
(Rigaku, Japan), which used a Cu Kα radiation source
at a scanning rate of 2º min−1. Scanning electron
micrographs (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) were taken with a FEI-QUANTA 200
microscope. Transmission electron microscopy (TEM)
images were obtained on a JEOL JEM 2010HT micro-
scope (Japan Electronics, Japan) at an accelerating
voltage of 200 kV. The zeta potential of MMS in the
presence and in the absence of 2,4,6-TCP was deter-
mined using a Zetasizer 3600 (Malvern Instrument).

2.4. Adsorption of 2,4,6-trichlorophenol on Fe3O4/SiO2/
m-SiO2

2.4.1. Adsorption kinetics

0.5 g/L MMS was directly added to a 50 mL
2,4,6-TCP solution (50 μM), and the dispersion was
shaken at room temperature. Two milliliter samples
were withdrawn from the flask at different time
intervals. The MMS and aqueous solution was quickly
separated by a magnet, and the concentration of 2,4,6-
TCP in the supernatant was analyzed by HPLC. The
effects of pH, MMS dosage, and humic acids on the
adsorption of 2,4,6-TCP were performed in the same
way. The pH value of the suspended solution was
adjusted by the addition of dilute HCl or NaOH
solutions (0.1 M).

2.4.2. Adsorption isotherm

Batch adsorption studies were performed using
aqueous suspensions containing 2,4,6-TCP with differ-
ent initial concentrations (i.e. with C0 from 40 to
100 μM) and 0.5 g/L of MMS. The suspension was
continuously stirred using a constant temperature
mechanical stirrer for 12 h. After reaching equilibrium,
2 mL aliquots of the suspensions were withdrawn to
determine the equilibrium concentration Ct. The
adsorption isotherm experiments were carried out at
pH 6.0 without adding any electrolytes.

2.5. Regeneration of adsorption capacity of MMS by UV
photolysis

The dispersion was poured to a petridish after
reaching the adsorption equilibrium, and MMS with
adsorbed 2,4,6-TCP was separated from the aqueous
solution by a magnet place at the bottom of the dish.
The supernatant was discarded and the solids were
then irradiated under direct UV (254 nm) irradiation
for 30 min by using a Philips TUV PLS 9 W lamp as
the irradiation source. The MMS particles were mixed
several times by moving the magnet. After irradiation,
the MMS particles were washed by pure water and
then directly redispersed in a 50 μM 2,4,6-TCP solu-
tion to investigate its cycling performance. Control
experiments showed the adsorbed 2,4,6-TCP could be
fully extracted by using ethanol. On the other side, no
2,4,6-TCP could be extracted by ethanol from the irra-
diated MMS, thus indicating adsorbed 2,4,6-TCP was
decomposed after 30 min irradiation.

2.6. Sample analysis and data analysis

2.6.1. Sample analysis

The concentrations of 2,4,6-TCP were determined
using the reversed-phase HPLC method. Experiments
were performed using a Waters 484 HPLC with an
Agilent Zorbax SB-C18 column (5 μm, 4.6 × 150 mm).
The mobile phase was a mixed solution of methanol
water and acetic acid (v/v/v = 80/19/1) with a flow
rate of 1.0 mL/min. The UV detection wavelength was
set at 280 nm. The retention time for 2,4,6-TCP was
4.5 min, and its concentration was determined by the
working curve method from 0.1 to 150 μmol/L.

2.6.2. Data analysis

The adsorbed 2,4,6-TCP per gram of MMS at dif-
ferent times (qt, μmol/g) and at the equilibrium time
(qe, μmol/g) were, respectively, calculated from Eqs.
(1) and (2):

qt ¼ ðc0 � ctÞ � V

m
(1)

qe ¼ ðc0 � ceÞ � V

m
(2)

where c0, ct, and ce are the initial concentration,
concentration at different times, and the equilibrium
concentration of 2,4,6-TCP (μmol/L), respectively.

The adsorption ratio (%) of 2,4,6-trichlorophenol
was calculated from Eq. (3):
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R ¼ 1� ce
c0

� �
� 100% (3)

The Freundlich (Eq. (4)), Langmuir (Eq. (5)), and
Polanyi-Manes model (PMM) (Eq. (6)) isotherms were
used to describe the adsorption properties of 2,4,6-tri-
chlorophenol on MMS as [30]:

qe ¼ KF � c1=ne (4)

where KF ((μmol/g) (L/g)1/n) is the Freundlich affinity
coefficient and 1/n represents the Freundlich exponen-
tial coefficient. It also can be said that:

qe ¼ qmax � KL � ce
1þ KL � ce

(5)

where qmax (μmol/g) is the maximum adsorption of
2,4,6-trichlorophenol on MMS and KL (L/ μmol) is the
Langmuir adsorption constant. It can be written that:

log qe ¼ logQ0 þ aðeSW=VsÞb (6)

eSW ¼ RT ln ðcs=ceÞ (7)

where εsw (kJ/mol) is the adsorption potential, which
can be calculated from Eq. (7); cs (μmol/L or mg/L) is

the aqueous water solubility; Vs (cm3/mol) is the
molar volume of the solute; Q0 is the adsorption
capacity; a and b are fitting parameters; R is the uni-
versal gas constant; and T is the absolute temperature.

All experiments were performed three times and
described as a mean ± standard deviation. The regres-
sion of the experimental data was calculated using
Origin 8.5 software.

3. Results and discussion

3.1. Morphology of MMS

The morphology of the magnetic cores and
corresponding MMSs was firstly investigated by SEM
and TEM. As shown in Fig. 1(a), the diameter of
the magnetic core Fe3O4 is approximately 380 nm. The
first coated layer is a nonporous silica layer that
protects the magnetic core from acid corruption; the
typical thickness of this silica layer is approxi-
mately 5 nm (Fig. 1(b)). A CTAB/SiO2 layer was then
successfully coated onto the Fe3O4/SiO2 microsphere
surface through surfactant-templating process (Fig. S1,
Supporting Information). The absorbance peaks at
2,923.0 and 2,826.7 cm−1 that belong to the vibrations of
–CH2 of CTAB templates vanished after acetone extrac-
tion; this is also shown in the EDS elemental maps
(Fig. S2, Supporting Information), indicating that the
CTAB templates were successfully removed. XRD pat-
terns (Fig. S3, Supporting Information) indicating the

Fig. 1. TEM images of (a) Fe3O4 particles; (b) Fe3O4/SiO2; (c) Fe3O4/SiO2/m-SiO2 composites; and (d) SEM image of
Fe3O4/SiO2/m-SiO2 composites.
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magnetic core exhibited hardly any phase change
after coating with either a nonporous silica layer or the
mesoporous silica shell. The thickness of the uniform
mesoporous silica shell in the outer sphere is approxi-
mately 60 nm (Fig. 1(c)), which was near the reported
thickness of approximately 70 nm [31]. The SEM images
demonstrate that the MMS particles are uniform in both
size and shape (Fig. 1(d)).

3.2. BET analysis of MMS

The N2 adsorption/desorption isotherms of MMS
shown in Fig. 2 exhibit type IV isotherms with a
H1-type hysteresis loop, which are characteristic of
mesopores with very uniform pore size [32,33]. The
BET surface area for MMS is 75.6 m2/g, which is
much larger than Fe3O4 core (9.5 m2/g) and Fe3O4/
SiO2 (14.6 m2/g). The Barrett−Joyner−Halenda (BJH)
pore size distribution curves calculated from the
desorption branches are presented in the inset figure. It
is clearly shown that the mesopore size of MMS exhibits
a narrow distribution centered at approximately 3.5 nm.
The BJH total pore volume of MMS is 0.11 cm3/g.

3.3. Adsorption equilibrium of 2,4,6-trichlorophenol on
MMS

Equilibrium adsorption studies were investigated,
and the resulting influences of contact time on the
adsorption of 2,4,6-TCP onto MMS have been deter-
mined and are illustrated in Fig. 3. The adsorbed
2,4,6-TCP is shown to increase and the corresponding
bulk concentration of 2,4,6-TCP quickly decreases with
time up to 10 min, reaching equilibrium within 30 min
for MMS. The adsorption kinetics were then fit with

different equations including pseudo-first-order and
pseudo-second-order models. The correlation coeffi-
cient (r2) for the pseudo-second-order kinetic model is
higher than 0.999, which suggests that the pseudo-
second-order model is an adequate method to describe
the adsorption process of 2,4,6-TCP to MMS (see inset
of Fig. 1). The calculated adsorption kinetic constant is
0.01 g/μmolmin, and the approaching equilibrium
factor (Rw) is 0.032 [34]. The Rw indicates that the
adsorption process of 2,4,6-TCP to MMS is approach-
ing equilibrium.

3.4. Effects of loaded MMS and humic acids on the
adsorption of 2,4,6-trichlorophenol

The effects of loaded MMS and humic acid concen-
trations on the adsorption of 2,4,6-TCP to MMS are
shown in Fig. 4. The adsorption ratios of 2,4,6-TCP
increase quickly with an increase in loaded MMS from
0 to 0.5 g/L. The adsorption rate increases to approxi-
mately 100% with a further increase in MMS up to
1.0 g/L. The increase of adsorption rate with the
increase of loaded MMS is likely caused by additional
adsorption sites being available for 2,4,6-TCP.

Conversely, the adsorption ratios of 2,4,6-TCP
decrease with an increase in humic acid concentra-
tions, which is representative of dissolved organic mat-
ter in aquatic solutions. The adsorption ratios were 94
and 78% in the absence and the presence of 50 mg/L
HA, respectively. The effects of HA on the adsorption
of 2,4,6-TCP to MMS are thus shown to be consistent
with its effects on the adsorption of 2,4,6-TCP to
magnetic mesoporous carbon. The adsorption capacity
of magnetic mesoporous carbon for 2,4,6-TCP

Fig. 2. N2 adsorption–desorption isotherms of Fe3O4/
SiO2/m-SiO2 composite; inset shows the mesopore size
distribtuion.

Fig. 3. Dependence of adsorbed 2,4,6-TCP per gram MMS
(qe) on contact time (in 0.5 g/L MMS dispersions); inset
shows the adsorption kinetics of 2,4,6-TCP on MMS; the
lines correspond to the data fit to the pseudo-second-order
kinetic mode.
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decreases by one third with the addition of 50 mg/L
HA [22]. The various functional groups in humic acids,
including carboxylic and hydroxyl groups, are
expected to interact strongly with the surface of metal
oxides through different interactions. Bulk and
adsorbed HA exhibit different influences on the
adsorption of organic pollutants to that of nanoparti-
cles; their influences could also be changed due to the
interaction between organic pollutants and HA. Bulk
HA could compete for adsorption sites with organic
pollutants, causing a decrease in the adsorption of
organic pollutants [35]. Conversely, the adsorbed HA
could enhance the adsorption of organic pollutants if
the interaction between HA and organic pollutants
was strong, and organic pollutants have a low adsorp-
tion affinity on the adsorbents [36]. In this work,
dissolved HA could compete for the adsorption sites
with 2,4,6-TCP and thereafter inhibit the adsorption of
2,4,6-TCP on MMS.

3.5. Effects of aquatic pH on the adsorption of 2,4,6-
trichlorophenol

The effects of aquatic pH could change the distri-
bution of adsorbates and the surface charge of adsor-
bents following the influence on adsorption. As shown
in Fig. 5, aquatic pH showed a great influence on the
adsorption of 2,4,6-TCP on MMS and the distribution
of 2,4,6-TCP in aqueous solution. 2,4,6-TCP mainly
exists in a neutral form below a pH of 6.23, but exists
in the phenolic anion form at pHs higher than 6.23.
The adsorption was much larger near neutral pH than
in acidic or basic solutions. The adsorption ratios of
2,4,6-TCP on MMS were 72, 94, and 40% in a pH solu-
tion at 4.0, 6.0, and 10.0, respectively. The adsorption
of 2,4,6-TCP on other adsorbents including active

carbon, multi-walled carbon nanotubes, graphene
oxide, zeolite, and soils was found to be lower in basic
solutions [9–11,16,22,37,38].

Zeta potential values were measured in aqueous
solutions to further investigate the mechanism of
adsorption of 2,4,6-TCP to MMS. The values of zeta
potential as a function of pH are shown in Fig. 6. The
points of zero charges (PZC) for MMS before and after
adsorption are 4.7 and 5.3, respectively. The adsorp-
tion of 2,4,6-TCP on MMS shifts the PZC to a more
positive position, which suggests a strong interaction
between 2,4,6-TCP and MMS near PZC. The surface of
MMS was positively charged when the pH was lower
than the PZC and 2,4,6-TCP existed in neutral form;
the relatively lower adsorption rate in acidic solution
might be caused by competitive adsorption between
protons and 2,4,6-TCP. Conversely, the surface of
MMS was negatively charged, and 2,4,6-TCP existed
in its phenolic anion form when the solution pH was
higher than 6.23. Thus, the electrostatic repulsion
generated between the anion and the surface charge

Fig. 4. Effects of loaded MMS and dissolved humic acid
on the adsorption of 2,4,6-TCP on MMS, pH = 6.0.

Fig. 5. Dependence of 2,4,6-TCP adsorption rate (R, %)
over MMS and norfloxacin exist form with solution pH.

Fig. 6. Zeta potential of suspended MMS particle in aque-
ous solution as a function of pH in the absence and in the
presence of 50 μM 2,4,6-TCP.
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contributes to a low adsorption rate in basic solutions.
Conversely, surface of MMS and 2,4,6-TCP was not
charged in the solution near a pH of 5.0, and thereaf-
ter, the adsorption ratios were relatively higher.

3.6. Effects of ionic strength and temperature on the
adsorption of 2,4,6-trichlorophenol

The effects of ionic strength on the adsorption of
2,4,6-TCP to MMS were carried out by adding differ-
ent NaCl (from 0.001 to 1 mol/L) into the solution. As
shown in Fig. 7, there is no significant difference in
the adsorption ratios with the increase of NaCl con-
centration to 0.05 mol/L. A slight decrease in adsorp-
tion ratio occurred with further increase of NaCl
concentration to 0.1 mol/L. The adsorption ratio was
82.5% in the presence of 1 mol/L NaCl. The results
indicated that the interaction between 2,4,6-TCP and
MMS was stronger than nonspecific electrostatic inter-
actions. The adsorption ratios were all higher than
90.0% for the experiments carried out from 10 to 40˚C,
indicating the effect of temperature on the adsorption
of 2,4,6-trichlorophenol was insignificant.

3.7. Adsorption isotherm of 2,4,6-trichlorophenol on MMS

The Freundlich, Langmuir, and PMM techniques
are usually used to describe the adsorption properties
of pollutants with various adsorbents. The isotherms
of TCP on MMS predicted from all three models are
fit in Fig. 8. The fitting results for the adsorption of
2,4,6-TCP on MMS are listed in Table 1.

The Langmuir isotherm is mainly applied to model
a monolayer adsorption on adsorbents with homoge-
neous and energetically uniform surfaces. In this
work, the Langmuir model showed significant devia-
tion from the experimental data at high concentrations
(Fig. 8). As listed in Table 1, the fitting of the experi-
mental data using the Langmuir model yields the low-
est correlation coefficients (R2), which indicates that
the Langmuir isotherm model was not suitable to
describe the adsorption equilibrium of 2,4,6-TCP on
MMS. Thus, the adsorption of 2,4,6-TCP on MMS
might not only happen on the surface but also within
its inner pores. The adsorption of 2,4,6-TCP on mag-
netic mesoporous carbon was also found to not fit the
Langmuir isotherm model well [22].

Fig. 7. Effects of ionic strength and temperature on the
adsorption of 2,4,6-TCP to MMS, pH = 6.0.

Fig. 8. Dependence of the adsorbed 2,4,6-TCP per gram
MMS (qe) with the equilibrium concentration (ce). The solid
lines correspond to the fits of the data to Polanyl-Manes
model. Inset showed the fits of the data to Langmuir and
Freundlich isotherm models.

Table 1
Calculated Langmuir, Freundlich, and PMM isotherm model constants, correlation coefficients (R2) and Chi-squared
values (χ2) for the adsorption of 2,4,6-TCP on MMS

Isotherm Fitted parameters R2 χ2

Freundlich 1/n KF ((μmol/g)/(μmol/L)1/n) 0.993 0.763
0.31 ± 0.01 65.5 ± 1.7

Langmuir qmax (μmol/g) KL (L/μmol) 0.977 2.42
174 ± 5 0.37 ± 0.04

PMM Q0 (μmol/g) a × 106 b 0.998 0.00003
278 ± 1 −4.5 ± 8.7 2.3 ± 0.3
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Conversely, the PMM model yields the highest
correlation coefficients (R2) and lowest Chi-squared
values (χ2), which indicates that the PMM isotherm
was the most suitable model to describe the adsorption
equilibrium of 2,4,6-TCP on MMS. The PMM model
was proposed based on Polanyi potential theory and is
applicable for both pore-filling and flat surfaces [39].
The adsorption of 2,4,6-TCP on multi-walled carbon
nanotubes was also best fit by the PMM [12]. The
results also showed that the isotherm data fit the
Freundlich model well (R2 = 0.993). The value of 1/n is
less than 1, which indicates that the adsorption of
2,4,6-TCP on MMS was a favorable sorption.

3.8. Performance of UV photolysis on the regeneration of
adsorption capacity of MMS

The adsorption capacity of MMS was regenerated
by UV irradiation in this work. After reached adsorp-
tion equilibrium, MMS particles were recovered by
magnet, and irradiated under UV irradiation for
30 min. MMS was washed with deionized water, mag-
netic separated, dried, and weighted after irradiation
and then redispersed in freshly prepared 2,4,6-TCP.
As shown in Fig. 9, during the MMS’s second use, the

adsorption ratio of 2,4,6-TCP on MMS was 43%, which
was approximately half of the adsorption of freshly
made MMS. The adsorption ratio further decreased to
approximately 20% in the third and fourth uses of the
MMS. Conversely, it was also found that magnetic
mass is also lost with an increase in irradiation time.
After three adsorption/regeneration uses, the MMS
lost approximately 30% of its weight.

Fig. 9. Dependence of 2,4,6-TCP adsorption rate (R, %) and
the mass loss of MMS with the adsorption/regeneration
times.

Fig. 10. TEM images of Fe3O4/SiO2/m-SiO2 microsphere after 5 h UV irradiation.
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These results indicate that the MMS was not stable
under UV irradiation. Therefore, the morphology of
the used MMS was reanalyzed by TEM. As shown in
Fig. 10, the magnetic core did not change significantly
after four cycles. However, the outer sphere, which is
made of mesoporous silica, was corrupted to different
extents compared to the freshly made MMS. Thus,
parts of the mesoporous silica leached into the bulk
phase during the washing process after UV irradia-
tion, thus reducing the adsorption ratio of 2,4,6-TCP.
On the other side, it should be noted that the accumu-
lated intermediates generated during the UV photoly-
sis of adsorbed 2,4,6-TCP may also contribute to the
decline of MMS’s adsorption capacity.

4. Conclusion

The synthesized magnetic mesoporous silica
(MMS, Fe3O4/SiO2/m-SiO2) was uniform in both size
and shape, as shown by SEM and TEM. The diameter
of the magnetic core Fe3O4 is approximately 380 nm,
and the thickness of the coated nonporous silica layer
and mesoporous silica shell is approximately 5 and
60 nm, respectively. MMS showed good adsorption
capacity to 2,4,6-TCP. The adsorption of 2,4,6-TCP on
MMS followed the pseudo-second-order model and
adsorption was shown to be pH dependent. The
adsorption of 2,4,6-TCP in the solution with a pH near
the PZC for MMS (~5.0) was larger than that in acidic
or basic solutions. The presence of up to 50 mg/L dis-
solved humic acid was shown to slightly inhibit
adsorption. The adsorption of 2,4,6-TCP on MMS fits
the Freundlich and PMM well but fits the Langmuir
model poorly. The adsorption capacity of MMS was
only partly regenerated by UV direct photolysis
because the magnetic composites were not stable
under UV irradiation, and the mesoporous silica shell
was corrupted. The regeneration of the adsorption
capacity of MMS by other chemical oxidation methods
is currently being investigated by the authors.
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