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a  b  s  t  r  a  c  t

Iron-modified  rectorite  (FeR)  was  prepared  as  both  adsorbent  and  catalyst.  The  iron  modification
increased  layer-to-layer  spacing  and  surface  area  of  rectorite,  leading  to much  increased  adsorption  of
Rhodamine  B (RhB)  on rectorite.  The  maximum  adsorption  capacity  of  RhB  on  FeR  reached  101  mg  g−1

at  pH  4.5,  being  11  folds  of  that  on  the  unmodified  one.  The  iron  modification  also  enabled  rectorite  to
have  efficient  visible  light  photocatalytic  ability.  The  apparent  rate  constant  for  the  degradation  of  RhB

−1
eywords:
lay material
dsorption
hotocatalysis
ron modification

(80 �M)  at 298  K  and  pH  4.5  in the  presence  of  H2O2 (6.0  mM)  and  FeR  (0.4  g L )  was  evaluated  to be
0.0413  min−1 under  visible  light  and  0.122  min−1 under  sunlight,  respectively.  The  analysis  with electron
spin  resonance  spin-trapping  technique  supported  that  the  iron  modified  rectorite  effectively  catalyzed
the  decomposition  of  H2O2 into  hydroxyl  radicals.  On  the  basis  of  the characterization  and  analysis,  the
new bifunctional  material  was  well  clarified  as both  adsorbent  and  photocatalyst  in  the  removing  of

organic  pollutants.

. Introduction

Adsorption and catalytic degradation are commonly used to
liminate organic pollutants in water [1,2], where adsorbents and
atalysts are individually used [2,3]. Clay minerals are good adsor-
ents, and rectorite is a regularly clay mineral, being composed of
lternative pairs of a nonexpandable dioctahedralmica-like layer
nd an expandable dioctahedral smectite-like layer at a ratio of
:1 [4].  Therefore many researches have focused on rectorite as
dsorbents to clear pollutants or as catalysts in industrial catalysis
5–7].

Fenton process is capable of degrading organic pollutants
nto innoxious substances such as CO2 and H2O [8],  and it
equires to be operated at pH < 3.0. Because Fe(II)/Fe(III) in Fen-
on systems cannot be recycled, producing large amounts of iron
ludge [9],  homogeneous ferrous complexes [10–12] and iron-
mmobilized heterogeneous activator [13,14] are developed as

photo) Fenton-like catalysts, which allow wider pH ranges. The
eterogeneous (photo) Fenton-like catalysts may  be nanoscaled
iFeO3 [15], Fe3O4 [16], Fe2O3 particles [17] or Fe2O3 films

∗ Corresponding authors. Tel.: +86 27 87543432; fax: +86 27 87543632.
E-mail addresses: lhzhu63@yahoo.com.cn (L. Zhu), hqtang62@yahoo.com.cn

H. Tang).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.02.030
© 2012 Elsevier B.V. All rights reserved.

[18,19] and zero-valent iron [20]. Another group of heterogeneous
(photo) Fenton-like catalysts includes iron ion exchanged or iron
oxide supported clays, active carbon and other porous materials
[21–23]. Cheng et al. [21] reported that Fe(III)-supported mont-
morillonite induced the photo-degradation of malachite green
and Rhodamine B (RhB) in the presence of H2O2. By carry-
ing out iron ion-exchange and hydrolysis in one step, Zhang
et al. prepared Fe2O3-pillared rectorite to remove contaminants
(100 mg L−1 RhB and 50 mg  L−1 4-nitrophenol (4-NP)) in the pres-
ence of H2O2 under visible light irradiation, and pointed out that
Fe2O3-pillared rectorite can absorb pollutants and degrade them
[23].

We believe that the synergistic effect between adsorption and
catalysis will significantly promote the removing of organic pollu-
tants from the environment, and we  are interested in challenging
to prepare bifunctional materials in which the adsorption domains
are well matched with the catalytic domains. Therefore, the present
work aims at fabrication of a bifunctional material with abun-
dant adsorption domains and catalytic domains. The fabrication
includes two  steps, i.e., ultrasonic-assisted ion-exchange and the
subsequent in situ hydrolysis of iron ions. Here, ultrasonic irradi-

ation is expected to favor the opening the layer-to-layer spacing
of rectorite and the related ion-exchanging. After the hydrolysis,
iron species are embedded in rectorite to further provide seeds for
Fenton-like reactions.

dx.doi.org/10.1016/j.jhazmat.2012.02.030
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lhzhu63@yahoo.com.cn
mailto:hqtang62@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2012.02.030
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. Experimental

.1. Chemical and materials

FeCl3·6H2O and coumarin were supplied by Tianjin Chemi-
al (Tianjin, China). N,N-Diethyl-p-phenylenediamine sulfate (DPD)
nd 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were purchased
rom Aldrich. NH3·H2O, RhB, H2O2 (30 wt%), HCl, NaOH, AgNO3,
a2CO3 and horseradish peroxidase were provided by Sinopharm
hemical (Shanghai, China). All these chemicals were analytical
rade and used without further purification. Distilled water was
sed in the present work. The rectorite was from the Rectorite
eposit of Zhongxiang, Hubei, China.

.2. Preparation of iron modified rectorite

Screened natural rectorite (5.0 g) was dispersed in Na2CO3 solu-
ion (100 mL,  4 wt%). After being stirred for 8 h, the suspension was
ltered, and the solid was washed with distilled water (100 mL)
ve times, dried in air at 353 K and then grounded. This yielded

 rectorite product in its saturated sodium form (named as Na-
). According to the previous work [24,25] and our preliminary
xperiment for the optimization of the calcination temperature,
he unmodified rectorite (named as R-500) was prepared by cal-
ining Na-R at 773 K for 2 h in a muffle furnace. The iron modified
ectorite (named as FeR) was synthesized by a method in combi-
ation of ultrasonic-assisted ion exchange and subsequent in situ
ydrolysis as follows: (i) Na-R was dispersed in water (50 mL)  under
ltrasonic irradiation, followed by adjusting pH to 3.2 with HCl
6.0 M);  (ii) a solution of FeCl3 (about 1.0 M)  was prepared by dis-
olving FeCl3·6H2O in HCl (6.0 M)  and added dropwise into the
a-R suspension with vigorously stirring; (iii) the ion-exchange
as conducted for 1 h under ultrasonic irradiation, and the solid
as separated by filtrating and thoroughly washed with distilled
ater until no Fe3+ could be spectrophotometrically detected in the
ltrate; (iv) the solid was redispersed into distilled water (50 mL)
nd the dispersion was ultrasonically stirred for 1 h after being
djusted to pH 7.0 with NH3 solution; (v) the solid was  separated
y filtrating, washed with distilled water (until no Cl− in the fil-
rate could be detected with 1 M AgNO3 solution), and then dried
n vacuum at 353 K for 2 h and calcined at 773 K for 2 h in a muffle
urnace. Finally, FeR was achieved.

.3. Characterization

Small angle X-ray diffraction (XRD) patterns were obtained on
 D/MAX-RB X-ray diffractometer (Rigaku, Japan) equipped with
mall angle diffraction annex using Cu K� radiation at a scan-
ing rate (2�)  of 0.05◦ s−1. The morphology was observed on a
-4800 field emission scanning electron microscope (SEM, Hitachi,
apan) being operated at an accelerating voltage of 10 kV and a
EM 2010FEF high-resolution transmission electron microscope
HRTEM, JEOL, Japan) being operated at an accelerating voltage of
00 kV. The compositions were analyzed with the optical emission
pectroscopy on an IRIS Intrepid II inductively coupled plasma opti-
al emission spectrometer (ICP-OES, Thermo Electron Corporation,
SA). X-ray photoelectron spectroscopy (XPS) analysis was carried
ut on a VG Multilab 2000 spectrometer (Thermo Electron Corpo-
ation) with Al K� radiation as the exciting source (300 W).  Binding
nergies were calibrated versus the carbon signal at 284.6 eV. The

runauer–Emmett–Teller (BET) specific surface area was measured
t 77 K using a Tristar 3000 surface area and porosity analyzer
Micromeritics, USA). All the samples were degassed at 353 K in
acuum prior to BET measurement. The diffuse reflection pattern
aterials 215– 216 (2012) 57– 64

was recorded on a UV–vis spectrophotometer (UV-3010, Hitachi,
Japan).

2.4. Analytical methods

Total organic carbon (TOC) was analyzed with a multi N/C
2100 model TOC analyzer (Analytik Jena, Germany). Fe content
was monitored by atomic absorption spectroscopy (AAS, Analyst
300, P.E. Inc.). H2O2 concentration was measured with the DPD
method [26]. UV–vis absorption and fluorescence spectra were
recorded on a Varian Cary 50 UV–vis spectrophotometer and a Jasco
FP-6200 fluorescence spectrophotometer, respectively. Infrared
spectra were recorded with a Fourier transform infrared spec-
troscopy in the mode of attenuation total reflection (FTIR–ATR,
Nexus 670) equipped with Ominc sample after the solid samples
were dried in vacuum at 333 K. Electron spin resonance (ESR) spec-
tra of studied system with DMPO as radical capture was collected
from a Brucker ESR 300E spectrometer equipped with an irradiation
source of Quanta-Ray ND:YAG laser system (� = 532 nm).

2.5. Adsorption experiment

Typical adsorption experiments were conducted by immersing
the bifunctional material (0.4 g L−1) in RhB solution (80 �M,  pH 4.5)
at 298 K in dark. At regular intervals of time, a small volume of the
solution was sampled and immediately centrifuged to remove the
solid particles by using an EBA-21 centrifugal (Hettich, Germany),
and the RhB concentration in the supernatant was determined.

2.6. Degradation experiment

Typical degradation experiments under visible light were car-
ried out in a cylindrical Pyrex vessel (50 mL)  with a 500 W halogen
lamp (Institute of Electric Light Source, Beijing) as light source being
fixed inside a cylindrical Pyrex flask, which was surrounded by a
circulating water jacket, and a filter was placed outside the jacket
to remove the wavelength below 420 nm to ensure complete vis-
ible light irradiation [9].  The sunshine was  also employed as the
light source in some cases. The irradiation luminance of the visible
light and sunlight was  identified as 4.67 × 104 lx and 6.85 × 104 lx,
respectively, with a ST-80C luminometer (Photoelectric Instrument
Factory of Beijing Normal University, Beijing).

Catalysts (0.4 g L−1) were dispersed into RhB solution (25 mL,
80 �M)  at pH 4.5. The suspension was  magnetically stirred in dark
for 60 min  to achieve adsorption/desorption equilibrium of RhB.
The RhB concentration after equilibration was measured as the ini-
tial concentration (c0). Then, the degradation reaction was started
by adding H2O2 (6 mM)  under magnetic stirring and visible light
irradiation. A small volume of the solution was  sampled at given
time intervals during the reaction. After the catalyst particles were
immediately removed by being centrifuged at 14,000 rpm, the RhB
concentration in the supernatant was determined.

3. Results and discussion

3.1. Surface characterizations of FeR

The SEM observation indicated that both R-500 and FeR were
composed of laminiplantation particles (Fig. 1a), suggesting that
the iron modification did not change the basic frame structure of
rectorite, but induced partial exfoliation of rectorite. The HRTEM
photos clearly showed the microstructures and crystallization of

the lamellar materials (Fig. 1b). The lattice fringe spacing of 2.11
and 2.61 nm was assigned to the (0 0 1) reflection of R-500 and
FeR, respectively. In both samples, the lattice fringe spacing for the
(1 1 1) reflection of rectorite was  found to be 0.44 nm, being the
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ig. 1. (a) SEM image, (b) HRTEM image, (c) small angle XRD patterns, (d) nitroge
eR  (2). The lattice fringe spacing was  labeled in (b).

ame as reported by Zhang et al. [23]. The lattice fringe spacing of
.26 nm in the HRTEM image of FeR was assigned to the iron oxide
articles, indicating that iron oxides were pillared between the
mectite-like layers. The small angle XRD pattern (Fig. 1c) showed
he crystalline structure of these samples along with the standard
atterns of rectorite (JCPDS File No. 25-0781). Compared with the
0 0 1) peak (2�  = 3.96◦) of R-500, the (0 0 1) peak of FeR was shifted
o a smaller angle (2�  = 3.28◦), indicating that the layer-to-layer
pacing of rectorite was increased after the iron modification. The

ayer-to-layer spacing of R-500 was 2.23 nm, and that of FeR was
ncreased to 2.69 nm by 0.46 nm,  which was well in accordance

ith the HRTEM image, and should be attributed to the iron com-
ounds fixed in the interlayer region to open the layered structure
rption–desorption isotherms, and (e) pore diameter distribution of R-500 (1) and

of rectorite. Due to the different fabrication methods, the appear-
ance of (0 0 1) peak and the shift of (0 0 2) peak to a smaller angle
for FeR were different from the report of Zhang et al. that the layer-
to-layer spacing of rectorite was  decreased to some extent after
the modification [23]. Zhang et al. [23] prepared the Fe2O3-pillared
rectorite by one-step of simultaneous ion-exchange and hydroly-
sis, resulting in the deposition of iron compounds mainly on the
outer layer surface and edges of the smectite-like layer, which
may  partially block the inner layer channels of the rectorite. In

contrast, we  used a two-step method including ultrasonic-assisted
ion-exchange and subsequent in situ hydrolysis. As the result of the
ion-exchange in the first step, the sodium content in the sample was
found to be decreased from 2.66 wt%  in R-500 to 2.43 wt%  in FeR,



6 ous M

c
i
s
c
s
i
a
0
t
i
w
n
o
v
t
a
w
r

a
t
F
s
b
t
w
B
5
f
c
e
f
w

3

w
t
a
1
c
t
t
s
s
t
d
a
i
u
o
t
o
t
i

w
w
a
q
a
d
a
b

0 X. Zhao et al. / Journal of Hazard

orresponding to the increasing of the iron content from 2.00 wt%
n R-500 to 2.22 wt% in FeR. Theoretically, the 0.23 wt%  decrease of
odium content should be equal to the increase of 0.19 wt%  in iron
ontent, which is basically verging to the experiment result. After a
ubsequent in situ hydrolysis and further heat treatment, pillars of
ron compounds were formed in the smectite-like layer, inducing
n increase of the layer-to-layer spacing from 2.23 to 2.69 nm by
.46 nm.  However, few iron compounds particles were observed on
he outer layer surface and edges of the rectorite (Fig. 1a), indicat-
ng that most iron species get into inner channels of rectorite and

ere embedded at the interlayer surface of rectorite. It should be
oted that although the SEM images could not show the formation
f iron compounds “nanoparticles”, the TEM images gave the rele-
ant evidence: for example, the lattice fringe spacing of 0.26 nm in
he HRTEM image of FeR was assigned to the iron oxide particles
s mentioned above. Thus, the microstructure of FeR in the present
ork is different from that of Fe2O3-pillared rectorite [23] and the

ectorite pillared with hydroxyalumina polycations [27].
By using nitrogen adsorption (Fig. 1d), the BET specific surface

rea was measured as 7.64 and 94 m2 g−1 for R-500 and FeR, respec-
ively. The BET area of FeR is larger than that (72.2 m2 g−1) of the
e2O3-pillared rectorite reported by Zhang et al. [23]. The pore-
ize distribution was evaluated from the isotherm of desorption
y using the Barret–Joyner–Halender (BJH) method. It was found
hat the powders of FeR contained a large amount of mesopores
ith peak pores of 3.96 nm,  whereas R-500 had few mesopores. The
JH pore volume of FeR (0.471 cm3 g−1) was 13 folds of that of R-
00 (0.0363 cm3 g−1). The larger proportion of mesopores accounts
or that FeR has larger BJH pore volume and much greater spe-
ific surface area than R-500. Together with the fact that iron was
mbedded successfully into the inner layer structure of FeR, there-
ore, it can be expected that the adsorption domains match well
ith catalytic domains in FeR.

.2. Adsorption characteristics of FeR

As shown in Fig. 2a, the adsorption of RhB (80 �M)  was fairly
eak on R-500, but very strong on FeR. Due to the adsorption,

he RhB concentration was declined quickly in the first 10 min,
nd then very slowly. The very fast adsorption within the first
0 min  demonstrates that the widely opened layer surface is rapidly
overed by the adsorbed RhB molecules, whereas the slow adsorp-
ion/desorption equilibrium in the following 50 min  suggested that
he transportation and the adsorption onto the less open layer
tructure in the interlaminar zone becomes difficult. The much
tronger adsorption ability of FeR than R-500 (increasing from 7.8%
o 74.2% in Fig. 2a) is partially attributed to the ultrasonic assistance
uring the fabrication of FeR, which is beneficial to the dispersion
nd the partial exfoliation of rectorite, both of which favors the
ron ion exchanging at the interlayer surface of rectorite. If only
ltrasonic irradiation was introduced without adding iron ions, the
btained rectorite adsorbed 41% of RhB under the similar condi-
ions, being about half of that on FeR. In addition, the intercalation
f iron compound into the smectite-like layers enlarged the layer-
o-layer spacing and increased inner mesopores, leading to further
ncreasing of BET surface area and adsorption ability.

Adsorption isotherms of RhB on R-500 and FeR at pH 4.5 were
ell fitted to the Langmuir equation of ce/qe = 1/bqmax + ce/qmax,
here ce and qe are the equilibrium concentration (mg  L−1)

nd the corresponding adsorption capacity (mg  g−1), respectively,
max is the maximum adsorption capacity (mg  g−1) and b is the

dsorption coefficient (L mg−1). The fitting of the experimental
ata (Fig. 2b) gave the values of qmax and b as qmax = 9.0 mg  g−1

nd b = 0.0716 L mg−1 for R-500, and qmax = 101 mg  g−1 and
 = 0. 860 L mg−1 for FeR. The value of b on FeR is 12 folds of that on
aterials 215– 216 (2012) 57– 64

R-500, revealing that the adsorption ability of FeR is greatly pro-
moted by iron modification.

Fig. 2c shows effects of solution pH on qmax of RhB on FeR.
There are two platforms in the qmax–pH curve: the first platform
gives qmax values of about 110 mg g−1 at pH < 4.5, and the sec-
ond one gives qmax values of about 30 mg  g−1 at pH > 6. The qmax

of 110 mg  g−1 (at pH < 4.5) was much more than that of com-
mon  adsorbents such as silica aerogel (35.1 mg  g−1), parthenium
biomass (28.8 mg  g−1) and phosphoric acid treated parthenium car-
bon (56.6 mg  g−1) [1,28].  The turning point appears around pH
6, being considerably different from the value of the dissociation
constant of RhB (pKa = 3.7). This is attributable to complicate inter-
actions of RhB with the surface of FeR, including coulombic and van
der Waals forces, H-bonds, and nonbonding energy contributions
[29].

3.3. Catalytic activity of iron modified rectorite

As shown in Fig. 3a, RhB (80 �M)  was  hardly degraded in the
absence of either FeR, light irradiation or H2O2, but its removal
was as high as 90% and 99% within 60 min  in the simultaneous
presence of FeR and H2O2 under the irradiation of visible light and
sunlight, respectively. Thus, light irradiation and H2O2 are essen-
tial requisites for RhB degradation with FeR as the catalyst. Similar
trend was observed for R-500, but it exhibited a much lower cat-
alytic activity for RhB degradation than FeR did in the presence of
H2O2 and light irradiation. Under all the tested conditions, the RhB
degradation kinetics approximately followed a pseudo-first-order
reaction of ln(c0/ct) = kt + b, where c0 and ct are the RhB concentra-
tions (�M)  at time of t = 0 and t = t, k is the apparent rate constant
(min−1), b is a constant, and t is reaction time (min). The intro-
duction of visible light and sunlight in the presence of FeR and
H2O2 increased k from 0.00159 to 0.0413 min−1 by 26 folds and
0.122 min−1 by 77 times, respectively, demonstrating that FeR is an
efficient photo-Fenton-like catalyst (the optical band gap energy of
FeR was  estimated to be 2.20 eV from Fig. 4e and f). Furthermore,
in comparison with R-500, the use of FeR increased k values from
0.0068 to 0.122 min−1 by 18 times under the sunlight irradiation
and from 0.0034 to 0.0413 min−1 by 12 times under visible light
irradiation, respectively. This strongly suggests that an integration
of iron into rectorite with a two-step method could significantly
enhance the photocatalytic ability of rectorite.

TOC was  monitored during the whole degradation process
including the pre-adsorption stage. As shown in Fig. 3b, the adsorp-
tion was  pre-conducted in dark for 60 min  and then the degradation
was started at t = 0 h. The pre-adsorption removed ca. 70% of TOC,
and the further immersing of FeR in dark from 0 to 6 h did not fur-
ther increase the TOC removal. Under the irradiation of visible light,
the simultaneous use of FeR and H2O2 resulted in a fast decreasing
of TOC from 1 to 3 h and an almost complete mineralization of RhB
could be achieved by prolonging the irradiation time. In the case
of sunlight, almost all the added RhB were completely mineralized
at t = 1 h. The faster degradation and mineralization of RhB under
sunlight than that under the visible light irradiation is attributed
to the contribution of UV in sunlight and greater intensity of the
sunlight (see Section 2.6). By increasing the initial concentration of
RhB from 80 to 120 �M,  we  conducted the adsorption-degradation
experiment similarly (Fig. 3c), the pre-adsorption in dark removed
only 29.5% of the added TOC, which did not increase in dark with
prolonging adsorption time. However, the visible light irradiation
of 6 h achieved 93.6% of the TOC removal. This further confirms the
photo-Fenton-like catalytic effect of FeR.
To verify whether the RhB adsorbed on FeR was  degraded com-
pletely or not, fresh FeR, RhB-adsorbed FeR and the used FeR sample
in the RhB degradation under visible light were analyzed with
FTIR–ATR. Compared with that of fresh FeR, the FTIR spectrum of
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ig. 2. (a) Adsorption of RhB (80 �M)  and (b) Langmuir-type plots of ce/qe vs ce in sy
H  on qmax of FeR and k.

hB-adsorbed FeR showed the characteristic absorption peaks of
hB in functional group area and in fingerprint region (A and B in
pectrum (ii) of Fig. 3d). However, these characteristic peaks of RhB
ll disappeared in the spectrum of the used FeR. These confirm that
hB was indeed adsorbed onto FeR in dark, and the adsorbed RhB
as completely mineralized during the photo-irradiation. Accom-
anying the degradation and mineralization of RhB, the added
2O2 was correspondingly consumed (the H2O2 concentration was
ecreased from 6 mM at 0 h to 3.3 mM at 6 h).

Effects of initial H2O2 concentration and FeR load were investi-
ated on the visible light photocatalytic ability of FeR. When H2O2
oncentration was increased from 1.0 to 6.0 mM,  the k value was

inearly increased from 0.0253 to 0.0413 min−1; when it was  fur-
her increased from 6.0 to 9.0 mM,  the k value was  kept at an
lmost constant one. As for the effect of FeR dosage, the k value
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was increased from 0.0062 to 0.0413 min−1 with increasing FeR
load from 0.1 to 0.4 g L−1; when it was further increased beyond
0.5 g L−1, the RhB removal was very slightly decreased, possibly due
to the obstructing of visible light by the suspended FeR particles at
higher concentrations. Therefore, initial H2O2 concentration and
FeR load may  be optimized at 6.0 mM and 0.4 g L−1, respectively.

The ability of FeR to activate H2O2 under light irradiation was
decreased with increasing of solution pH (Fig. 2c), but the k value
at pH 10.5 was  yet as great as 0.00729 min−1, which indicates that
FeR could take effect in alkaline pH range. It was also noted that
the pH dependence of k was much different from that of qmax. This
suggests that the removing of RhB is not by only the adsorption,

but a cooperation of the adsorption and catalysis.

The RhB degradation experiments in successive batches demon-
strated that FeR could be reused with the catalytic activity as
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Fig. 4. (a) Degradation of RhB with the recycled FeR. (b) Degradation of RhB in systems of (1) H2O2-leaching solution and (2) FeR–H2O2. Other reaction conditions were given
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n  Fig. 3. (c) Survey XPS spectra of FeR before and after the degradation experiment (
f  FeR (0.4 g L−1) during the settlement at 298 K. (e) UV–vis diffuse reflectance spec

fficient as the fresh one (Fig. 4a). The good chemical stability of FeR
as further confirmed by the little degradation in the FeR leaching

olution (Fig. 4b) and XPS analysis of the catalyst (Fig. 4c). The lit-
le degradation in the FeR leaching solution (Fig. 4b) demonstrated
wo aspects: one is that the catalytic effect of FeR comes from itself,
ut not from the Fenton reaction induced by the possible dissolved

ron; the other is that FeR as the catalyst is very stable because little
ron was dissolved from it. Fig. 4c compares the survey XPS spectra
nd the XPS Fe(2p) envelops of FeR before and after the degradation
xperiment. The almost same survey XPS spectrum and XPS Fe(2p)
nvelop of the fresh FeR with that of the used FeR confirm that
he chemical structure of FeR and the valence of Fe on the surface
f the catalyst was not changed after the reaction. In nanostruc-
ured TiO2/�-Fe2O3 thin film, Akhavan observed the formation of
he Fe O Ti bond between iron and TiO2 with the aid of XPS analy-
is [25], In our work, we may  expect the formation of chemical bond
e O Si between iron and rectorite, although it cannot be directly
videnced from the XPS information due to the very low signal
ntensity of the related element peaks. Due to the similar reason,

e cannot make a qualified peak deconvolution of the Fe(2p) peak.
s for the oxidation state of Fe element, however, we  could find

hat the iron state was Fe3+ states, but not Fe0 or Fe2+, by the XPS
nalysis, which is consistent with the inference from the prepara-

ion process of FeR, where the iron was inserted into the interlayers
f rectorite by ion-exchanging, in situ hydrolysis and calcination.

Moreover, we  allowed the dispersion of FeR (0.4 g L−1) for set-
lement at 298 K and monitored the variation of its absorbance at
 XPS envelop of Fe 2p). (d) Variation of the absorbance (at 650 nm) of the dispersion
FeR and (f) the (Ah�)2–h� curve.

650 nm.  The almost zero absorption at 350 min  (Fig. 4d) indicated
that FeR could be re-gathered easily by simple sedimentation.

3.4. Mechanism for removing organic pollutants by using FeR

As discussed above, the strong adsorption ability of FeR is
attributed to the ultrasonic-assisted iron modification, which
favors the exfoliation of rectorite and increase of the layer-to-layer
spacing of rectorite. The iron modification increased the maxi-
mum absorption capacity of RhB (at pH 4.5) from 9.0 mg  g−1 on the
unmodified rectorite to 101 mg  g−1 on FeR by 11 times. Such strong
adsorption ability of FeR not only makes it be an excellent adsor-
bent, but also provides it sufficient adsorption sites for its catalytic
function.

Under similar conditions, the RhB removal in the FeR–H2O2 sys-
tem was  nearly 5 times that in the FeCl3–H2O2 system (Fig. 5a). By
using H2O2 and the leached iron as the Fenton reagent, it was  found
that the leached iron contributed less than 3.3% to the RhB removal
in the FeR–H2O2 system (Fig. 4b). These demonstrate that the RhB
adsorption and subsequent degradation on the surface of FeR make
major contributions to the removing of organic pollutants.

The oxidative degradation of RhB on FeR requires both H2O2
and visible light irradiation, and hence a synergistic effect of light

irradiation and H2O2 is evoked greatly in the studied system, like
that reported by Noorjahan and Nie [30,31].  Taking into account
the photosensitization effect of RhB, colorless phenol was used as
the pollutant. 97.8% of 4-NP (20 mg  L−1) was degraded in 30 min  in
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he presence of FeR and H2O2 under visible light irradiation, but the
egradation ratio of that in the system of R-500–H2O2-vis was  less
han 5%, which suggests that dye-sensitization is not a key factor in
he degradation mechanism of RhB in the FeR–H2O2-light system.
herefore, the degradation of organic pollutants on FeR follows a
hoto-Fenton process. Reactive oxygen species (ROS) was detected
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oumarin fluorescent probe technique [32]. The ESR spectra in the
resence of R-500 and FeR displayed a 4-fold characteristic peak
f the typical DMPO-•OH adduct with an intensity ratio of 1:2:2:1
Fig. 5b), confirming that FeR produced •OH radical as the major
OS in the presence of H2O2 under visible light irradiation. Using
he coumarin fluorescent probe for the detection of •OH radicals
32], we observed a fast increase of fluorescence intensity of 7-
ydroxycoumarin at 456 nm in the system of FeR–H2O2–coumarin
nder visible light irradiation (Fig. 5c), which is due to the oxidation
f coumarin by the generated •OH radicals.

It is interesting to make a comparison between the ESR signal
ntensity of DMPO-•OH adduct, adsorption capacity (qmax) and k
alue for R-500 and FeR. The three factors had the same order of
eR > R-500, and the ratio of the k value (12:1) for FeR to that for R-
00 is very close to that of the qmax values (11:1), but not to that of
he ESR signal intensity (2.4:1). This suggests that the adsorption
f RhB on the bifunctional materials dominate the photo-Fenton
egradation of RhB. To further confirm it, 16 mM alcohol was  added

nto the FeR–H2O2–RhB system at dark and under visible light irra-
iation, respectively. The dark adsorption of RhB on the FeR was
ecreased by less than 10% in comparison with that without alco-
ol, whereas 81% of RhB could be still removed in the co-presence
f alcohol after 60 min  of photo-Fenton-like reaction, although
lcohol was a well-known •OH radicals scavenger [33]. This again
upports that the RhB degradation occurs mainly on the surface
f FeR, but not in the solution, being consistent with the opinion
f Nieto-Juarez and Kim [34,35]. Obviously, the adsorption of RhB
n the surface of bifunctional materials promotes much the sub-
equent photo-Fenton-like degradation and mineralization of RhB,
hich leads to fast in situ recovery of the adsorbed surface and then
ermits more adsorption of RhB for its subsequent degradation.
herefore, the significant synergistic effect between the adsorption
nd subsequent degradation makes a major contribution to the fast
emoval of TOC in the treatment of RhB by using FeR.
. Conclusions

Bifunctional FeR was fabricated with a two-step method
f ultrasonic-assisted ion-exchange and in situ hydrolysis. FeR

[

 under 532 nm laser irradiation. (c) Reaction time dependence of the fluorescence
2–coumarin-vis, (2) FeR–H2O2–coumarin-dark, and (3) FeR–H2O2–coumarin-vis.

demonstrated an increased basal spacing and greater BET surface
area. Consequently, the iron modification increased the adsorption
ability for RhB by 11 times in comparison with unmodified rec-
torite, making rectorite an excellent adsorbent. Additionally, iron
modification made rectorite an efficient visible light photocatalyst
with high chemical stability and wide operating range of pH. FeR
could be used to remove organic contaminants from aqueous solu-
tion by fast adsorption and subsequent efficient degradation in the
presence of visible light irradiation and H2O2.
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