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a b s t r a c t

Partial isomorphous substitution of transition metal (M = V, Cr, Mn, Fe, Co) ions in the titanosilicate
ETS-10 framework (ETMS-10 with M/Ti ≈ 0.06 mol mol−1) was carried out in efforts to enhance the pho-
tocatalytic activity of ETS-10 in the degradation of methylene blue (MB) under UV light (280–400 nm)
irradiation. XRD, UV–vis, and EDX analyses suggested substitution of V4+/V5+, Cr3+, Mn2+, and Fe3+ for octa-
hedral Ti4+, and Co2+ for tetrahedral Si4+ in the ETS-10 framework. All ETMS-10 samples showed lower
bandgap energies (Eg = 3.79–3.90 eV) than unmodified ETS-10 (Eg = 3.96 eV), and exhibited absorption
features in the visible light region. These samples showed higher photocatalytic activities in photodegra-

−1

ethylene blue

hotocatalysis
itanosilicate
ransition metals

dation of MB (pseudo-first-order reaction rate constants, k = 0.016–0.055 min ) than unmodified ETS-10
(k = 0.008 min−1), and the activities decreased in the order: ETCoS-10 > ETCrS-10 ≈ ETFeS-10 > ETMnS-
10 ≈ ETVS-10 > unmodified ETS-10. This was hypothesized to be due in part to the lower bandgap energies
of ETMS-10 samples compared to that of unmodified ETS-10, as well as the introduction of midgap states
with transition metal ions replacing Ti4+, and different d electron configurations of transition metal ions

fram
substituted in the ETS-10

. Introduction

Titanosilicate ETS-10 is a crystalline microporous (pore
ize 4.9 Å × 7.6 Å) material with a framework composed of
orner-sharing TiO6 octahedra and SiO4 tetrahedra [1]. The
ramework of ETS-10 contains monatomic linear semiconducting
· ·Ti–O–Ti–O–Ti· · · chains that are effectively separated from one
nother by the surrounding silica matrix [2], and are hypothesized
o be a quantum-confined form of titania (TiO2) with a bandgap
nergy of 4.03 eV [3]. This has made ETS-10 a possible UV light
hotocatalyst in photodegradation of various organic chemicals
4–9].

The photocatalytic activity of ETS-10 is limited to a large extent
y its high bandgap energy. Recently, various attempts have been
ade to improve the photocatalytic performance of this material in

he UV light region, and extend its activity to the visible light region.
hese include post-synthesis acid treatment [5], ion exchange with
H4

+ [10] and various transition metal ions [7], encapsulation of
dS nanoparticles in the ETS-10 micropore system [11], partial iso-

orphous substitution of Ti or Si with some transition metal ions

7,8], and partial substitution of O with anionic species of S, C, and
[12].

∗ Corresponding author. Tel.: +1 806 742 3451; fax: +1 806 742 3493.
E-mail addresses: al.sacco-jr@ttu.edu, asacco@coe.neu.edu (A. Sacco Jr.).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.04.027
ework.
© 2011 Elsevier B.V. All rights reserved.

Although several transition metal ions (i.e., V [8,13], Nb [14], Fe
[15,16], Cr [7,17], Co [7,18], and Zr [19]) have been partially isomor-
phously substituted in the ETS-10 framework, only ETS-10 samples
substituted with chromium, cobalt, and vanadium [7,8] have been
investigated in photocatalysis. These substitutions were carried out
following the general method that was first disclosed in a patent
[20], which claimed substitutions of these and other metal ions for
octahedral and/or tetrahedral sites in ETS-10 using the appropriate
metal salts in ETS-10 synthesis mixtures. Vanadium-substituted
ETS-10 (ETVS-10) samples had higher activity than unmodified
ETS-10 in the photocatalytic polymerization of ethylene in the
combined UV and visible light regions [8]. This was attributed to
lowering of the bandgap energy and appearance of photocatalyti-
cally active absorbance at 450 nm due to charge-transfer transition
associated with octahedrally coordinated V5+ in the framework of
ETVS-10 [8]. Calcined at 773 K chromium (ETCrS-10) and cobalt
(ETCoS-10) substituted ETS-10 samples showed the same activ-
ity as unmodified ETS-10 for the photocatalytic decomposition of
acetaldehyde in the UV light region [7]. Based on these limited data,
the effects of transition metal ion substitution in the ETS-10 frame-
work on the photocatalytic activity of resulting ETS-10 materials,
and thus the role that the substituted transition metal ions play in

affecting the photocatalytic performance of ETS-10 under UV light
irradiation is unclear.

Incorporation of transition metal ions in the crystal lattice has
been used in efforts to improve the photocatalytic activity of TiO2

dx.doi.org/10.1016/j.jphotochem.2011.04.027
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:al.sacco-jr@ttu.edu
mailto:asacco@coe.neu.edu
dx.doi.org/10.1016/j.jphotochem.2011.04.027
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21–24]. UV–vis spectroscopic characterization of thus modified
iO2 samples often shows additional absorption in the visible light
egion, and the red shift of the intrinsic absorption edge of TiO2.
hese changes in spectral features stem from the introduction of
he transition metal ion energy levels within the bandgap of TiO2
21,23]. The red shift in the bandgap energy is likely due to the
ntroduced new charge-transfer transitions between the transition

etal ion d electrons and the conduction or the valence band of
iO2. The absorption band(s) that appear in the visible light region
ay be due to d–d transitions in the introduced transition metal

ons, and may also be due to charge transfer between the intro-
uced transition metal ions and the conduction (or valence) band
f TiO2 [21–23]. However, despite the enhanced light absorption
n the UV and visible light regions observed for the modified TiO2
amples, their photocatalytic activities under UV or visible light
rradiation are not always increased. This was proposed [21,24]
o be because the incorporated transition metal ions should act
s both electron traps and hole traps to be photoactive. Trapping
ither an electron or a hole alone may not be as effective, because
he immobilized charge carrier quickly recombines with its mobile
ounterpart. In ETS-10 this recombination may be further hindered,
wing to hypothesized quantum wires providing a pathway for
lectrons to rapidly move away from the vicinity of the hole.

In this investigation, degradation of a model compound, methy-
ene blue (MB), was systematically investigated under UV light
rradiation on the unmodified and isomorphously substituted with
4+/V5+, Cr3+, Mn2+, Fe3+, or Co2+ ETS-10 samples, and the pho-

ocatalytic results compared with the optical properties of these
aterials. The incorporation of transition metal ions in the ETS-10

ramework together with the ETS-10 structure (i.e., quantum wires)
an improve the photocatalytic performance of ETS-10 under UV
ight irradiation, and the possible role of individual metal ions in
he UV light photocatalysis on ETS-10 is further elucidated.

. Experimental methods

.1. ET(M)S-10 synthesis and characterization

The unmodified ETS-10 crystals [25] and transition metal
on-substituted ETS-10 [7] (ETMS-10, M = V, Cr, Mn, Fe, Co)
rystals were hydrothermally synthesized according to the lit-
rature procedures. The synthesis mixture composition was
.2Na2O:0.5 K2O:1.0TiO2:5.5SiO2:113H2O. To synthesize ETMS-10
rystals, the transition metal salts such as VOSO4·5H2O (97%,
ldrich), Cr(NO3)3·9H2O (99%, Aldrich), Mn(NO3)2·5H2O (98%,
ldrich), Fe(NO3)3·9H2O (98+%, Aldrich), or Co(NO3)2·6H2O (98+%,
ldrich) were added to the solution containing N-Brand sodium
ilicate (28.59% SiO2, 8.88% Na2O, PQ), sodium chloride (NaCl,
9.0%, Sigma), potassium chloride (KCl, 99.0%, Fisher), and deion-

zed water (resistivity >18 M� cm). To this solution anatase powder
99% TiO2, Aldrich) was added, and the resulting mixture was vigor-
usly hand-shaken for 5 min before transferring it into Teflon-lined
tainless steel autoclaves. For all transition metal (M) ions used, the
ixture molar M/Ti ratio was 0.05. Synthesis of unmodified ETS-10
as accomplished using the same procedure but without transition
etal salts. After crystallization at 503 K for 3–6 days, the products
ere cooled to room temperature, filtered and washed with 1 L of
eionized water, and air-dried overnight at 353 K.

X-ray powder diffraction (XRD, Bruker D5005 diffractome-
er equipped with a curved graphite crystal diffracted beam

onochromator and a NaI scintillation detector, Cu K� radia-

ion, 40 kV, 30 mA) was used to determine purity of ET(M)S-10
roducts. Field emission scanning electron microscopy (FE-SEM,
itachi S-4700 FE-SEM, accelerating voltage 2 kV, beam current
0 �A) was used to image crystal morphology. Energy dispersive
biology A: Chemistry 221 (2011) 77–83

X-ray spectroscopy (EDX, Phoenix EDAX X-ray analyzer equipped
with Sapphire super ultra thin window detector attached to the
Hitachi S-4700 FE-SEM, accelerating voltage 20 kV, beam current
10 �A) was conducted to estimate the amount of transition metal
ions present in ETMS-10 crystals. Diffuse reflectance UV–vis spec-
troscopy (Cary 5000 UV–vis–NIR spectrometer equipped with a
Praying Mantis accessory, powdered SpectralonTM reference mate-
rial) was used to obtain optical properties and determine band gap
energies of the investigated samples. An API Aerosizer LD equipped
with an API Aero-Disperser dry powder dispersion system (TSI,
Inc., Particle Instruments/Amherst) was used to measure the parti-
cle size distributions (PSDs) of the investigated samples. For these
measurements, the average density of the samples was assumed to
be 1750 kg m−3 [26]. Based on the PSD data, the API Aerosizer soft-
ware was used to calculate the external specific surface area (SEXT)
of each sample. This quantity is defined by the software as the total
surface area of the number of particles whose total volume equals
1 cm3, and the results for SEXT are given in m2 g−1.

2.2. Photocatalytic degradation of MB

All photocatalytic experiments were conducted at room tem-
perature (298 K ± 3 K) in a 200 mL stirred Pyrex beaker using a
crystal suspension of 500 mg L−1 in a 100 mL aqueous methylene
blue (MB, Sigma–Aldrich) solution, which had a concentration of
10 mg L−1 and a pH of 5.4. This pH was determined from preliminary
experiments in which pH were adjusted by adding 0.1 M aque-
ous NaOH solution or 0.1 M aqueous acid solutions to an ETS-10
suspension. These preliminary trials showed the highest activity
occurred at pH values in the range 4.0–5.4. Further preliminary
experimentation showed that the rate of MB conversion did not
change above 750 rpm for the most active samples tested. Thus, a
rate of 1000 rpm was utilized to eliminate external mass transfer
as well as to uniformly disperse ET(M)S-10 crystals, and to aerate
the mixture during the light irradiation to avoid photobleaching
of MB that occurs at insufficient dissolved oxygen concentrations
[27,28]. Magnetic stirring of suspensions in the dark for 1 h prior to
irradiation achieved adsorption/desorption equilibrium. Utilizing
these experimental conditions without light irradiation, no degra-
dation of MB was observed. To achieve solution irradiation, a 500 W
Xe arc lamp (Oriel Model 66924) was positioned 10 cm from the
top surface of reaction mixture, and the light was passed through
a dichroic mirror (280–400 nm) to ensure UV light exposure. The
degradation of MB during photocatalysis was monitored using a
Cary 5000 UV–vis–NIR spectrometer (sample size 4 mL). The con-
centration of MB in each sample was determined from the intensity
of the absorbance maximum at ∼664 nm due to MB in the UV–vis
spectrum [27].

3. Results and discussion

3.1. Characterization of ET(M)S-10

XRD analysis showed highly crystalline ETS-10 as the only phase
in the unmodified sample as well as in all transition metal ion-
substituted (i.e., ETMS-10) samples; no impurity phases containing
any of the transition metals were detected. All ETMS-10 samples
showed a slight shift of XRD peaks compared to unmodified ETS-
10 (expansion of the XRD patterns around the most intense peak at
∼24.7◦ 2� is illustrated in Fig. 1). The peaks for ETCrS-10, ETMnS-
10, ETFeS-10, and ETCoS-10 shifted to lower angle (Fig. 1). Such a

shift for ETCrS-10 and ETFeS-10 can be expected considering the
replacement of the smaller octahedral Ti4+ (ionic radius 0.745 Å
[29]) in the ETS-10 framework by either the larger octahedral Cr3+

(ionic radius 0.755 Å [29]) or the larger octahedral Fe3+ (ionic radius
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Fig. 1. XRD patterns of: (a) unmodified ETS-10, (b) ETVS-10, (c) ETCrS-10, (d)
ETMnS-10, (e) ETFeS-10, and (f) ETCoS-10.
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Fig. 2. FE-SEM image of the unmodified ETS-10 crystals.

.785 Å [29]), giving slightly larger unit cells of these substituted
TS-10 samples compared to that for unmodified ETS-10. Such
eplacement in ETS-10 was reported before [15–17]. By analogy,
similar lower angle peak shift for ETMnS-10 can be interpreted

s a result of increase of its unit cell volume due to replacement of
i4+ in the ETS-10 framework by the larger octahedral Mn2+ (ionic
adius 0.97 Å [29]). In agreement with previous results [18], the
ower angle peak shift for ETCoS-10 was taken to indicate the sub-
titution of larger tetrahedral Co2+ (ionic radius 0.72 Å [29]) for the
uch smaller tetrahedral Si4+ (ionic radius 0.4 Å [29]) in the ETS-10

ramework. The opposite, very slight shift of XRD peaks to higher
ngle for ETVS-10 (Fig. 1), i.e., smaller unit cell volume, is likely due
o the smaller ionic radii of octahedral V4+ (0.72 Å) and octahedral
5+ (0.68 Å) [29] that replace larger Ti4+ in the ETS-10 framework

8].
FE-SEM analysis showed that crystals in all ETMS-10 sam-

les (not shown for brevity) had the same elongated truncated
ipyramidal morphology as the unmodified ETS-10 crystals (Fig. 2).
owever, the colors of these ETMS-10 crystals were different from

he white color of unmodified ETS-10, and depended on the type

f substituted transition metal ion: ETVS-10 was grayish, ETCrS-
0 was bright green, ETMnS-10 and ETCoS-10 were pink, whereas
TFeS-10 appeared light orange. FE-SEM analysis revealed also
Fig. 3. PSDs of: (a) ETCrS-10, (b) ETVS-10, (c) ETFeS-10, (d) unmodified ETS-10, (e)
ETCoS-10, and (f) ETMnS-10.

that individual crystals in all ETMS-10 samples did not exceed
the dimensions of the unmodified ETS-10 crystals (i.e., maximum
length no larger than ∼1.5 �m, maximum width no larger than
∼1.0 �m). PSD analysis confirmed these visual observations (Fig. 3).
PSDs of ETMnS-10 and ETCoS-10 samples were practically iden-
tical to that of the unmodified ETS-10 sample. Crystals in the
ETCrS-10, ETVS-10, and ETFeS-10 sample populations were slightly
smaller on average than the unmodified ETS-10 crystals (Fig. 3).
The external specific surface areas (SEXT) of all ET(M)S-10 samples
investigated were calculated based on the PSD data using the Aero-
sizer software, and the SEXT values are shown in Table 1. The SEXT
values reflect the PSD trends shown in Fig. 3.

Also, Table 1 shows the results of EDX analysis performed to
determine the transition metal content (M/Ti, M = V, Cr, Mn, Fe,
Co) and Si/Ti ratios in ETMS-10 crystals. All transition metal ions
investigated appeared to replace Ti to approximately the same
extent in ETMS-10 samples (M/Ti ≈ 0.06). Also, the crystal Si/Ti
ratios measured for all ETMS-10 samples (Table 1) were identical
within experimental error to that obtained for unmodified ETS-10.
In principle, the substitution of Si by Co in ETCoS-10 [18] should
result in a lower crystal Si/Ti ratio in this material compared to
unmodified ETS-10, whereas the substitution of Ti by V, Cr, and Fe in
ETVS-10 [8], ETCrS-10 [17], and ETFeS-10 [15], respectively, should
result in higher crystal Si/Ti ratios in these materials compared to
unmodified ETS-10. However, the relatively large error associated
with EDX analysis for the Si/Ti ratios (±0.2 mol mol−1, Table 1),
and the low transition metal content in all ETMS-10 samples
(M/Ti ≈ 0.06 mol mol−1, Table 1) did not allow the unambiguous
assignment of transition metal ion location in these samples based
on these EDX results.

A systematic UV–vis spectroscopic analysis was performed on
ETMS-10 samples to determine the oxidation states of transition
metal ions. The asymmetric absorption band in the UV light region
in the spectra collected for unmodified ETS-10 as well as all ETMS-
10 samples (Fig. 4a) has been shown to have three components
[30,31]. These components are due to the O2− to Ti4+ charge-
transfer (CT) transitions: the localized CT transitions in the Ti–O–Si
groups, the delocalized CT transitions along the · · ·Ti–O–Ti–O–Ti· · ·
chains, and the localized CT transitions caused by defects in the
chains [31]. Unlike unmodified ETS-10, all ETMS-10 samples exhib-
ited noticeable absorption in the visible light region, in addition

to displaying a small red shift of the absorption edge from that
of the unmodified ETS-10 sample (Fig. 4a). These features are
clearly shown in the absorbance spectra re-plotted in the narrower
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Table 1
The external specific surface areas (SEXT), crystal M/Ti and Si/Ti ratios, bandgap energies (Eg), and pseudo-first-order reaction rate constants for the photodegradation of MB
(k) for different ET(M)S-10 (M = V, Cr, Mn, Fe, Co) samples.

Sample SEXT (m2 g−1)a M/Ti (mol mol−1)b Si/Ti (mol mol−1)b Eg (eV)c k (min−1)d

ETS-10 3.6 ± 0.1 0 5.5 ± 0.2 3.96 ± 0.02 0.008 ± 0.001
ETVS-10 4.2 ± 0.1 0.063 ± 0.004 5.7 ± 0.2 3.90 ± 0.02 0.016 ± 0.002
ETCrS-10 4.3 ± 0.1 0.060 ± 0.004 5.2 ± 0.2 3.86 ± 0.02 0.042 ± 0.004
ETMnS-10 3.5 ± 0.1 0.060 ± 0.004 5.2 ± 0.2 3.82 ± 0.02 0.020 ± 0.002
ETFeS-10 3.9 ± 0.1 0.063 ± 0.002 5.7 ± 0.2 3.79 ± 0.02 0.034 ± 0.003
ETCoS-10 3.5 ± 0.1 0.055 ± 0.003 5.4 ± 0.2 3.82 ± 0.02 0.055 ± 0.005

a Calculated from the PSD data.
b Calculated from the EDX data.
c Calculated from the UV–vis data.
d Calculated from the MB photodegradation kinetics data.
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ig. 4. UV–vis absorption spectra of the unmodified ETS-10 and different ETMS-10
M = V, Cr, Mn, Fe, Co) samples in the: (a) 200–800 nm and (b) 330–700 nm range.

avelength range (Fig. 4b). The ETVS-10 sample exhibited (Fig. 4b)
broad absorption band centered at ∼450 nm due to charge-

ransfer transition associated with distorted octahedral V5+, and
bsorption band centered at ∼600 nm corresponding to d–d tran-
ition in distorted octahedral V4+ in the ETS-10 framework [8].
his suggested two oxidation states (V4+ and V5+) for vanadium
ubstituted for Ti4+ in the ETS-10 framework. The two absorption
ands centered at ∼450 nm and ∼625 nm for ETCrS-10 (Fig. 4b)
re characteristic of d–d transitions in octahedral Cr3+ in the ETS-
0 framework [17], thus suggesting the substitution of Cr3+ for
i4+ in ETCrS-10. The ETMnS-10 sample showed strong absorption
and(s) at 400–650 nm (Fig. 4). The bands centered at ∼420 nm,

500 nm, and ∼610 nm are characteristic for d–d transitions of the
ctahedrally coordinated Mn2+ [32,33]. This suggested incorpora-
ion of Mn2+ in the framework of ETMnS-10. Significant absorption
n the visible light region up to ∼650 nm was observed in ETFeS-10
sample, although no distinct absorption band(s) could be distin-
guished in this energy range (Fig. 4a). In addition, a noticeable
red shift of the absorption edge from that for the unmodified ETS-
10 sample, together with a considerable tailing of the absorption
due to charge-transfer transition into the visible light region was
observed for ETFeS-10 (Fig. 4b). Similar results were obtained for
the Fe3+-substituted ETS-10 by Eldewik et al. [15], who attributed
these results to octahedrally coordinated Fe3+ that replaces Ti4+

in the ETS-10 framework. In ETCoS-10, the broad absorption bands
observed at ∼390 nm and 500–700 nm (Fig. 4b) have been assigned
to tetrahedrally coordinated Co2+ that replaces Si4+ in the ETS-10
framework [18]. Thus, the UV–vis spectroscopic results, together
with XRD and EDX analyses, strongly suggested the successful
incorporation of all transition metal ions investigated here in the
ETS-10 framework. The bandgap energies (Eg) were determined
from the UV–vis spectra using the method described in literature
[8,34], and the Eg values are shown in Table 1. As illustrated in
Table 1, all ETMS-10 samples showed somewhat lower bandgap
energies (3.79–3.90 eV) compared to that (3.96 eV) of the unmodi-
fied ETS-10 sample.

3.2. Photocatalytic degradation of MB

For all ET(M)S-10 samples the intensity of MB absorbance max-
imum at ∼664 nm decreased with increasing reaction time and
blue-shifted when measured at longer reaction times (an example
of the temporal changes for the ∼664 nm peak during MB pho-
todegradation on ETFeS-10 during the first 11 min is shown in
Fig. 5). This suggested oxidative N-demethylation of the dimethy-
lamino groups in MB occurring together with oxidative degradation
of the MB chromophore [27]. Formation of N-demethylated inter-
mediates implied [27] that the ETS-10-sensitized photoreduction
of MB possible during the UV light activation of a photocatalyst [28]
did not occur in our investigation. Thus, the concentration of dis-
solved molecular oxygen in the reaction mixtures, and the rate of
trapping the photogenerated conduction band electrons by oxygen
adsorbed on the ETS-10 surface appeared to be sufficient [28] to
result in the photodegradation of MB.

The photodegradation reaction appeared to be first-order with
respect to MB, as indicated by the photodegradation kinetics data
(Fig. 6). This is in agreement with observations of others [27,35].
The pseudo-first-order reaction rate constants (k) were determined
based on the data in Fig. 6, and the k values are shown in Table 1.
All these k values were larger than the direct UV light photolysis
rate constant determined for MB (∼0.005 min−1) under the same
reaction conditions. Therefore, all ET(M)S-10 samples were active

in the photodegradation of MB under UV light irradiation, and
their activities increased in the order: unmodified ETS-10 < ETVS-
10 ≈ ETMnS-10 < ETFeS-10 ≈ ETCrS-10 < ETCoS-10. These activities
(k values) did not correlate with the SEXT values of different
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Fig. 7. Electronic structures of ETS-10 and 33% substituted [M/Ti] models for d0–5

metals (M = V, Cr, Fe) estimated using DFT orbital energies. Red lines indicate the
position of the O(2p) energy levels. Black and gray lines represent the occupied and
unoccupied midgap states, respectively. Light and dark gray rectangles represent the
unoccupied conduction band and occupied valence band states, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
ig. 6. The photocatalytic degradation kinetics of MB on the unmodified ETS-10
nd different ETMS-10 (M = V, Cr, Mn, Fe, Co) samples under 280–400 nm UV light
rradiation.

T(M)S-10 samples (Table 1), indicating other factors were evi-
ently more important in affecting the activity of these samples.

In the UV light range investigated here, the photodegradation of
B occurs mainly via a photocatalytic pathway [28,36], where the

uprabandgap photon-generated conduction band electrons and
alence band holes from the ET(M)S-10 semiconductor samples
articipate directly or indirectly via formation of reactive oxygen
adicals (e.g., HO•, HO2

•) in the degradation of MB [27]. Thus, the
igher photocatalytic activities of ETMS-10 samples compared to
hat of unmodified ETS-10 may in part be attributed to a somewhat
roader UV irradiation range utilization by the substituted ETS-10
amples, as indicated by the lower bandgap energies of all ETMS-

0 samples compared to that of unmodified ETS-10. However, the
rder of decreasing activity (decreasing k values) of individual
TMS-10 samples did not correlate with the order of increasing
to the web version of this article.)
Adapted from Shough et al. [38].

Eg values for these samples (Table 1). In fact, the results shown
in Fig. 6 showed that the photocatalytic activity of ETMS-10 sam-
ples varied greatly with the type of transition metal ion substituted
in the ETS-10 framework. Thus, the differences in photoreactivity
of different ETMS-10 samples are related to the differences in the
electronic structure of ETS-10 substituted with different transition
metal ions, and different d electronic configurations of these ions.
This is because just as recombination of photogenerated electrons
and holes is detrimental to the performance of a semiconductor
photocatalyst [37], the increase of activity of such a photocatalyst
may be achieved by reducing the rate of electron-hole recom-
bination via incorporation of the appropriate (i.e., “photoactive”)
transition metal ions in the crystal lattice [21,24], recognizing that
the effect, if any, of quantum wires should be constant regardless
of metal substitution.

Transition metal ion substitutions for the octahedral Ti4+ in the
ETS-10 framework investigated here which were also modeled (i.e.,
V5+, V4+, Cr3+, and Fe3+) were shown to result in midgap states
(i.e., states that are positioned above the valence band or below
the conduction band) [38]. The electronic structures modeled in
[38] relevant to the present investigation are shown in Fig. 7. These

midgap states can behave as electron or hole trapping sites along
the · · ·Ti–O–Ti–O–Ti· · · chains in ETS-10, depending on whether
these states are unoccupied or occupied, respectively. Ions such as
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e3+ and Cr3+ can act as both electron and hole traps [38]; whereas
4+ and Mn2+ can only act as hole traps, and V5+ [38] can only
ehave as electron traps. Ions with closed-shell electronic config-
rations (such as V5+, electronic configuration: 1s22s22p63s23p6,

.e., [Ar]) have little effect on the observed photocatalytic activity
21]. UV–vis spectroscopic analysis suggested the presence of V4+

nd V5+ in the framework of ETVS-10 (Fig. 4); however, previous
nvestigations [8] have shown more V5+ to be present throughout
he framework than V4+. Therefore, the relatively low activity of
TVS-10 can be attributed to the closed-shell electronic config-
ration of V5+. As reported by Choi et al. [21] and Zhang et al.
24] trapping either only electrons or only holes is not effective
ecause the immobilized charge species can easily recombine with
heir mobile counterparts. Therefore, the relatively low activity of
TMnS-10 can be due to the fact that Mn2+ cannot serve as electron
rap. In contrast, Fe3+ in ETFeS-10 and Cr3+ in ETCrS-10 can serve as
oth electron and hole traps, and therefore would be expected to

ead to higher photocatalytic activity, as observed (Fig. 6). Although
e3+ and Cr3+ have similar energy levels (Fig. 7) as well as the
ame oxidation state, Cr3+ appeared to be somewhat more effective
han Fe3+ for ETS-10 modifications for use in MB photodegrada-
ion. Since photogenerated holes prefer states of higher energy, a
ole trapped in the localized CrIII (dxy) can easily transition into the
ore delocalized dxz/dyz state (Fig. 7), which can be more effec-

ive in transporting the photogenerated holes to the active sites
f ETS-10 [38]. This would likely make ETCrS-10 more active than
TFeS-10, as observed (Fig. 6). The reasons for the highest photocat-
lytic activity of ETCoS-10 among all ETMS-10 samples investigated
ere are at present unclear but the photodegradation performance
f this sample is evidently related to the presence/tetrahedral coor-
ination of Co2+ in the ETS-10 framework.

. Conclusions

Titanosilicate ETS-10 has been modified by V4+/V5+, Cr3+, Mn2+,
nd Fe3+, which partially substituted for octahedral Ti4+, and by
o2+ which partially replaced tetrahedral Si4+ in the framework.
ll these transition metal (M) ions substituted to approximately

he same extent in ETMS-10 samples (M/Ti ≈ 0.06). Isomorphous
ubstitutions decreased ETS-10 bandgap energy from 3.96 eV for
nmodified ETS-10 to 3.79–3.90 eV for ETMS-10 samples, and
esulted in the appearance of absorption in the visible light region.
ll ETMS-10 samples (k = 0.016–0.055 min−1) were more active

han unmodified ETS-10 (k = 0.008 min−1) in the degradation of
B under 280–400 nm UV light irradiation. Significant differences

n the photoreactivity of ETS-10 substituted with different transi-
ion metal ions were partially attributed to the effect of different
andgap energies of the substituted samples. Also, in the case of iso-
orphous substitution for Ti4+ in the framework, these differences
ere hypothesized to be related to the effect of different energy

evels of the introduced transition metal ions within the ETS-10
ramework as well as their different d electronic configurations.
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