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ABSTRACT: Titanosilicate ETS-4 materials with three different
morphologies were synthesized hydrothermally by controlling the
pH of the synthesis gel mixtures. Their morphology changed from
thin rectangular plate monolithic crystals to double-fan-like poly-
crystalline aggregates as the pH decreased. The crystallization
time depended on the initial pH. The effect of morphology on
photocatalytic activity was investigated using the photodegrada-
tion reaction of Rhodamine B under visible light irradiation. The
double-fan-like material exhibited significantly greater photode-
gradation activity than the other two ETS-4 samples and Degussa
P25 titania. Powder X-ray diffraction, electron microprobe anal-
ysis, scanning electron microscopy, Raman spectroscopy, and
diffuse reflectance ultraviolet—visible spectroscopy were per-
formed to find possible reasons for the photocatalytic activity
difference of the three samples. The enthalpies of formation from
oxides for all the ETS-4 materials were investigated by high
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temperature oxide melt calorimetry. The results showed that the three samples with different morphologies have differences in
their enthalpies of formation, which, although small, are bigger than likely to arise from surface area effects alone, and the product
with most Ti—OH groups has the smallest thermodynamic stability. The calorimetric and spectroscopic data together provide
evidence that the high photocatalytic activity of the double-fan-like aggregates is linked to their high Ti—OH content.
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1. INTRODUCTION

Photocatalysis has received extensive attention in recent years
for its applications in organic synthesis"* and the abatement of
pollutants in water and air.”>~ > Titanium dioxide (TiO,) is one of
the most widely studied photocatalysts for applications in several
fields and particularly for its great performance in water splittin%
and oxidative photodegradation of many organic pollutants.’~
However, because of the large band gap (3.0 €V for the rutile
phase and 3.2 eV for the anatase phase), TiO, can only adsorb
light with wavelength shorter than 388 nm, which is only 3—4%
of the solar energy that reaches the Earth.” Therefore, many
researchers have sought more efficient photocatalysts by the
modification of titanium dioxide.'®”"?

Organic dye pollutants that absorb visible light are produced
by the textile and photographic industries, and their influence on
the environment is of increasing concern. There are now many
reports on photodegradation of such dyes using TiO,-based
photocatalysts."*”'® However, the mechanism of photodegrada-
tion can be different depending on whether UV or visible light is
used for the photoillumination. If visible light is used, the dye
itself can be photoexcited (sensitized) and electron transfer may
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then occur from the excited dye molecule into the conduction
band of the semiconductor.”

Microporous titanosilicates comprise a new family of molec-
ular sieve materials that possess zeolite-like properties such as
catalysis, separation, absorption, and ion exchange. They usually
consist of [TiO4] octahedra (or possibly [TiOs] square-
pyramids) and [SiO,4] tetrahedra. The different coordinations
of Ti*" and Si*" produce unique framework topologies. The
different pore and channel structures in titanosilicates provide
this group of materials some unique properties and thus poten-
tially novel applications.”® Engelhard titanium silicates (ETS)
including ETS-4 and ETS-10 are a class of zeolite-type titanosi-
licate materials®"** characterized by the presence of one-dimen-
sional linear chains of TiOg4 octahedra (—O—Ti—O—Ti—) that
exhibit quantum confinement effects and behave as semiconductor
nanowires in the framework.”>~*® For ETS-10, electronic commu-
nication can occur between the —O—Ti—O—Ti— semiconductor
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chains and guest species in the pores. The photocatalytic activity of
these materials in the oxidation of organic compounds has been
studied. >~ As reported by Zecchina’s group,*® terminal Ti—OH
groups of the —O—Ti—O—Ti— chains play an important role in
improving the photocatalytic performance of ETS-10. Compared to
ETS-10, less attention has been paid so far to the photocatalytic
properties of ETS-4. Guan’s group loaded Pt and Au onto ETS-4
zeolites and showed stable photocatalytic activity for H, evolution
from water.’® In the ETS-4 framework, the —O—Ti—O—Ti—
chains run zigzag along the b axis, with neighboring octahedra in a
chain being laterally linked by [SiO,4] tetrahedra. Pairs of [SiO,]
tetrahedra are further joined via a bridging unit containing one
titanium pyramid [TiOs].*"** Thus, ETS-4 can be considered as a
set of one-Ti-wide wires of titanium dioxide embedded into an
insulating siliceous matrix. Since the amount of terminal titanols
depends on the size and morphology of the crystals, it can be raised
by means of morphology controlling treatments.

We present here results concerning the morphology-con-
trolled synthesis of ETS-4 by changing the initial pH. All the
raw materials are simple environmentally benign inorganic
chemicals. No organic template or structure directing agent
was used in the synthesis. The aims of this synthesis of well-
defined ETS-4 are to minimize the use and generation of
hazardous substances and to use ETS-4 to decontaminate
chemical pollutants in wastewaters. X-ray diffraction (XRD)
and scanning electron microscopy (SEM) have been applied to
detect possible changes in the crystallinity and the morphology
of the products. The relationship between the crystallization
kinetics of ETS-4 and the pH of the synthesis mixture has also
been investigated. Rhodamine B is a common model dye in the
triphenylmethane family, which is unable to penetrate inside
the zeolitic pores. The photocatalytic degradation reaction of
Rhodamine B under visible light irradiation has been investigated
to test the photocatalytic activity of the prepared ETS-4 mate-
rials. The results have been compared to those obtained by using
the commercial TiO, Degussa P25 as a photocatalyst. Raman
spectroscopy and diffuse reflectance UV—visible (DRUV—vis)
spectroscopy in the presence of H,O, were used to study the
relation between the morphology and the amount of Ti—OH
groups of the ETS-4 materials. In addition, high temperature
oxide melt calorimetry was employed to evaluate the energetics
of these ETS-4 photocatalysts. The enthalpies of formation from
oxides, the thermodynamic stability, and the implications for
photocatalytic activity are discussed. The goals of the simulta-
neous use of spectroscopic characterization and solution calo-
rimetry are to provide an indication of the overall stability of the
ETS-4 materials during photocatalysis and to identify the sources
of any differences in photocatalytic activity among the different
samples.

2. EXPERIMENTAL METHODS

2.1. Materials. Titanium(IV) sulfate solution (18.0 wt %) was
purchased from Tianjin Third Chemical Co., Ltd., and silica sol (30.0%
§iO,) was obtained from NanKai Chemical Factory. Sodium hydroxide
was of analytical grade, and sulfuric acid was diluted to make a 1.0 M
stock solution. All chemicals were used as received unless otherwise
specified.

2.2. Synthesis Procedure. All the ETS-4 materials were synthe-
sized via a hydrothermal method. The molar compositions of gels were
xNa,O: 3.65i0,: 1TiO,: yH,SOy4: 240H,0, where x =9.0—82 and y =
0—0.24. Synthesis mixtures were formed by combining two precursor

solutions, one containing titanium(IV) sulfate, sulfuric acid, and deio-
nized water, the other containing silica, sodium hydroxide, and deio-
nized water. In a typical preparation (x = 8.2,y = 0.24, while for others y =
0), 16.0 g of sodium hydroxide was dissolved in 30.0 mL of deionized
water. After cooling down to room temperature, 17.6 mL of silica sol was
added to this solution to form the silicon-contained precursor solution.
The titanium-containing precursor solution was prepared by mixed 36.8
mL of titanium(IV) sulfate solution with 6.00 mL of sulfuric acid and
30.0 mL of deionized water. Then the two precursor solutions were
mixed under vigorous mechanical stirring for 15 min to form an initial
synthesis gel. The pH of the mixture was measured using a Mettler
Toledo Delta 320 pH meter. The gel was then transferred into nine
Teflon-lined stainless steel autoclaves, which were then sealed and kept
at 448 K for various durations up to 1S days. After the reaction, the
autoclave was cooled under cold tap water. The resulting powders are
filtered, washed with deionized water, and dried at 343 K for 24 h in air.
Gels with three pH values (13.00, 12.70, and 12.30) were used in this
study, and the corresponding 100% crystallized products were desig-
nated as ETS-4-1, ETS-4-2, and ETS-4-3.

2.3. Characterization. Powder X-ray diffraction (XRD) data
were collected on a Rigaku D/MAX-2500 diffractometer with mono-
chromatic Cu Kot radiation operated under 40 kV and 100 mA. All the
samples were scanned from 5°—45° 26 with a scan rate of 1°+min~ ",
The ETS-4 samples were ground before the XRD measurements to
minimize the effect of preferred orientation on the XRD pattern. The
crystallization kinetics was studied by performing XRD on samples with
different crystallization times. The crystallinity of each sample was
calculated by normalizing the integrated intensities of diffraction peaks
at 20 = 16.8°,24.6°, 30.0°, and 30.8° of the sample to those of the 100%
crystallized sample.

The compositions of all the samples were determined by electron
microprobe analysis using a Czmeca SX-100 with a voltage of 20 kV and
a beam current of 10 nA. Compositions were calculated as the average
value of 10 analyzed points. The error given is two standard deviations of
the mean.

Water contents of all the samples were determined by thermogravi-
metric analysis (TGA) using a Netzsch Thermal Analyzer STA 409
system with a heating rate of 10 °C/min in static air.

Scanning electron microscopy (SEM) was performed on a Shimadzu
SS-550 Superscan instrument at 15 kV. All samples were coated with a
conductive layer of sputtered gold prior to the analysis.

Raman spectra were acquired on a Renishaw InVia Raman micro-
scope with a 20 mW Argon ion laser operating at a wavelength of 514.5
nm. Analysis was done at room temperature using a focused beam on the
table facet of a randomly oriented sample.

The diffuse reflectance UV—visible (DRUV—vis) spectra were
recorded on a Shimadzu UV-2550 UV—visible spectrophotometer
equipped with an integrating sphere accessory. Hydrogen peroxide
(30% v/v) aqueous solution was dosed to the ETS-4 samples under
incipient wetness conditions. After drying at room temperature, we
recorded the DRUV—vis data in the range between 300 and 500 nm
using a 2-nm slit.

2.4. Photocatalytic Activity. The photocatalytic activities of the
ETS-4 samples and the commercial TiO, photocatalyst, Degussa P25,
were studied by the photodegradation of Rhodamine B under visible
light irradiation. The photocatalytic reactions were conducted in a
photochemical reactor, which is configured with a light source system,
a magnetic stirrer, and 12 silica glass test tubes. Cooled by a water
jacketed condenser, a S00 W xenon lamp with six UV cutoff filters was
the visible light source.

For a typical photocatalytic reaction, 0.03 g of photocatalyst was
added to 20 mL of Rhodamine B solution (20 mg/L) in a quartz test tube.
The mixture was stirred for 40 min in dark to ensure the adsorption—
desorption equilibrium of Rhodamine B. After that, the mixture was
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Figure 1. XRD patterns of the three ETS-4 products (a) ETS-4-1, (b)
ETS-4-2, and (c) ETS-4-3.

illuminated with visible light under magnetic stirring. After certain given
irradiation time, the test tube was taken out, and the solid was separated
from the solution by centrifugation at 7000 rpm for 15 min. The
concentration of Rhodamine B in the remaining solution was measured
by a UV—visible spectrophotometer (Shimadzu UV-2550) at 4., = 554 nm.
2.5. High Temperature Oxide Melt Calorimetry. High tem-
perature solution calorimetric measurements were performed using a
custom-built Tian—Calvet twin calorimeter operating at 973 K with
molten lead borate (2PbOB,0;) as the solvent. The equipment and
experimental procedure have been described in detail by Navrotsky.>**
The drop solution enthalpy of a sample pellet (about S mg) was
measured by dropping it from room temperature into the solvent in
the calorimeter. To remove the water vapor evolved by dehydration, O,
gas with a flow rate of 40 mL/min was flushed through the sample
chamber of the calorimeter.’® The measured enthalpy of the drop
solution includes the heat content of the sample from room temperature
to 973 K, the heat effect of dissolving the sample in the solvent, and that
of removing the H,O. All the water in the sample was evolved into the
gas phase, as shown previously.>> " The calorimeter was calibrated by
using § mg O-alumina pellets, whose heat content is known.>® At least
eight pellets of each sample were dropped into the calorimeter. The
reported uncertainties are two standard deviations of the mean.

3. RESULTS AND DISCUSSION

3.1. Phase Identification and Chemical Analysis. The
powder XRD patterns of the three completely crystallized
ETS-4 samples are shown in Figure 1. All the products have
patterns characteristic of ETS-4 as referenced in the patent
literature.”* However, there are some small differences in the
relative intensities of the peaks in the three XRD patterns. Most
noticeable are the changes of the relative intensity of the three
peaks at 26 = 7.6°, 12.7°, and 24.6°, which are the (200), (001),
and (020) reflections of ETS-4, respectively. These intensity
differences indicate that, compared to ETS-4-1, the [001] and
[010] directions are preferred crystallographic orientations in
ETS-4-3. The —O—Ti—O—Ti— chains in ETS-4 crystals run
along the [010] direction and are connected by silicate tetrahedra
in the [001] direction and by either twelve-membered rings or
bridging titanosilicate units in the [100] direction.>”** Thus, in
the ETS-4-3 sample there appear to be more twelve-membered
rings terminating on the {001} crystal faces, which can be
conducive to trapping more reactant molecules. There are also
more —O—Ti—O—Ti— chains running in the [010] direction,

Table 1. Chemical Compositions of the Three ETS-4 Samples

samples chemical formula molecular weight (g/mol)
ETS-4-1  Nag1:Tioas:Si0.64s02 0.873H,0 87.42
ETS-42  Nag02Tio 52510 64505 - 0.828H,0 86.41
ETS-4-3  Nags7Tio 5351065405 - 0.804H,0 85.48
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Figure 2. Crystallization curves for ETS-4 grown from synthesis
mixtures with different synthesis pH values.

which may offer more exposed surface Ti—OH groups. Both
of these factors can improve the performance of ETS-4-3 in
photocatalytic reactions.

The chemical formulas and the molecular weights on TO,
(T = Siand Ti) basis are shown in Table 1 obtained from electron
microprobe analysis and weight loss experiments. Our results are
close to the ideal stoichiometry.”* The sodium content decreases
slightly from ETS-4-1 to ETS-4-3, which may be caused by the
difference of the pH in the initial synthesis mixture. The water
contents also decrease from ETS-4-1 to ETS-4-3, which is
consistent with the trend of the sodium content.

3.2. Crystallization Kinetics. The crystallization curves of
the three ETS-4 products are shown in Figure 2. All exhibit the
typical sigmoid shape involving two distinct stages, the induction
stage to form nuclei, and the crystal growth stage, which has been
observed in titanosilicate ETS-4 crystallization.* ~** The induc-
tion time is about 24 h for all syntheses, but the crystallization
rates, measured from the slope of the crystallization curves, are
different for the three synthesis conditions. At initial pH = 13.00,
the crystallization rate is the slowest, and it took 15 days to
synthesize the product with 100% crystallinity, which is more
than twice the time for the other two products. The fastest
crystallization occurred at a pH of 12.70, and the overall crystal-
lization time was only S days. For pH 12.30, about 50% of
amorphous material converted to ETS-4 crystallites after the first
3 days. Then, the crystallization rate declined gradually, so that
the crystalline ETS-4-3 product was obtained after 7 days.

3.3. Morphology Characterization and the pH Effect. The
SEM photographs are shown in Figures 3, 4 and 5. The ETS-4
morphology changed from prismatic single crystals to double-
fan-like polycrystalline aggregates with the decrease of the pH of
the synthesis mixture from 13.00 to 12.30. Additional efforts
were made on syntheses with pH below 12.00; however, pure
ETS-4 phases were not obtained.
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Figure 3. SEM images of ETS-4-1: (a) the monolithic crystal popula-
tion and (b) the individual monolith.

At pH = 13.00, the synthesis mixture yielded the phase pure
ETS-4-1 (Figure 3a). The majority of the crystal population was
monolithic with thin rectangular plate morphology and an
average dimension of 0.5 X 1.2 X 5 um. These ETS-4-1 crystals
had smooth surfaces with no intergrowths and few surface
defects (Figure 3b).

When the pH of the synthesis mixture decreased to 12.70, the
ETS-4-2 products changed to the form of highly intergrown
polycrystalline spherulitic particles. As shown in Figure 4a, each
particle was composed of two hemispheres. This morphology is
consistent with earlier observations on ETS-4 synthesis.”>*>**
The average length of the polycrystalline particles was estimated
to be 40 um, and the average thickness was 30 ©m based on the
SEM analysis. All the particles were uniform and homogeneous,
with no significant morphology or size variation throughout the
samples. In a detailed view (Figure 4b), the aggregated plate-like
crystallites were rectangular prisms with an average dimension of
03 X 1 X 4 um.

The lowest alkalinity of the synthesis mixture at pH = 12.30
resulted in a novel morphology. For this sample, ETS-4-3, the
particles formed double-fan-like polycrystalline aggregates
(Figure Sa). Bach structure was composed of a myriad of tightly
packed layers attached to a central hub. Compared to ETS-4-2,
the length of the macro-structures of ET'S-4-3 increased to 56 um
and the height decreased to 8 m. The uniformity of the ETS-4-3
product remained good, and no large variations of spherulite size

4
Mag Tdm
x 10000 1 um

Figure 4. SEM images of ETS-4-2: (a) the polycrystalline and (b) the
crystallites forming the particle.

were observed. In a detailed view (Figure Sb, Sc), the aggregated
crystallites appeared to be much thinner layers with triangular
protrusions. The thickness of crystallites was less than 40 nm.

We attempted to measure the surface areas of the products by
conventional gas adsorption methods. The degassing necessary
prior to such studies led to degradation, amorphization, and
partial collapse of the material, and reliable data could not be
obtained. Because of the complex morphology and aggregation,
estimates of surface area from particle size that might be obtained
from the broadening of X-ray diffraction peaks or from electron
microscopy are also not meaningful. Thus although ETS-4-3
almost certainly has a higher surface area than the other samples,
these differences could not be quantified.

3.4. Photocatalytic Activity. To gain insight into the photo-
catalytic effect of the ETS-4 materials, the photoreaction based
on the decomposition of Rhodamine B under visible light irradia-
tion was carried out. The same experiment using a commercial
TiO, photocatalyst Degussa P25 was also performed for com-
parison. A blank experiment was run in the absence of any photo-
catalyst to check the background. As shown in Figure 6, only a
very small degree of photodegradation took place in the blank
experiment, indicating the contribution of direct photolysis is
negligible. After 4 h irradiation under visible light, more than 70%
of the Rhodamine B was photodegraded by ETS-4-3, while the
degradation for photocatalysts ETS-4-1, ETS-4-2, and P25 was
much less (only 31%, 40%, and 35%, respectively). These data
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Figure S. SEM images of ETS-4-3: (a) the polycrystalline and (b, c) the
crystallites forming the particle.

show that the sample ETS-4-3 exhibits the best photodegrada-
tion activity under visible light.

The photocatalytic degradation reaction can be considered as
a first-order reaction. The integrated reaction rate is In(C/C,) = —kt,
where C/Cyis the normalized organic compound's concentration and
k is the reaction rate constant. By plotting In(C/C,) as a linear
function of irradiation time, the rate constant k that is the slope of the
line can be determined for each photocatalytic reaction (see Table 2).
From ETS-4-1 to ETS-4-3, the reaction rate constant increases from
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Figure 6. Photocatalytic degradation of Rhodamine B under visible
light irradiation. Cj is the initial concentration of Rhodamine B and C,
the concentration at a given time.

Table 2. Photodegradation Reaction Rate Constants of
Rhodamine B

samples reaction rate constant k (min~ ")
P25 1.83(7) x 1073
ETS-4-1 1.61(4) x 102
ETS-4-2 220(12) x 102
ETS-4-3 5.09(11) x 103

“Uncertainty in the last reported digit is given in parentheses.

161 X 10 > t05.09 X 10 > min . ETS-4-3 shows a photocatalytic
activity that is about three times that of P25, while the photocatalytic
activity of ETS-4-1 and ETS-4-2 is only comparable to that of P25.
This phenomenon can be provisionally explained in terms of the
micro/nano double-fan-like morphology of ETS-4-3 which makes
Rhodamine B much easier to be adsorbed onto the surface.

It is well-known that surface Ti—OH groups play an important
role in enhancing the activity of TiO, photocatalysts. They are
considered to have two effects on enhancing the photocatalytic
activity.***® The Ti—OH groups are effective traps for the
photogenerated holes, reducing their recombination with the
electrons, and the surface OH groups allow the adsorption of O,
from water. Then, the photoformed electrons reduce O, to O,
species, which in turn can interact with water with formation of
further oxygenated radicals (mainly hydroxyl radicals -OH).
Similarly, the —O—Ti—O—Ti— chains in the ETS-4 materials
can act as a TiO,-like system able to collect the light and to
generate electron—hole pairs. Moreover, the cationic radicals
excited from dye molecule under visible light can readily react
with hydroxyl groups. The degradation of the dyes could then be
mediated by a series of redox reactions.'”*’ Consequently, the
surface Ti—OH groups may improve the photocatalytic activity
of ETS-4 by both photooxidation and photosensitizing mechan-
isms. To confirm this hypothesis, Raman spectra and hydrogen
peroxide titration on the three ETS-4 materials were both
performed to investigate, at least qualitatively, the concentration
of the Ti—OH groups on their surfaces.

The Raman spectra of the three ETS-4 products are shown in
Figure 7. In general, the three spectra are very similar to those
previously reported.**** The characteristic bands at 918 and
1062 cm™ ! represent Si—O stretching modes, while the band at
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Figure 7. Raman spectra of the three photocatalysts: (a) ETS-4-1,
(b) ETS-4-2, and (c) ETS-4-3.

259 cm ' is predominantly due to Si—O—Ti bonding. The
bands in the range 400—800 cm ™ ' are typically found in Ti—O
systems. The bands at 441 and 515 cm™ ~ originate from internal
modes of [TiOg] octahedra and [TiOs] pyramids. The strong
peak at 741 cm™ ' can be assigned to the —O—Ti—O—Ti— chains.
However, this band broadens somewhat and shifts slightly to lower
frequency, see Figure 7c. The relative magnitude of this band seems
to be related to the change of morphology in the three samples.
Furthermore, we also notice a new shoulder band at 824 cm™/,
which can be assigned to the Ti—O—H symmetrical stretching
mode.”>*" The presence of this band suggests that there is a signi-
ficant number of Ti—OH groups in ETS-4-3, while the concentra-
tion of Ti—OH in ETS-4-1 and ETS-4-2 is not high enough to be
detected by Raman spectroscopy. Though these observations are
qualitative, they offer support to our interpretation of photocatalytic
activity and thermochemistry.

As reported by Zecchina’s group,”® accessible titanol groups
can be determined by DRUV—vis spectroscopy using hydrogen
peroxide as a probe. The titanosilicate materials can readily react
with H,O, to form yellow surface species with an absorption
band at 357 nm, which is attributed to the ligand-to-metal-
charge-transfer transition (LMCT) from the TIOOH complexes.
Figure 8 shows the DRUV—vis spectra of the three ETS-4
samples wetted with hydrogen peroxide solution. Since all the
spectra were taken with H,O, being in excess, the intensity of the
LMCT band is proportional to the amount of the Ti—OH
groups in the ETS-4 product. From ETS-4-1 to ETS-4-3, a
progressive increase of the intensity of the Kubelka—Munk band
at 357 nm is observed. It is therefore clear that, as a consequence
of the morphology control, the number of Ti—OH groups on the
surface of ETS-4-3 is increased compared to the other two ETS-4
samples. The unique double-flower-like micro/nano structure of
ETS-4-3 has the most Ti—OH groups exposed on its nanoscale layer
crystallite surfaces. The titration results prove the presence of the
Ti—OH groups on the surface of ETS-4 and indicate the increase of
the photocatalytic activity from ETS-4-1 to ETS-4-3 is probably
related to the availability of titanols on the surface of the materials.

3.6. Calorimetry. The enthalpies of the drop solution of the
three samples were determined by high temperature oxide melt
calorimetry in molten lead borate at 973 K. As shown in Table 3,
enthalpy of the drop solution decreases in the order: ETS-4-1 >
ETS-4-2 > ETS-4-3. Using these values and the previously

Kubelka-Munk

T T T T T T T
300 350 400 450 500
Wavelength (nm)

Figure 8. DRUV—vis spectra of the samples wetted with H,O,
solution: (a) ETS-4-1, (b) ETS-4-2, and (c) ETS-4-3.

determined heats of the drop solution for Na,O, TiO,, SiO,,
and H,O (also in Table 3), the molar enthalpies of formation of
the three ETS-4 samples from the oxides (AH;’) were calculated
through thermodynamic cycles. Taking ETS-4-3 for an example,
the thermodynamic cycle used for calculation of the formation
enthalpy is shown in Table 4.

A summary of the enthalpies of formation from oxides of all
the three samples are shown in Table 3. All the enthalpies are
exothermic, and that for ETS-4-1 (—58.15 & 0.51 kJ/mol) is the
most exothermic among the three samples, which lies about 4 kJ/
mol more negative than that of ETS-4-2, and about 10 kJ/mol
more negative than that of ETS-4-3. As the entropy term (TAS)
is expected to be small for condensed phase reactions, AG
probably follows the same trend as AH, making the enthalpy a
good indicator for the thermodynamic stability. Therefore, at
ambient conditions ETS-4-1 is most stable and ETS-4-3 least.
The differences in the chemical composition of the three samples
may affect their enthalpies of formation. However, the enthalpies
of formation per mole of H,O and Na™, shown in Table 4, have
the same trend as that per mole of TO,, indicating their thermo-
dynamic stability is not obviously related to variation in the
concentration of any one component.

Finally, earlier data for ETS-4>7 with potassium partly sub-
stituted for sodium, designated as ETS-4-4, are also shown in
Table 3. The chemical formula for ETS-4-4 was taken as
Ki.13Na3.9,Ti3 0751517055+ 8.64H,0. For ease of comparison,
the enthalpy of formation of ETS-4-4 is also calculated on a
2-oxygen TO, basis with a value of —65.48 = 1.05 kJ/mol. Thus
AH becomes more exothermic with the partial substitution of K
for Na. Similar behavior has been reported for aluminosilicate
zeolites,” for which the enthalpy of formation becomes more
negative in the sequence Ca, Li, Na, and K| reflecting increase in
ionic potential (z/r) or basicity of the cations.

3.7.Relationship between Photocatalytic Activity and the
Enthalpy of Formation. ETS-4-3 is the most photoactive
photocatalyst of the three products, and ETS-4-3 also has the
most endothermic enthalpy of formation. Given its highest inten-
sity of the DRUV—vis band, which is directly related to the
number of Ti—OH groups, there are some interesting correla-
tions between the thermodynamics data, the photocatalytic
activity, and the number of Ti—OH groups. Photocatalysis rate
constants and enthalpies of formation of the three ETS-4 products
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Table 3. Enthalpies of the Drop Solution of the ETS-4 Materials, As Well As Constituent Oxides and Water in Molten Lead Borate

at 973 K and the Enthalpies of Formation of ETS-4 Samples

samples AHyg, (kJ/mol) AH{ (KJ per mol of TO,)*
Na,O —113.1+ 08"

TiO, 554 4 0.8°

SiO, 39.1 +0.3°

H,0 68.9 + 0.1

ETS-4-1 134.02 £ 0.27 —58.15 £ 0.51
ETS-4-2 127.97 + 0.53 —54.36 & 0.69
ETS-4-3 121.79 =+ 0.40 —47.71 £ 0.57
ETS-4-4° —65.48 £ 1.05

“T = Ti, Si. ° Ref 52. “Ref 53. 9 Ref 54. °Ref 37.

AH{ (K] per mol of H,0) AH{ (K] per mol of Na™)

—66.61 £ 0.59 —1403 £ 12
—65.65 £ 0.83 —1352+ 1.7
—59.36 £0.71 —1290 £ 1.5
—94.73 £ 1.51

Table 4. Thermodynamic Cycle to Calculate the Enthalpy of Formation of ETS-4-3

reaction

(0.370/2) Na,O (sol, 973 K) + 0.253 TiO, (sol, 973 K) + 0.654 SiO,

enthalpy

AH, = —AH4,(ETS-4-3)

(s0l, 973 K) 4 0.804 H,O (g, 973 K) — Nag 370Ti0.2535i0.65402  0.804H,0 (s, 298 K)

(0.370/2) Na,O (s, 298 K) — (0.370/2) Na,O (sol, 973 K)
0.253 TiO, (s, 298 K) — 0.253 TiO, (sol, 973 K)

0.654 SiO, (5, 298 K) — 0.654 SiO, (sol, 973 K),

0.804 H,0 (1, 298 K) — 0.804 H,0 (g, 973 K)

(0.370/2) Na,O (s, 298 K) + 0.253 TiO, (s, 298 K) + 0.654 SiO, (s, 298 K) + 0.80

4 H,0 (I, 298 K) — Nag 370Ti0.2535i0.65405 - 0.804H, O (s, 298 K)

AH, = (0.370/2) AH4(Na,0)
AH; = 0.253 AH4,(TiO,)
AH, = 0.654 AH4,(SiO,)
AH; = 0.804 AHy(H,0)
AHy = AHg , (ETS-4-3)

AH; o (ETS-4-3) = AH, + AH, + AH; + AH, + AHg = —AHy(ETS-4-3) + (0.370/2) AHy(Na,O) + 0.253 AHyy(TiO,) + 0.654 AHy,(SiO,) +

0.804 AHy(H,0)
0.007
ETS-4-3 I -45
0.006 | '
« i |
z m
& 0.005- ] =3
® ETS-4-2 515 B
S~ j )
‘@ 7z 0.004+ 3
e E $ 54 23
ETS-4-1
S 0.003- ; 53
© L 57,0 2
S 0.0024 B s
e i —@— Enthalpy of formation
L -60
0.001 . . :
1.0 1.5 2.0 25 3.0

Intensity of the DRUV-vis band at 357 nm

Figure 9. Photocatalytic degradation rate constants and enthalpies of
formation of the three ETS-4 products versus DRUV—vis intensity.

versus DRUV—vis intensity are plotted in Figure 9. ET'S-4-3 is more
photoactive and has a larger number of Ti—OH groups, while the
enthalpy of formation becomes less exothermic. These Ti—OH
groups may increase the energy of the framework of ET'S-4, so the
enthalpy of formation would become more endothermic for ETS-4-
3. Thus, the more endothermic the enthalpy of formation, the
higher are the Ti—OH concentration and the photocatalytic activity
of ETS-4.

ETS-4-3 almost certainly has a higher surface area than the
other ETS-4 samples, though this could not be quantified, as
discussed above. Increased surface area may contribute to the
higher titanol content and photocatalytic activity, and through a
surface energy term, to the enthalpy. However, the latter effect is
likely to be small. Previous calorimetric study has shown, for silica
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MEFI zeolite, that the enthalpy of formation is independent of
particle size for samples with average particle diameters larger
than 40 nm.>® This observation is consistent with a small surface
energy, about 0.09 J/ m?, similar to values for amorphous silica,
for a series of silica zeolites of different structures, based on a
combination of calorimetry and molecular modeling.>” If the
titanosilicate materials have similar surface energies, then the
contribution of the surface term to the destabilization of ET'S-4-3
is negligible. This strengthens the argument that the Ti—OH
concentration is the major source of energetic destabilization.

4. CONCLUSION

Microporous titanosilicate ETS-4 materials with three differ-
ent morphologies were hydrothermally synthesized by control-
ling the pH of the synthesis gel mixtures. For the first time, we
synthesized the ETS-4-3 at a relatively low alkalinity (initial pH =
12.30) in a new micro/nano form of double-fan-like particles
aggregated from very fine crystallites. With incremental increase
of pH, other two morphologies of ETS-4 were also successfully
synthesized. Changing the pH of the synthesis gel mixture can
control the morphology of the ETS-4 product and the synthesis
time. The photocatalytic ability of the three ETS-4 samples was
studied by degradation of Rhodamine B under visible light
irradiation. The ETS-4-3 photocatalyst exhibited excellent
photodegradation activity, while the other two ETS-4 samples
showed activity comparable to TiO, P25. This is caused by the
increase of the number of titanol groups in ETS-4-3, compared to
that of ETS-4-1 and ETS-4-2. High temperature oxide melt
calorimetry determined the energetics of the ETS-4 photocata-
lysts. The enthalpies of formation of the three ETS-4 samples
with different morphology suggest that ETS-4-3 is less thermo-
dynamically stable than ETS-4-1 and ETS-4-2. This may be
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related to its higher surface area, but the main contribution is
probably from the higher concentration of Ti—OH groups.
Thus, the best photocatalyst is the least stable thermodynami-
cally. The calorimetric, spectroscopic, and photocatalytic studies
all point to the titanol groups as the major source of differences in
photocatalytic activity among the samples.
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