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Industrial waste management is an urgent problem to solve
possibly by recycling, reuse and recovery of resources. In this
framework, the sludge of the TiO2 manufacturing, called tionite,
is of certain interest because it contains metallic oxide-bearing
impurities, dangerous to the environment. Hence, we propose a
strategy to recover TiO2 from tionite, towards its effective re-use
as a photocatalyst. In detail, tionite was treated under acidic or
alkaline conditions to remove impurities and improve the TiO2

accessibility, and each single purification step was monitored
by a thorough multi-technique characterization.
The photocatalytic activity of the modified tionite materials was
tested for the partial oxidation of ferulic acid to vanillin, a

relevant sustainable green reaction, being vanillin an industri-
ally relevant high added value compound and ferulic acid an
abundant component of lignin present in industrial waste. All
the tionite catalysts have shown significant efficiency in terms
of vanillin selectivity respect to the benchmark TiO2 P25. In
particular, the sample treated under acidic conditions showed
the best performances, due to specific interaction between the
organic substrates and the catalyst. Results demonstrated that
an industrial waste such as tionite can be valorized by
proposing a tailored regeneration strategy.

1. Introduction

The rapid depletion of natural resources and the increase in
waste generation are critical issues for our society. Global
natural resource consumption is forecast to rise 60% by 2060,
compared with 2020 levels,[1] while municipal solid waste
generation is predicted to grow from 2.3 billion tons in 2023 to
3.8 billion tons by 2050.[2] Therefore, one of the most pressing
challenges of current materials research is not only trying to
reuse exhausted materials or their components, but also valor-
izing industrial waste.[3] “The process of reusing, recycling or
composting waste materials and converting them into more

useful products including materials, chemicals, fuels or other
sources of energy” is known as waste valorization[4] and can be
obtained by i) processing of residues or by-products into raw
materials, ii) using the discarded finished or semifinished
products as raw materials or energy sources, or iii) adding waste
materials in the manufacturing process steps.

In this context, the sludge generated as a waste of the
titanium dioxide manufacturing process has become an urgent
issue because it is usually disposed in landfills and contains
metallic oxide-bearing impurities, potentially dangerous for the
environment.[5] The concern is not negligible when considering
that the worldwide production of titanium dioxide consists of
millions of tons each year. In fact, titanium dioxide is a highly
versatile semiconductor with photocatalytic properties,[6–8]

widely used in coatings such as paints, plastics, papers, printing
inks, pharmaceuticals, foodstuffs, and cosmetics.[9,10] In general,
TiO2 production relies upon chemical purification processes
applied to suitable Ti containing minerals. The main processes
are the chloride and sulfuric acid methods. The last one
presents several advantages, being a mature and quite simple
technology which uses abundant and easy to get raw materials.
In detail, the feedstock is usually an ilmenite-based mineral
(FeTiO3) finely ground and dissolved in sulfuric acid in order to
produce a mixture of titanyl (TiOSO4) and ferric sulfates.

[11,12] The
liquor passes then to a clarification tank where the un-dissolved
solids, i. e. the sludge, are allowed to settle and are separated
from the solution by flocculation and filtration. Cooling the
solution, by maintaining reducing environment, causes the
precipitation of the ferric sulfate which is filtered off. The
remaining titanyl sulphate solution gives rise first to hydrated
titanium dioxide by reaction with water and then to pure TiO2.
The residue, finally neutralized and disposed, appears as a fine-
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grained sludge and contains TiO2 (rutile, anatase, amorphous
phase), CaSO4·0.5H2O (bassanite), SiO2, and Al, Ca, Mg, and Fe
species in traces, as well as sulfur residuals. The composition of
the sludge, known as tionite, poses crucial environmental
problems, due to risks of contamination of both surface and
underground water resources,[13] but at the same time entails
promising features for specific applications. Surprisingly, the re-
use of tionite has been only partially explored in literature. After
the removal of the potential hazardous elements, tionite was
successfully utilized as component in brickmaking or generally
building materials,[14–16] and in fire-insulating materials.[17] Also
the recovery of titanium dioxide from tionite has been
investigated, by removing silicon though a complex process
involving hydrothermal conversion, water washing, and acid
leaching.[5] However, the recovery efficiency of this process has
not been evaluated, thus discouraging real applications.
Recently, the possible use of tionite as a photocatalyst was
considered by embedding it into a reduced graphene oxide
membrane.[18] The experimental results highlighted the limited
contribution of the tionite to the photocatalytic efficiency,
suggesting that a critical purification treatment would be
mandatory to exploit the catalytic properties of the titanium
dioxide component inside the industrial sludge.

In this context, the present study aims at developing a
regeneration strategy of tionite with the final goal to obtain a
photocatalytic active material. Step by step, we designed
specific chemical treatments to improve the catalytic perform-
ance and provide a new life for the tionite waste. The
treatments were established to remove impurities and improve
the titanium dioxide accessibility in a simple way, by using acid
and basic aqueous solutions. Each single purification step was
monitored by a careful multi-technique characterization, based
on chemical, structural and morphological analysis. Preliminary
photocatalytic tests of paracetamol (PC) degradation showed a
modest photocatalytic activity for applications in the traditional
field of environmental remediation. Therefore, we investigated
the possibility to use this material for selective partial oxidation
reactions, which generally require photocatalysts with low
oxidizing power, but enabling specific surface interactions with
the organic substrates. For instance, poorly crystallized (and
poorly active) TiO2 samples are reported to trigger the photo-
catalytic partial oxidation of alcohols to aldehydes with out-
standing selectivity values.[5] Inspired by these results, in the
present work we investigated the possibility of obtaining
selectively vanillin from ferulic acid in the presence of tionite.
This reaction is particularly relevant in terms of sustainable
production. In fact, ferulic acid is one of the main components
of lignin and it represents a waste compound in many aqueous
effluents downstream of several agro-food processes. However,
it can be used as starting material for the synthesis of high-
added value compounds such as vanillin in view of circular
economy applications.[19,20] In fact, vanillin is probably the most
relevant flavor compound and its industrial green production is
currently performed with low selectivity values.[21] The present
study shows, as a proof of concept, that it is possible to take
advantage of the peculiar features of a waste material and to
propose regeneration strategies enabling applications in specif-

ic and tailored fields. In other words, sustainability can be
efficiently implemented only by carefully matching the require-
ments of specific applications with fundamental knowledge of
the properties of the waste/resource.

2. Experimental

2.1. Materials

Paracetamol (PC) 98% was purchased from Thermo Scientific
and used as received. Sodium hydroxide �98% and H2O HPLC
grade were purchased from VWR. Hydrofluoric acid 38–40%,
acetonitrile HPLC grade �99.9%, glacial acetic acid �99%,
vanillin �99%, and ferulic acid �99% were purchased from
Sigma-Aldrich. Milli-Q water with a resistivity ρ >18.2 MΩ·cm
was used.

An undissolved residue known as “tionite”, hereby labelled
as St-Tionite (starting tionite), was generated during the
digestion of titanium-rich minerals in the sulfate process of TiO2

production[22] performed by the Venator TiO2 plant in Scarlino
(Italy). Tionite was provided in two forms, either lime neutral-
ized which is the usual industrial processing route to prepare
the material for landfilling, or as a raw acidic material. The raw
acidic tionite was neutralized with NaOH to pH=7, by adding
NaOH 0.77 M dropwise to a slurry of tionite 1 :5 by weight in
water. The neutralized slurry was then washed, filtered and
dried. The two forms of tionite are labelled as nCa_Tionite and
nNa_Tionite respectively and were then used as such or treated
as described below.

2.2. Acid and Basic Treatments of nNa_Tionite

The acid treatment of nNa_Tionite was carried out by dispersing
200 mg of the powder in 50 ml of a 5% HF aqueous solution, at
room temperature (RT) and under magnetic stirring for 24 h.
The precipitate was separated by centrifugation at 9000 rpm for
10 min, washed three times with dH2O, and finally dried
overnight at 80 °C. The sample was labelled “nNa_Tionite_A”.

The basic treatment of nNa_Tionite was carried out by
dispersing 200 mg of nNa_Tionite in 50 ml of NaOH 1 M
aqueous solution at 100 °C under magnetic stirring for 24 h. The
suspension was then centrifuged at 9000 revolutions per
minute (rpm) for 10 min and the solid residue was washed with
NaOH 1 M and then three times with distilled H2O (dH2O),
followed by centrifugation. At the end, the sample was dried
overnight at 80 °C. The sample was labelled “nNa_Tionite_B”.

Scheme 1 summarizes the treatments and samples de-
scribed above.

2.3. Characterization of the Tionite-Based Materials

Fourier-transformed infrared (FTIR) spectra were collected with
an attenuated total reflectance (ATR) setup on a ThermoFisher
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Nicolet iS20, in the range 4000–550 cm� 1 with a spectral
resolution of 4 cm� 1 and 128 scans.

Thermogravimetric analysis (TGA) was performed by using a
Mettler Toledo TGA/DSC1 STARe System at a constant air flux
(50 cm3 min� 1). The sample weight loss was measured in the
range 30–1000 °C at the heating rate 10 °Cmin� 1, with an
isotherm at 150 °C for 15 min, to remove humidity, and at
1000 °C for 5 min.

In addition, TGA coupled to FTIR (TGA/FTIR) analysis was
performed by coupling the instruments described above using
the above reported specifics.

Powder X-ray diffraction (XRD) patterns were obtained by
means of a Rigaku MiniFlex 600 diffractometer with 0.154 nm
Cu Kα radiation in the 2θ range of 5–90°, 2θ step 0.02°, scan
rate 1° min� 1.

Elemental analysis (CHNS) was carried out by using
Elemental VarioMICRO analyzer, setting the temperature of the
combustion and reduction columns at 1150 °C and 850 °C
respectively. The results reported are the average and standard
deviation of three measurements.

Tionite-based materials were morphologically characterized
by Scanning electron microscopy (SEM) and Transmission
electron microscopy (TEM) analyses. SEM images were collected
with a Zeiss Gemini 500 microscope in a high-vacuum
configuration equipped with a Bruker Quantax detector for
Energy Dispersive microanalysis (EDX). The electron beam
excitation was 30 kV at a beam current of 25 pA, and the
working distance was 12 mm. In this configuration, the beam
spot was 38 nm. The samples were dispersed in EtOH,
deposited onto an aluminum substrate by drop-casting and
sputtered with gold. SEM-EDX maps were all acquired with a
1000x magnification. TEM micrographs were collected with a
JEOL JEM-2100Plus transmission electron microscopy, operating
at an acceleration voltage of 200 kV and equipped with an 8-
megapixel Gatan Rio complementary metal-oxide-semiconduc-

tor camera. Samples were dispersed in ethanol and deposited
on carbon-coated Cu TEM mesh grids by drop-casting.

X-ray Fluorescence Spectroscopy (XRF) was performed by
using a micro-XRF spectrometer (Bruker ARTAX 200) equipped
with a Mo anode X-ray tube, collimated down to 0.65 mm in
diameter (excited sample area of 0.33 mm2). The working
conditions were 20 kV and 1.0 mA with an acquisition time of
300 s. Spectra were normalized on the Ti peak.

Raman spectra were obtained with a Jasco Ventuno μ-
Raman instrument with a Peltier-cooled charge-coupled device
(CCD) camera (operating temperature: - 50 °C) and a He� Ne
laser (wavelength, 632.8 nm; power density, 6 kWcm� 2).

N2 physisorption isotherms on tionite samples were re-
corded at 77 K in a liquid N2 bath by a Micromeritics ASAP 2420
apparatus. Prior to analysis, all materials were degassed for 3 h
at 100 °C under vacuum. The specific surface area (SSA) was
calculated according to the Brunauer–Emmett– Teller (BET)
method,[23] using adsorption data in the 0.07 – 0.25 relative
pressure range. Pore size distributions were determined
through the Barrett-Joyner-Halenda (BJH) method with Harkins-
Jura curve between 2 and 100 nm. Pore volumes were
estimated from the volume of N2 adsorbed at P/P

0=0.99.
The contact angle analysis was performed using an in-house

contact angle setup, consisting of a camera (Fastcam Nova S6,
Photron) with Tokina AT� X PRO D (100 mm F2.8 MACRO) as
optical lens and backlight illumination. The static contact angle
was measured with a drop volume of 6 μl. The data reported
are the average and standard deviation of three measurements.

2.4. Photocatalytic Tests Procedure

The photocatalytic experiments with PC were performed in a
0.5 L cylindrical Pyrex batch photoreactor. A 125 W medium-
pressure Hg lamp (Helios Italquartz, Italy), with a maximum

Scheme 1. Flow sheet of the recovering process of St-Tionite with the chemical treatments applied.
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emission at about 365 nm, was axially immersed within the
photoreactor. The suspension was kept in the dark for 30 min
to reach the adsorption-desorption equilibrium, with O2 bub-
bling at a flow rate of 50 mlmin� 1. The solution temperature
during the experiment was controlled by the circulation of
water through a jacket surrounding the reactor. A magnetic
stirrer was used to guarantee the homogeneity of the reaction
mixture. The catalyst amount was 0.4 gL� 1, and the initial PC
concentration was 30 mgL� 1. Samples were withdrawn at fixed
times; the supernatant was filtered through a 0.22 μm hydro-
philic PTFE syringe filter (VWR). The quantitative determination
of PC was performed with an HPLC Agilent 1100 series
equipped with a ZORBAX Eclipse XBD� C18, 5 μm, 150 x 4.6 mm
column and a UV-Vis detector set at 243 nm. The eluent,
consisting of 90% v/v of water and 10% v/v acetonitrile, had a
flow rate of 0.8 mlmin� 1 and the injection volume was 20 μL.

Photocatalytic runs have been performed in triplicate and
standard deviation was within �5%.

Photocatalytic partial oxidation of ferulic acid to vanillin was
performed in a cylindrical Pyrex reactor (internal diameter 3 cm)
containing 30 mg of the photocatalyst dispersed in 50 mL of a
0.5 mM ferulic acid aqueous solution. The mixture was
sonicated for 5 min at RT and stirred for 30 min under dark
conditions. The obtained suspension was irradiated by UV� A
light under a constant O2 flux by means of six actinic lamps
(15 W each, λmax=365 nm, total radiant flux 40.15 Wm� 2)
hexagonally arranged at the same distance from the reactor
placed in the center. The photonic flux impinging the photo-
catalytic suspension was measured by using a Delta Ohm photo
quantum meter (model HD9021, Selvazzano Dentro, Italy)
equipped with a LP 9021 UVA sensor probe. The amount of
photocatalyst dispersed corresponded to reaction conditions at
which the photonic flux exiting from the reaction medium was
ca. 10% of the impinging one. This ensures a safe comparison
of the results obtained in the presence of different photo-
catalysts. Samples of the reaction mixture were withdrawn at
fixed times and filtered (hydrophilic PTFE syringe filter, 0.22 μm,
VWR). Selected photocatalytic runs have been performed in
triplicate and standard deviation was within �5%.

The ferulic acid photo-adsorption behavior of all samples
was investigated by performing photocatalytic runs under the
same experimental conditions described above, but under N2

flux before and during the irradiation to remove O2 and avoid
ferulic acid degradation.

The quantitative determination of ferulic acid and vanillin
was performed with a Shimadzu HPLC Prominence equipped
with a Shimpack GWS C18, 5 μm, 150 x 4.6 mm column and a
diode-array UV-vis detector. The HPLC chromatograms were
obtained at 322 nm, with a flow rate of 0.7 mLmin� 1, and an
injection volume of 20 μL. The eluent consisted of a solution
containing 80% v/v of a 1% v/v CH3COOH aqueous solution
and 20% v/v acetonitrile.

The vanillin selectivity values were calculated during
irradiation according to Eq. 1:

S% ½Vanillin�t ¼
½Vanillin�t

D½Ferulic acid�
�100 (1)

where [Vanillin]t is the vanillin concentration at the sampling
time t and Δ[Ferulic acid] is the variation of the ferulic acid
concentration between the sampling time t and the initial
concentration (t=0 min).

2.5. Adsorption Test Procedure

nNa_Tionite and nNa_Tionite_B samples were tested for the
adsorption of vanillin and ferulic acid. Four different concen-
trations were used for both molecules (0.25, 0.1, 0.05 and
0.01 mM) in the presence of a constant amount of photo-
catalyst. The amount of sample used was calculated to keep
constant the amount of the TiO2 component in the two tests.
EDX analysis revealed a 45% content of TiO2 for the nNa_
Tionite sample, while the amount of TiO2 in the nNa_Tionite_B
sample was calculated by considering the mass lost during the
chemical treatment. The suspensions were left under magnetic
stirring overnight to reach the adsorption-desorption equili-
brium and then the photocatalyst was separated by filtration
(hydrophilic PTFE syringe filter, 0.22 μm, VWR). The quantifica-
tion of vanillin and ferulic acid in the solution was carried out
by HPLC, as described above. The experimental data were fitted
by using the Langmuir isotherm model (Eq. 2:[24]

Qe ¼
q0KCe

KCe þ 1
(2)

where Qe is the amount of vanillin adsorbed at the equilibrium,
q0 is the maximum amount of vanillin adsorbed per adsorbent
mass, Ce is the vanillin concentration in solution at the
equilibrium, and K is the thermodynamic adsorption constant.

3. Results and Discussion

3.1. Structural and Morphological Characterization of Pristine
nCa_Tionite and nNa_Tionite

To re-use and recycle the titanium dioxide-based waste material
for photocatalytic applications, a thorough characterisation of
the as-received neutralised tionite samples was carried out
(Figure 1), thus implementing the datasheet information on the
elemental composition provided by the company.

XRF analysis of the nCa_Tionite sample (black spectrum in
Figure 1a) shows that the main components are Ti, Fe and Ca
species, represented by both Kα1 and Kβ1 signals. Peaks with
lower intensity can be related to the presence of Si, S, K and Mn
(inset in Figure 1a). TiO2 is the most abundant component of
the material, accounting for almost 30% of the sample. In
addition, nCa_Tionite contains a non-negligible amount of Si
(16% as SiO2) and Ca (12.7% as CaO), with small traces of Fe, Al
and Mn (2.48% as Fe2O3, 2.99% as Al2O3 and 0.34% as MnO).
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The non-metallic components of nCa_Tionite were quantified
by the CHNS elemental analysis. The results, in Figure 1b, show
that nitrogen is virtually absent, while considerable weight
percentages of carbon and sulfur species were detected.

In order to understand how these elements are combined
in nCa_Tionite, XRD analysis was performed. The XRD pattern
(Figure 1c) shows a large number of peaks, indicating the
presence of several crystalline phases: the main phases are TiO2

in both anatase and rutile form, gypsum (CaSO4·2H2O), calcite
(CaCO3) pseudobrookite (FeTiO3) and an amorphous phase. A
crucial aspect for the photocatalytic application relies on the
rutile content in the sample compared to the anatase one, and
the nCa_Tionite sample exhibits a very high rutile/anatase ratio
of 82 :18.

Using NaOH, instead of Ca(OH)2 for the neutralization of St_
Tionite, allowed to simplify the composition of nNa_Tionite
with respect to nCa_Tionite, thanks to the elimination of the
sulfate anions in the form of water soluble Na2SO4, by avoiding
the formation of CaSO4·2H2O. In fact, the XRF spectrum of nNa_
Tionite (red spectrum in Figure 1a) indicates a composition
similar to nCa_Tionite, with a net decrease of the Ca content

and the disappearance of the sulfur signal at 2.31 keV. The
absence of CaSO4 is also confirmed by CHNS analysis (Figure 1b)
as the sulfur weight % is virtually null, especially when
compared to nCa_Tionite. Accordingly, the patterns related to
both calcite and gypsum are absent in the nNa_Tionite
diffractogram (Figure 1d). Moreover, the rutile/anatase weight
ratio (86 :14) did not change significantly with respect to nCa_
Tionite. It is worth noticing that the XRD diffractograms of both
nCa_Tionite and nNa_Tionite samples show a broad halo in the
2θ range between 20 and 40° that can be ascribed to the
presence of amorphous phases. The carbonaceous nature of
this phase can be inferred, by considering that the amount of
carbon in the two samples is similar (Figure 1b), even though
the calcite component is absent in the nNa_Tionite one.
Moreover, the contribution of an amorphous siliceous compo-
nent is also probable (as confirmed by XRD after further
treatments, as reported below in Paragraph 3.2).

The Raman spectrum of nCa_Tionite (black line in Figure 2a)
corroborates the XRD results. Indeed, the signals attributed to
both anatase and rutile TiO2 phases,

[25] calcite,[26] and gypsum[27]

Figure 1. a) XRF spectra with the magnification of the range 1–3.5 keV in the inset; b) CHNS results and c,d) XRD spectra of nCa_Tionite (black) and nNa_
Tionite (red). Reference diffractograms of rutile (blue), anatase (purple), gypsum (pink), calcite (red) and pseudobrookite (green) are reported.
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could be detected (attributions reported in Table S1 of Support-
ing Information, SI).

The IR spectrum of the nCa_Tionite sample (black line in
Figure 2b) confirms the presence of the CaSO4 gypsum phase.[28]

In fact, the bands of OH stretching and bending, at 3532,
3399 cm� 1 and at 1619, 1683 cm� 1, respectively, in combination
with the signal at 668 and 600 cm� 1, attributed to sulphate
bending, can be observed. Moreover, the signals at 1125 and
1004 cm� 1 confirm the presence of silica or silicate, supporting
the composition analysis results. The signals at 709, 872 and
1418 cm� 1 can be attributed to different CO3

2� stretching
vibrations of calcite.[29] Finally, the band in the region between
900 and 500 cm� 1 is associable with several metal-O signals,
including Ti� O stretching.[30] More details on attributions are
listed in Table S2.

TGA analysis provides information on thermal phenomena
of nCa_Tionite (black line, Figure S1a). Part of the weight loss
up to 150 °C could be related to adsorbed water molecules and
gypsum dehydration steps: at a temperature above 95 °C
bassanite (CaSO4·0.5 H2O) is the more stable phase, whereas
above 120 °C anhydrite is obtained (CaSO4).

[31] The weight loss
between 650 and 750 °C can be associated to the calcite
decomposition to CaO.[32] The attribution of the thermal
phenomena occurring between 300 and 400 °C is not straight-
forward, due to the lack of exhaustive comprehension of the
material composition. However, coupling TGA with FTIR spec-
troscopy (results shown in Figure S1b) revealed that the most
relevant signal detected between 300 and 400 °C corresponds
to CO2 release, which could tentatively derive from the thermal
decomposition of the amorphous carbon phase detected by
elemental analysis (Figure 1b).

From the morphological point of view, the SEM images
(Figure S2) of nCa_Tionite show a complex material with no
defined or uniform morphology, even if the characteristic rod-
shaped crystals (red arrows in figure)[33] confirm the presence of
gypsum. In addition, TEM micrographs evidence the different
morphology of nCa_Tionite with nanometric aggregated par-

ticles (Figure 3) and bigger lamellar structures showing small
particles distributed on their surface.

The Raman spectrum of the nNa_Tionite sample (Figure 2a)
shows the main signals of rutile and anatase TiO2, while the
signals above 650 cm� 1 detected for nCa_Tionite and attributed
to the two inorganic species containing Ca (gypsum and calcite)
are absent, as described above.

The ATR-FTIR spectrum of nNa_Tionite (Figure 2b) exhibits
some of the bands already observed for nCa_Tionite: specifi-
cally, the band between 500 and 800 cm� 1 attributed to metal-
O bonds stretching, including Ti� O bond, and the signal at
1057 cm� 1 due to Si� O� Si bond stretching. However, the

Figure 2. a) Raman and b) ATR-FTIR spectra of nCa_Tionite (black) and nNa_Tionite (red).

Figure 3. TEM micrographs of nCa_Tionite and nNa_Tionite.
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spectrum did not show the signals attributed to inorganic
sulfate and carbonate, further confirming the efficiency of the
new neutralization process.

nNa_Tionite thermogram exhibits only one major weight
loss between 250 and 450 °C, associated to CO2 loss (Fig-
ure S1a,b), which was also observed for nCa_Tionite. The water
release at temperature below 150 °C is of lower extent with
respect to the nCa_Tionite sample. On the other hand, the
weight loss between 650 and 750 °C, observed for nCa_Tionite,
is absent, further confirming the absence of calcite in the
sample.

SEM images (Figure S2) suggest that nNa_Tionite consists of
particles of different morphologies with inhomogeneous di-
mensions, ranging from fraction of μm to more than 10 μm.
Notably, particles with a bidimensional sheet-like shape can be
observed, as confirmed by TEM micrographs (Figure 3), showing
nNa_Tionite as aggregated nanometric particles and sheets-
structured elements decorated by smaller nanoparticles.

SEM analysis with EDX mapping was performed in order to
highlight the elemental distribution within both nCa_Tionite
and nNa_Tionite samples (Figure 4).

In the nCa_Tionite sample, Ti forms isolated TiO2 structures
uniformly distributed, while Mg, Si and Al species are
distributed randomly and their colocalization suggests the
presence of Mg-rich aluminosilicates. The presence and colocal-

ization of Ca and S (Figure S3), confirm the presence of CaSO4 in
the materials. Figure S3 also shows that iron is randomly
distributed.

Also in the nNa_Tionite sample, titanium is distributed
uniformly; however the silicon amount in the sample is
remarkable when compared with the nCa_Tionite sample.
Notably, Si atoms are co-localized on sheet-like particles with
Al, Mg, Na, K, and Ca species present in lower quantities
(Figure S3), suggesting that the bidimensional elements of
nNa_Tionite are essentially aluminosilicate with Na, Mg, K and
Ca acting as counterions. Finally, iron species are low in extent
and inhomogeneously distributed in the nNa_Tionite sample,
whereas sulfur is absent.

3.2. Structural and Morphological Characterization of
Modified nNa_Tionite_A and nNa_Tionite_B

Further purification steps were carried out only on the nNa_
Tionite sample, due to its simpler chemical composition
compared to the nCa_Tionite one. To further enhance the
relative amount and the accessibility of the titanium dioxide
component for photocatalytic applications, a basic and an
acidic treatment were performed in order to remove the
photocatalytically inert aluminosilicate counterpart and the

Figure 4. SEM images with the associated EDX mapping analysis of nCa_Tionite and nNa_Tionite.
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traces of metal ions, which could act as recombination centres
for the photogenerated charges, thus possibly reducing the
photocatalytic activity.

The changes in the composition of nNa_Tionite after the
treatment with NaOH (nNa_Tionite_B) can be highlighted by
means of XRF and ATR-FTIR spectroscopies, as reported in
Figure 5. The XRF spectra (Figure 5a) show that the basic
treatment only slightly reduced the intensity of the iron signals,
while, more interestingly, it completely removed the K and Si
signals. These results are also confirmed by ATR-FTIR spectro-
scopy (Figure 5b) as the spectrum of nNa_Tionite_B shows the
dramatic reduction of the Si� O� Si bond stretching band at
1057 cm� 1, also supported from the decrease of the amorphous
phase in the XRD spectrum (Figure S4).

Similar results were obtained after the acidic treatment. In
fact, the XRF and FTIR (Figure 6) and XRD (Figure S4) spectra
confirm the complete removal of the silicate component from

the sample, even if with a more remarkable decrease in the
concentration of Fe, Ca and Mn, compared to nNa_Tionite_B.

To further assess the variation in composition taking place
upon acidic and basic treatment, SEM-EDX analysis was
performed (Figure 7). SEM micrographs show that the basic
treatment only slightly affects the morphology of the sample,
while the acidic treatment produces major changes in terms of
particles size and shape. The net decrease in the amount of
both Si and Al, as indicated by XRF and FTIR analysis for both
samples, is therefore evident from the EDX images of the nNa_
Tionite_B sample, while it could be masked by the morpho-
logical changes in the nNa_Tionite_A sample.

Similar conclusions can be drawn for other elements, like
Mg, Ca and Fe (Figure S5).

Figure 5. a) XRF and b) ATR-FTIR spectra of nNa_Tionite_B (blue) in comparison with nNa_Tionite (red).

Figure 6. a) XRF and b) ATR-FTIR spectra of nNa_Tionite_A (grey) in comparison with nNa_Tionite (red).
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3.3. Surface Characterization of Pristine and Modified Tionite
Materials

Contact angle measurements were performed to highlight the
surface hydrophilicity of the samples, which can be roughly
correlated with the surface hydroxylation degree. The pictures
recorded during the sessile drop procedure are reported in
Figure S6a, while the contact angle values are listed in Fig-
ure 8a, along with the SSA and the pore volume values. Both
nCa_Tionite and nNa_Tionite samples show a contact angle
value lower than 90°, indicating their hydrophilicity. In detail,
the presence of gypsum and calcite in nCa_Tionite could be
responsible for the relatively higher contact angle value. The
basic treatment with NaOH does not significantly alter the
surface properties of the nNa_Tionite material, as the contact
angle of the nNa_Tionite_B only slightly increased. Contrarily,
the HF treatment leads to a net increase in the contact angle,
indicating a less hydrophilic surface. This result is in agreement
with the relevant literature on the fluorination of metal oxides
such as TiO2,

[34–37] which is reported to confer surface hydro-
phobicity. In fact, the surface of TiO2 is reported to undergo a
ligand exchange of the hydroxyl with the fluoride groups,
promoted by their similar ionic radius. The efficiency of this
displacement is strongly dependent on both the pH and
fluoride concentration in the solution. In particular, the process
is favored under acidic pH (approximatively 3) and at high
fluoride concentrations. Since the acidic treatment is carried out
by using a 5% HF aqueous solution, both conditions are
fulfilled. To confirm the surface fluorination of nNa_Tionite_A,
SEM-EDX mapping was performed (Figure S6b), highlighting a

significant amount of fluorine in the sample, while the same
element was completely absent in the other tionite samples.

N2 isotherm adsorption analysis was performed on each
sample to quantify SSA and porosity. The isotherms of all
samples (in Figure 8b) can be ascribed to type IV, according to
the IUPAC classification,[38] which is typical for mesoporous
materials. The hysteresis can be categorized as H3, which
indicates the presence of slit-shaped pores. Notably, the nNa_
Tionite_B sample shows a significant hysteresis, with a step in
the desorption branch between 0.4 and 0.5 P/P0, with a higher
surface area and pore volume respect the others.[39] From the
values listed in Figure 7a, it is apparent that performing the
neutralization step with Ca(OH)2 produces a sample with
slightly lower SSA value (56 m2/g) compared to the NaOH
process (68 m2/g). Moreover, the subsequent basic treatment of
the nNa_Tionite sample produces a relatively low increase of
the surface area (from 68 to 85 m2/g), possibly due to the
dissolution of the aluminosilicate component. Contrarily, the HF
treatment caused a strong reduction of the SSA of the nNa_
Tionite_A sample (ca. 7 m2g� 1, below the instrumental limit).
These observations are in good agreement with the porosity
results reported in Figure 8a–c. The nNa_Tionite sample shows
higher mesoporosity than the nCa_Tionite one, in agreement
with the higher surface area. The subsequent basic treatment of
nNa_Tionite sample strongly increases the mesoporosity,
possibly due to the opening of new pores or the exposure of
already existing ones, which were closed by silica-like phases.
On the contrary, the reduced SSA of the nNa_Tionite_A sample
is well reflected in the low porosity of the sample. Considering
the higher dissolving efficiency of HF, the structure might be
corroded to the point of losing porosity to a certain extent, or

Figure 7. SEM images with the associated EDX mapping analysis of nNa_Tionite and nNa_Tionite_B in comparison to nNa_Tionite_A.
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alternatively, the fluorine surface substitution could block or
narrow mesopores as elsewhere reported.[40,41]

3.4. Photocatalytic Activity of Tionite-Based Materials

Pristine and treated tionite materials were initially tested for the
degradation of PC in water to get, information on the viability
of the tionite purification strategy and at the same time to
check the feasibility of environmental applications. In fact, PC is
a widely used antipyretic and analgesic drug, which is excreted
unchanged or after being transformed in toxic metabolites. In
this way, it reaches natural aqueous effluents where it enters
the food chain and affects the growth and reproduction of
aquatic organisms, especially upon long term exposure.[42]

Robust and cheap TiO2-based photocatalysts efficiently miner-
alize PC even under simulated solar light irradiation.[43]

However, as shown in Figure 9, the preliminary results on
both nCa_Tionite and nNa_Tionite samples showed poor
photocatalytic activity under UVA irradiation, maybe related to
the low accessibility of light and/or reactant for titanium
dioxide, which led to subsequent acid and basic treatments.
Unfortunately, even if better efficiency was obtained, the most
active sample (nNa_Tionite_A) provided only 43% degradation
of PC after 6 h irradiation, while the figures obtained in the
presence of the other samples ranged between 17 and 28%.

Notably, even the addition of nearly stoichiometric amounts
of H2O2 did not significantly improve the photocatalytic activity
(data not shown). The rather low oxidizing power of tionite
discouraged us from proposing traditional environmental
applications for this waste material. Instead, this feature could
be remarkably useful in the field of photocatalytic partial
oxidations, where the formation of high added value intermedi-
ate compounds could be maximized in the presence of suitable
photocatalysts, which limit the overoxidation of the desired
products. Therefore, the partial oxidation of ferulic acid to
vanillin (Scheme 2) was studied using tionite as the photo-
catalyst.

Figure 8. a) Table with contact angle, SSA and pore volume values, b) N2 adsorption-desorption isotherms at 77 K and c) pore size distribution curves by BJH
method for nCa_Tionite (black), nNa_Tionite (red), nNa_Tionite_B (blue) and nNa_Tionite_A (grey).

Scheme 2. Ferulic acid partial oxidation to vanillin.
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The photocatalytic production of vanillin has been reported
with selectivity values of ca. 2% in the presence of the
benchmark photocatalyst TiO2 P25 under UVA light
irradiation.[44] Therefore, exceeding these values is relevant, due
to the high commercial value of vanillin. Moreover, the use of a
waste material such as tionite as the photocatalyst is a
remarkable added value for this reaction. It is worth noticing
that the selectivity to vanillin obtained through photocatalysis
can be significantly increased by coupling the photocatalytic
reactor with membrane separation units. The features and the
synergistic effects of this virtuous example of process intensifi-
cation have been widely discussed in previous reports.[45]

Figure 10a reports the concentration of ferulic acid in
irradiated aqueous suspension of the different tionite samples.

A steep decrease in ferulic acid concentration could be
observed within the first hour of irradiation while, thereafter,
the concentration decreased more slowly. In particular, after the
first hour of irradiation, the concentration decreased with a
similar slope in the presence of the two untreated (raw) samples
and nNa_Tionite_B. On the other hand, faster ferulic acid
degradation is apparent in the presence of nNa_Tionite_A
sample, in agreement with what observed for the degradation
of PC. The similar photoactivity of the nCa_Tionite, nNa_Tionite
and nNa_Tionite_B samples is related to the similar surface
properties of their photoactive TiO2 component. On the other
hand, the presence of fluoride groups at the surface of the
nNa_Tionite_A sample increases the photocatalytic activity due
to the often-reported beneficial effect of fluorination in terms of

Figure 9. Variation of PC concentration by photo-degradation with nCa_Tionite (black), nNa_Tionite (red), nNa_Tionite_B (blue) and nNa_Tionite_A (grey).

Figure 10. Variation of the ferulic acid concentration in oxygenated (a) or deaerated (b) suspensions of nCa_Tionite (black), nNa_Tionite (red), nNa_Tionite_B
(blue) and nNa_Tionite_A (grey), under UVA light irradiation.
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hydroxyl radicals generation.[46] In fact, surface fluorine groups,
unlike hydroxyl ones, cannot act as surface hole traps being too
high the oxidation potential of the F*/F� couple (3.6 V vs NHE),
thus resulting in enhanced availability of holes for the direct
water oxidation, which in turn results in higher production of
hydroxyl radicals.[46]

In order to correctly interpret the steep decrease in the
ferulic acid concentration observed in the first hour of
irradiation, we performed the same reaction under continuous
nitrogen bubbling, by keeping constant all of the other
experimental conditions. Results are shown in Figure 10b. In the
absence of oxygen, the ferulic acid concentration decreases at
the beginning of the test similarly to what is observed in the
oxygenated suspension but, thereafter, it remains constant. This
result indicates that ferulic acid strongly adsorbs under
irradiation onto all of the tionite samples, especially for nCa_
Tionite and nNa_Tionite_B, whose surface, therefore, undergoes
the most relevant changes when irradiated.[47] After reaching
photo-stationary equilibrium (after the first hour), the ferulic
acid concentration remained constant due to the prevailing
recombination of the photogenerated charges, which occurs
preferentially in the absence of suitable electron acceptor
species. On the other hand, under dark conditions, the
adsorption of ferulic acid onto all of the samples is negligible,
as suggested by the concentration values measured prior to
irradiation and as confirmed by systematic dark-adsorption
experiments carried out independently (data not reported).

Concomitant vanillin production under irradiation in the
oxygenated suspensions of all tionite samples was observed.
Figure 11 reports the vanillin selectivity values calculated during
irradiation according to Eq. 1, as reported in the Paragraph 2.4

According to Figure 11, all samples show a gradual increase
in the S% values but two different trends can be highlighted:
both nNa_Tionite and nNa_Tionite_A photocatalysts produce a
similar and more rapid increase in the vanillin selectivity
compared to nCa_Tionite and nNa_Tionite_B samples. Notably,

under the same experimental conditions, P25 provided a
maximum selectivity of only 2%.[44]

Comparing the results in Figures 9 and 10, it is evident a
strong correlation between the photoadsorption behavior of
the tionite samples and the selectivity towards vanillin obtained
in the corresponding photocatalytic runs. In fact, the selectivity
values towards vanillin obtained under irradiation follows
almost linearly the photo-induced capability of the photo-
catalysts to adsorb organic species. This behavior confirms the
hypothesis that the selectivity towards partial oxidation prod-
ucts is strictly related to their affinity with the surface.[48] In
other words, the higher the affinity with the surface of the
photocatalyst, the higher the probability that the intermediate
compound of interest is overoxidized, thus dramatically reduc-
ing the selectivity of the reaction. However, this effect has been
previously correlated with the adsorption behavior under dark
conditions. Hereby, for the first time, the importance of surface
phenomena in determining the selectivity of partial oxidation
reactions can be assessed when irradiation dramatically
changes the surface features of the photocatalyst, as in the case
of tionite samples.

A relevant question, however, arises by considering that
both nNa_Tionite and nNa_Tionite_B samples show dramati-
cally different behavior under irradiation in terms of photo-
adsorption and selectivity to vanillin, even though they possess
quite similar morphological and surface features, as highlighted
by the characterization results. It is worth to remember here
that the only relevant difference between the two samples
relies in their composition. In fact, besides a photo-active TiO2

portion of comparable features in the two photocatalysts, the
nNa_Tionite sample is also composed of ca. 55% of an
aluminosilicate component, which is not photoactive. The
effects of “inert” components in tailored photocatalysts have
been reported to be beneficial in addressing the selectivity of
photocatalytic partial oxidation reactions, producing a specific
product distribution deriving from different reactive oxygen
species thereby generated.[49] However, unlike the mentioned
literature studies, no different product distribution is observed
in the present case. In order to highlight the reasons underlying
the different behavior of nNa_Tionite and nNa_Tionite B
samples we investigated the adsorption behavior of vanillin
under dark in the presence of opportune amounts of the
catalysts to keep constant the amount of the TiO2 component
(0.45 mg/ml). Therefore, results in Figure 12a express the
absolute amount of vanillin adsorbed in the dark at equilibrium.
For the sake of completeness, the corresponding plot obtained
by considering the adsorption values per mass of the catalyst is
reported in Figure S7, along with the calculated thermodynamic
parameters.

The maximum amount of vanillin adsorbed at equilibrium in
the dark is higher for the nNa_Tionite sample. By considering
comparable the surface features of the TiO2 component in the
two samples, according to the characterization results, and
considering that the amount of TiO2 in the two samples is the
same, this difference can be ascribed to the vanillin adsorption
behavior of the aluminosilicate component present in the nNa_
Tionite sample, which thus adsorbs similar amounts of vanillin

Figure 11. Selectivity towards vanillin as a function of the irradiation time in
the presence of nCa_Tionite (black), nNa_Tionite (red), nNa_Tionite_B (blue)
and nNa_Tionite_A (grey) samples.
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in the dark. In fact, the maximum amount of vanillin adsorbed
by the nNa_Tionite sample (0.0187 mmol) is ca. 55% higher
than the one adsorbed by nNa_Tionite_B sample (0.0102),
which corresponds to the amount of aluminosilicate compo-
nent (55%) present in the nNa_Tionite sample.

The ability of the aluminosilicate component to adsorb
vanillin could justify the different selectivities obtained in the
presence of irradiated nNa_Tionite and nNa_Tionite_B samples
as schematically depicted in Figure 12b. In fact, the vanillin
photocatalytically produced onto the TiO2 component of the
samples could easily undergo further oxidation in the nNa_
Tionite_B sample, while the non-photo-active aluminosilicate
component of the nNa_Tionite sample can adsorb vanillin by
consequently preventing its photocatalytic decomposition.
Similar hypothesis has been invoked by Tsukamoto et al.[50] for
the partial oxidation of alcohols to aldehydes in the presence of
TiO2/WO3 composites synthetized on purpose. The WO3 compo-
nent that is partially covering TiO2, was not able to over-oxidize
the aldehyde products, thus resulting in higher selectivity
values. The peculiar interaction between photo-active and non
photo-active components intrinsically present in the waste
material tionite, is a useful feature for photocatalytic partial
oxidations and could be used for further similar applications.

4. Conclusions

A tailored regeneration strategy was for the first time success-
fully implemented to enable the reuse of tionite, a waste
material obtained from TiO2 industrial production. The chemical
treatments applied were selected in order to purify the waste
and to increase the accessibility of titanium dioxide, in view of
possible photocatalytic applications. Preliminary results on PC
photocatalytic degradation showed low activity of the modified
tionite materials, and encouraged us in exploring possible

applications in the field of partial oxidation reactions. The
photocatalytic conversion of ferulic acid to vanillin was chosen
as a model reaction, considering the remarkable features of this
process in terms of sustainability and economic impact. All of
the tionite-based catalysts have shown a gradual increase of
the vanillin selectivity under irradiation, with the better
perfomances obtained in the presence of nNa_Tionite_A
sample. This was attributed to the positive effects of fluorina-
tion in terms of hydroxyl radical production and to the limited
vanillin adsorption on the catalyst surface, which limited its
overoxidation.
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Figure 12. a) Langmuir fitting (solid lines) of the vanillin adsorption results and b) scheme of the photo-induced overoxidation reactions of vanillin at the
surface of nNa_Tionite (red) and nNa_Tionite_B (blue) samples.
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