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ABSTRACT 

Titanium metal is widely used in the aeronautical sector for its specific properties and corrosion resis 
tance. The design of titanium workpieces is based on chemical milling: a fast, precise, low cost technique 
popular in the aerospace industry. Material is removed from selected areas of a part by immersing it in a 
strong chemical reagent This process produces shallow cavities on plates and sheets or rernoves shallow 
layers of materials from large aircraft components to optimize the strength/weight ratio. However, it 
leads to large volumes of wasted acid baths, which are harmful to the environment and have to be sent to 
an approved waste facility. The objective of this paper is to highlight a cleaner production process based 
on the circular economy concept, i.e. reduce, reuse and recycle to l imit environmental pollution and 
operating costs. Waste from chemical milling baths used in the design of titanium parts was recovered 
with the aim of synthesizing titanium dioxide and using it for air depollution applications. The waste 
consisted of hexafluorotitanate compounds. Various processing techniques to synthesize titanium di 
oxide from hexafluorotitanate compounds were tested and resulted in powders having different phys 
icochemical characteristics. The synthesis parameters studied were the nature of the decomplexing 
agent. the dehydration temperature and the heating period. Photocatalytic coatings were then formu 
lated on the basis of the synthesized powders. They were applied to a mortar surface to evaluate their 
efficiency to degrade nitric oxide under two UV lighting intensities, 5 and 20 W/m2• Depending on the 
synthesis process conditions, the concentration and crystal form of titanium dioxide particles varied, 
leading to more or less efficient photocatalytic coatings. The proportions of anatase and rutile phases in 
the synthesized powders were between 3 and 13%, and 5 and 30%, respectively. Conœrning the particle 
size distribution, the variations observed were dependent on the D values. D1Ci:i; was quite similar for ail 
powders. However, Dso11: and [)gm; differed by a factor of two for some powders, notably because of the 
presence of impurities or remaining decomplexing agent parti des. NO degradation varied depending on 
the photocatalytic dispersions and could reach 7% under an irradiation of20 W/m2• This article highlights 
the possible valorization of a massive industrial waste for specific applications provided that the con 
di lions of processing techniques are optimized. 
1. Introduction 

Cllemical milling is used in various industries, such as aerospace, 
electronics and auto motive manufacturing to shape common met al 
parts (made of aluminium, stainless steel and titanium) and respect 
detailed structural design, which is not feasible by mechanical 
 UPS. 118 Route de Narbonne, 
methods (El Hofy, 2005). By controlled dissolution with a strong 
reagent, called the etchant, this process allows complex shapes, 
accurate geometries and reduced thicknesses to be obtained. The 
metal is removed only at certain locations of the workpiece surface 
thanks to speàal protecting coatings, called maskants. More spe 
àfically, in the aerospace industry, chemical milling is widely used 
to reduce the weight of aircraft parts by selectively removing pre 
àse volumes of material (Harris, 1976). The process was first 
applied industrially, notably by North American Aviation, Inc. 
(California, USA), to etch aluminium components for rockets. lt was 
patented in 1956 (Sanz, 1956). Etchants, which may be acid or 



alkaline solutions depending on the materials to be etched, are the
most influential parameter in the chemical milling (Çakır, 2016,
2008; Tehrani and Imanian, 2004). Some of them are summarized
in (Çakır et al., 2007). For example, ferric chloride (FeCl3) is awidely
used etchant for iron, copper and aluminium based alloys, and
cupric chloride (CuCl2) is used for etching copper and its alloys. In
the case of titanium alloys, the chemicals involved in the process
include hydrofluoric acid (HF), an acid from the group comprising
hydrochloric acid, nitric acid (HNO3) or sulfuric acid, and surface
tension reducing agents (Chen, 1990). Etching titanium with HF
alone is a slow process, which produces hydrogen gas and leads to a
rough surface finish (Tal Gutelmacher and Eliezer, 2004). Titanium
reacts with HF according to reaction (1).

2 Ti þ 6 HF / 2 TiF3þ 3 H2 (1)

The use of HNO3 reduces hydrogen absorption by titanium al
loys and produces a smoother surface. The weight ratio HNO3/HF
defines the etching rate. If the HNO3 concentration is too high
(HNO3/HF > 10), the resulting etching rate will be slow (z2.5 mm/
min). On the other hand, if the HF concentration is high (HNO3/
HF < 10), the etching will be fast and uneven (z18 mm/min)
(Markle, 2015a, 2015b). When a mixture of HF and HNO3 is used,
reactions (2) and (3) occur.

Ti þ 2 HNO3 / TiO2 þ 2 HNO2 (2)

TiO2 þ 6 HF / H2TiF6 þ 2 H2O (3)

The overall reaction for titanium etching in mixed acids is

3 Ti þ 18 HF þ HNO3 / 3 H2TiF6 þ 9/2 H2 þ NO þ 2 H2O (4)

In addition to the type of acids and their concentrations, tem
perature and time are also considered as influencing factors.
Chrcanovic and Delany (2014) showed that the surface roughness
of titanium treatedwith acidic solution increasedwith temperature
and time. The same was true for Marsuhashi and Takahashi (2002),
who observed an increased loss of titanium by corrosion. Therefore,
it is important to control the etching conditions. Moreover, the
ingredients in the bath require frequent analysis and adjustment.
The etching rate is dependent on the free concentration of HF,
which decreases through time due to changes in the surface layer
and in the composition of the etching solution. As the titanium ion
concentration increases with time in the bath, HF is consumed by
the formation of anionic titanium fluoride complexes TiF62� and the
chemical pickling efficiency decreases (Schneiker and Forsberg,
2014; Sutter and Goetz Grandmont, 1990). To combat the
increasing titanium concentration, periodic additions of HF can be
made to the bath to prolong its life until it becomes inefficient. In
this case, wasted acid baths must be sent to an approved waste
facility as they can be very harmful for the environment (Public
Health England, 2018; 2017). To avoid a long and expensive waste
handling process, several researchers have investigated the possi
bility of restoring the bath by using a chemical reaction (Bares and
Cros, 2010) or thermal process (Baillon Martin et al., 2004) to
precipitate excess titanium in the form of hexafluorotitanate
compounds.

In Toulouse, France, SATYS ST PRODEM is a company special
izing in the chemical milling of titanium parts for the aerospace
industry. A specific process under patent is followed by SATYS ST
PRODEM to regenerate a nitrohydrofluoric bath for chemical
etching of parts made of titanium or titanium alloy in order to
reduce the inputs of chemicals ( 54% for HF and 90% for HNO3)
and water ( 88%), the volume of waste and the operating costs
( 90%), and to increase productivity. These objectives are notably
identified by Gusmerotti et al. (2019) as being the main drivers
(economic and environmental) of circular economy. One step of this
regeneration process precipitates titanium out of chemical baths to
obtain hexafluorotitanate compounds (Nicolas, 2018). This inven
tionwas part of the RUTILE project (2016e2019), which, in addition
to innovative process development, also studied the valorization of
titanium (in the form of hexafluorotitanates) from chemical milling
baths to titanium dioxide (TiO2) for air depollution applications.
The experimental researchwork presented in this paper deals more
specifically with the latter point and focuses on the development of
photocatalytic coatings to be applied to building materials. It shows
an example of a circular economy business model based on
resource recovery, where the waste of one company (aerospace
sector) could be used as a resource by another (construction sector)
(Su�arez Eiroa et al., 2019). Photocatalytic materials containing TiO2
have indeed received growing interest during recent decades
(Agrios and Pichat, 2005; Fujishima and Zhang, 2006). They have
proven to be efficient in air (Ângelo et al., 2013) and water purifi
cation (Fatima et al., 2019) and have shown self cleaning (Pozo
Antonio and Dionísio, 2017) and antibacterial properties (Verdier
et al., 2014). A recent review by Ren et al. (2017) on the use of
photocatalytic materials to purify air discusses material design
strategies aimed at improving their performance. The authors
notably report techniques to improve the efficiency of photo
catalysts under visible light, such as ion doping, nonmetal ion
doping, and metal semiconductor heterojunctions. Several other
studies have dealt specifically with the application of this kind of
coatings to buildingmaterials to degrade nitrogen oxides (NOx) and
Volatile Organic Compounds (VOCs). For example, Hot et al. (2017)
showed that the NO photocatalytic degradation was dependent on
the substrate roughness and the quantity of functional coating
applied to the surface. Martinez et al. (2014, 2012, 2011) particularly
studied the photocatalytic coatings for construction materials and
the parameters that controlled their performance to degrade NO
and BTEX. In Martinez et al. (2014), the authors highlighted the
improved photocatalytic performance of coated mortar compared
to glass because of its absorption capacity and showed the absence
of humidity influence for initial concentrations between 0.4 and
1 ppm. Yamamoto et al. (2014) reported a 48% decrease in toluene
concentration attributed to the photooxidation reaction occurring
at the surface of TiO2 coated building material.

The photocatalytic process widely reported in the literature
consists of four main steps, as shown in Fig. 1: ① under irradiation,
electrons rise from the valence band to the conduction band leaving
electron holes; ② the electron hole pairs produced reach the sur
face of the semiconductor particles; ③ through reactions with the
adsorbed oxygen and water coming from the surrounding air,
reactive oxygen species such as HOC, O2

C- and HO2
C are created;④

pollutants are decomposed or mineralized through a reduction
oxidation process. Lasek et al. (2013) especially discussed the
main processes leading to the removal of NOx by photocatalysis.
Among them, the NO photo oxidation for TiO2 photocatalysts led to
HNH3 via the formation of HNO2 and NO2. Huang et al. (2016)
focused on the reactions occurring during the photocatalytic
oxidation of typical indoor VOCs and formaldehyde. The complete
oxidation should lead to CO2 and H2O.

In this paper, the nitric oxide (NO) photocatalytic oxidation over
TiO2 based semiconductor resulting from waste was studied.
Mortar surfaces were coated with TiO2 based dispersions in water
synthesized from hexafluorotitanate compounds. In the RUTILE
project, the INEOSURF company was in charge of the synthesis step
to obtain TiO2 particles. According to the synthesis process condi
tions, the resulting TiO2 particles had various physicochemical
characteristics leading to photocatalytic dispersions that were



Fig. 1. Schematic representation of the photocatalysis process on semiconductor sur-
face showing the 4 main steps: irradiation, electron-hole pairs reaching the surface,
reactive species creation, and depollution by reduction-oxidation process.
more or less efficient to degrade NO. The authors investigated the
influence of the synthesis conditions, particularly on the crystal
form of TiO2 and its proportion in the synthesized powders, and on
the particle size. Air depollution tests were conducted at lab scale
using a reactor. Pure dilute NO (stabilized in nitrogen) was
continuously injected as the gaseous pollutant, and NO and nitro
gen dioxide (NO2) concentrations were measured with a nitrogen
oxide (NOx) analyzer. By comparing the NO inlet and outlet con
centrations, NO abatements were evaluated for all the experiments
conducted. The depollution efficiency of photocatalytic dispersions
based on TiO2 resulting from hexafluorotitanate compounds were
then compared.

2. Materials and methods

2.1. Substrate

A common building material, mortar, was used as the substrate.
Normalized mortar samples with a water/cement ratio of 0.5 (W/
C 0.5) were prepared according to the European standard NF EN
196e1. Mortar was composed of siliceous sand (grain size 0e2mm)
and CEM I 52.5 Portland cement. The preparationwas carried out at
ambient temperature and a relative humidity of 55%. Each sample
was mechanically mixed and then cast in a 30 � 30 � 1 cm3 steel
mold with the aid of a vibrating table. The resulting slab was kept
covered in a room at constant temperature and humidity. It was
demolded after 7 days and sawn into 10 � 5 � 1 cm3 samples.
Mortar samples were finally ground (120 mm abrasive sandpaper)
before photocatalytic dispersion was applied to the surface. The
appearance of the mortar surface is shown in Hot et al. (2017).

2.2. TiO2 based powder synthesis

TiO2 is an inorganic photocatalytic semiconductor. Because of its
excellent light scattering properties, its primary application is as a
white pigment in paints, foods, cosmetics, toothpastes or polymers
to provide white opacity and brightness (Fisher and Edgerton,
2001). Moreover, this semi conductor has been studied for at
least three decades for its photocatalytic ability, especially in the
fields of energy, environment, construction and biomedicine. For
example, Cassar (2004) discussed the air depollution and self
cleaning properties of TiO2 loaded cementitious materials and
notably highlighted the synergy between cement and TiO2. Hot
et al. (2017, 2016) and Topalov et al. (2019) investigated the effec
tiveness of photocatalytic coatings to degrade NO and NO2. They
carried out experiments with various building materials (mortar,
wood, plasterboard) at laboratory scale and in a 10m3 experimental
chamber. Gholami et al. (2017) studied the effect of TiO2 based
nanocoatings for solar cell applications and observed a decrease in
the accumulation of dust on coated glass samples. Verdier et al.
(2014) focused on the antibacterial activity of TiO2 on Escherichia
coli bacteria and the parameters that influenced its inactivation by
photocatalysis.

Three TiO2 crystalline forms exist in nature: anatase, rutile and
brookite. Rutile is stable, while anatase and brookite are meta
stable, but anatase shows a better photocatalytic activity than rutile
and brookite because of its higher gap energy (3.02 eV for rutile,
3.14 eV for brookite and 3.23 eV for anatase). Anatase transforms
irreversibly to rutile at elevated temperatures. However, this
transformation can be promoted at lower temperatures or even
inhibited depending on numerous parameters, as reported by
Hanaor and Sorrell (2011). In the literature, different synthesis
methods are reported for obtaining TiO2 in various forms (amor
phous, anatase, rutile or anatase rutile mixture). Common syn
thesis methods of TiO2 and the resultant phases are notably
summarized in Hanaor and Sorrell (2011). Arroyo et al. (2002) and
Liu et al. (2009), for example, both used Ti[OCH(CH3)2]4 as pre
cursors. The first authors performed a sol gel synthesis at room
temperature using metal ion dopants (Mn2þ) to pass from amor
phous TiO2 structure to crystalline TiO2 phases. The other authors
dissolved Ti[OCH(CH3)2]4 into a solution containing isopropyl
alcohol and sucrose, which was then heated for 12 h at 160 �C in
order to obtain semi crystalline TiO2. Two calcination steps were
finally carried out: first in a nitrogen atmosphere for 4 h at different
temperatures and then in an oxygen atmosphere for 3 h at 700 �C.
Zhang and Tang (2018) achieved titanium sulfate hydrolysis at
room temperature in order to obtain hydrous amorphous TiO2
particles, which were then calcined for 2 h at various temperatures
to form pure anatase and rutile phases, and a mixture of both. A
deposition method is also reported in the literature as a means to
obtain TiO2 coating on a substrate. Chemical vapor deposition
(CVD), for example, was investigated by Mills et al. (2002). A TiO2
film was prepared on glass via the reaction of TiCl4 with ethyl ac
etate. The photo induced superhydrophilic and photocatalytic ac
tivities of this film were then assessed. Physical vapor deposition
(PVD) was studied by Meyer et al. (2004) to generate photoactive
TiO2 films on titaniummetal substrates by using an electrochemical
process of anodic spark plasma.

In the present paper, the TiO2 based powders studied were
obtained from waste resulting from chemical milling baths of the
aeronautical industry. This waste consisted of hexafluorotitanates
(TiF6 compound) in which Ti was present as Ti4þ. It was provided
by SATYS ST PRODEM to INEOSURF, which then conducted various
syntheses to transform it into TiO2. The synthesis was character
ized by two main steps: (1) transformation of hexafluorotitanates
into Ti(OH)n by using decomplexing agents, and (2) Ti(OH)n
dehydration to obtain TiO2 crystalline phases. Different decom
plexing agents and dehydration temperatures were tested. The
role of the decomplexing agents was to release fluoride ions from
TiF6 compound. Among them, a weak base was used to promote
Ti(OH)n formation, and Ca based mineral compound was added to
precipitate fluoride ions from solution as calcium fluoride (CaF2).
The synthesis conditions for the samples tested are presented in
Table 1. For samples 1A and 1B (respectively samples 3A and 3B),
the synthesis was carried out with the same weak base and



T.lble 1 
liOi-based powder synthesis conditions: reference sample, decomplexing agent, debydration temperature and time period are specified. 

Sample 

1A 
18 
2 

3A 

38 
4 
5 
6 
7 

Decomplexing agent 

Weak base 
Weak base 
Weak base and Ca-based agent 

Weak base and Ca-based agent 
Weak base and Ca-based agent 
Si-based and Ca-based agents 
Si-based and Ca-based agents 
Ca-based agent 
Ca-based agent 

Debydration temperature (0C) and time period (b) 

650 °Cfor 3 b 
650 °Cfor 3 b 
550 °Cfor 3 b 

650 °Cfor 3 b 
650 °Cfor 3 b 
550 °Cfor 3 b 
650 °Cfor 3 b 
550 °Cfor 3 b 
650 °Cfor 3 b 
dehydration temperature. However, for sample 1A (respectively 
sample 3A), the initial quantity of waste to be transformed (i.e. 
hexatluorotitanates) was larger (5 times more) and a smaller 
quantity of weak base was used as the decomplexing agent 
(reduction of 23% between samples 1B and 1A, respectively 
samples 3B and 3A). The pH was measured during the synthesis 
and depended on the decomplexing agent added. For samples 1A 
and 1B, the pH was 10 ± 0.5 due to the weak base in excess. For 
other samples, as a strong base was used (Ca based agent), more 
oH- ions were released ( concentration above 10-2 mol/L) leading 
to a higher pH value, around 12 ± O.S. 

Dehydration temperature played an important role in the for 
mation of Ti02 ciystalline phases. However, due to the use of 
different processing methods ( especially in terms of kinetics) and 
raw materials (fineness and purity), the phase transformation 
temperature between anatase and rutile was hard to define. 
Various transition temperatures have been reported in the litera 
ture. They are summarized in (Hanaor and Sorrell, 2011 ). The re 
ported transition onset temperatures of the anatase to rutile 
transformation in bulk pure anatase in air appeared to converge 
around 600 °C. For example, Jamieson and Olinger (1969) gave a 
diagram illustrating the reaction boundaries of phase transitions in 
TiO2 according to pressure and temperature values. These authors 
showed that anatase to rutile phase transformation started around 
480 °C and finished at 600 °C. Arroyo et al. (2002) reported that 
anatase to rutile transformation occurred between 600 and 750 °C 
for pure TiOz materials. In the case of our study, the influence of 
dehydration temperature on Ti02 ciystalline phase formation was 
also observed The diffractograms in Fig. 2 show that, for the same 
synthesized powder, compounds appeared or disappeared in 
various proportions under different dehydration temperatures. The 
ciystalline phases of interest are referred as "A" for Anatase and "R" 
for Rutile. They were respectively identified at 550 ° C and 650 ° C At 
450 °C, no ciystalline form of TiO2 was detected. 
l: 
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Fig. 2. Dilfractograms obtained for the same synthesized powder dehydrated at three dilf
increasing temperature led to anatase to rutile transformation. 
2.3. Photocatalytic dispersion p reparation and coating ap plication 

Each photocatalytic dispersion was prepared as follows: 5 g of 
Ti02 based powder was mechanically dissolved using a stirring 
blade during 5 min in 100 ml of distilled water solution containing 
3.5 g of dispersant (Borchi® Gen 1252) and 0.1 g of antifoaming 
agent. 

The dispersion was applied to the mortar surface using a fine 
brush. The quantity of TiO2 based dispersion on the surface was 
determined by weighing the reàpient containing the dispersion 
and the brush before and after coating the mortar sample. The TiOz 
quantity (diy content) on the surface was then evaluated by 
considering the proportions of anatase and rutile phases in the 
dried synthesized powder (values obtained from X Ray Diffraction 
(XRD) analyses). Between 2 and 3 layers of dispersion were applied 
to each surface. The surface was allowed to diy at ambient tem 
perature and humidity for 30 min after each application. The final 
Ti02 diy content applied to each mortar surface ( expressed in g/m2) 
before depollution tests were conducted is indicated at the top of 
each bar in Fig. 8 . 
2.4. 7î02 based powder characterization 

2.4.1. XRD 
A Bruker D8 Advance diffractometer ( copper anode) was used to 

identify the chemical composition of powders. Two software tools 
were employed: one for compound identification (qualitative re 
sults with EVA software), and the other for quantification by the 
Rietveld method (TOPAS software). However, the TOPAS database 
was not sufficiently extensive to evaluate ail of the compound 
proportions in the synthesized powders so, to obtain quantitative 
results in the framework of this study, an analytical procedure 
based on X ray diffraction intensities was used. This kind ofmethod 
has already been reported in the literature. Spurr and Myers (1957) 
-6SO'C 

50 60 70 

erent temperatures: 450 °C. 550 °C and 650 °C ("A" for Anatase and "R" for Rutile): 



and Serna et al. (2014) plotted a calibration curve to evaluate the 
relative quantities of anatase and rutile in mixtures containing only 
Tiüi by plotting the intensity ratio (IA/IR) as a function of the weight 
ratio (wA/wa) (A for anatase and R for rutile). As the powders tested 
in this study contained many impurities, two calibration curves 
were needed; one for the anatase phase and the other for the rutile 
phase. Therefore, mixtures of pure anatase (Prolabo commercial 
product from RECTAPUR®) and rutile ( commeràal product KRO 
NOS®2310) were prepared The following compositions were 
investigated to establish the calibration curve for each phase: 100% 
anatase, 80% anatase +20% rutile, 60% anatase +40% rutile, 40% 
anatase +60% rutile, 20% anatase +80% rutile, and 100% rutile. Each 
composition was homogenized using ten 6 mm glass balls for 
3 min and then ground and sieved with an 80 µm mesh for XRD 
analyses. 

Peak intensities at characteristic 29 values were collected from 
the resulting diffractograms: 25.3° and 48.0° for anatase, and 27.4° 

and 36.1° for rutile (Guimaraes et al., 2016; Hanaor and Sorrell, 
2011 ). lntensity was then plotted versus each phase proportion in 
order to obtain the two calibration curves shown in Fig. 3. These 
calibration curves allowed the anatase and rutile phases in the 
powders studied to be quantified. Peaks at 48.00 and 27.4° were 
respectively chosen for anatase and rutile phases because of the 
better linearity of the calibration curves (higher R2 coeffiàent 
values). 

2.42. Granulomet,y 

The OlAS1090 laser particle size analyzer was used (according 
to ISO 133 20). This k ind of analyzer offers a wide range of partide 
size measurements. The technique is based on laser light diffrac 
tion: the particle size is specified from the light intensity distri 
bution pattern by using the Fraunhofer diffraction theory 
relationship. Before carrying out particle size analyses, powders 
were ground and sieved with an 80 µm mesh. The following values 
were compared: average diameter, DHn:, Dsm; and 090%. The Dsm; 

(the median) was the size in microns that split the distribution with 
half above and half below this diameter. Simila rly, 90% and 10% of 
the distribution were below the 090% and DHn: diameters 
respectively. 

2.43. SEM/EDS 

Scanning electron microscopy (SEM) was used to investigate the 
microstructure of Tiüi based powders. The analyses were con 
ducted with a JEOL KSM 7800F Prime instrument (voltage of 5 and 
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Fig. 3. Anatase calibration (left) and rutile calibration curve (right): peaks at 48.00 and 27.4°

(higher R2 values). The se calibration curves were used for the quantification of anatase and
10 kV). As the image resolution was sufficient, it was not necessary 
to metallize the powders. Images in LED (Lower Electron Detection, 
information on morphology and relief) and UED (Upper Electron 
Detection , better resolution but poor relief) modes were obtained 
using secondary electrons. Images in COMPO mode (for composi 
tion) were açquired using backscattered electrons. These electrons 
are sensitive to the atomic number of elements: the heaviest atoms 
re emit more electrons than lighter atoms. Zones formed by ele 
ments having a high atomic number thus appear brighter. Further 
analyses were conducted by Energy Dispersive Spectroscopy (EDS). 
Combined with SEM, EDS was used to determine the elementary 
composition of individual points or to show the overall distribution 
of elements in the analyzed powders by cartography. Magnifica 
tians used were between x250 and x30 000. 

2.5. Experimental setup for air depollution test 

Various gaseous pollutants can be eliminated by the photo 
catalytic TiOifcement system (e.g. NOx, SOx, VOCs). ln this paper, 
the degradation of NO by photocatalysis was espeàally studied. The 
overall process is well documented in the literature and can be 
brietly described as follows: NO present in the air is oxidized when 
TiOz photocatalyst is exposed to light at wavelengths around and 
Jess than 388 nm. Through intermediate steps, including N02 
generation, NO is finally converted to nitrate by means of a 
reduction oxidation process. The performance could be enhanced 
depending on experimental and physicochemical parameters such 
as irradiance, dopant and substrate. BloB and Elfenthal (2007) re 
ported that doping Ti02 with carbon led to a shift in the eut off 
wavelength (from 388 nm to 535 nm), which increased its effi 
àency to degrade NO under UV and visible light. Hargnies et al. 
(201 2) highlighted the influence of substrate by showing the ab 
sorption capacity of concrete. Hüsken et al. (2009) observed the 
dependence of the NO degradation rate on the irradiance. 

The setup used to assess the efficiency of photocatalytic mate 
rials (i.e. mortar samples covered with photocatalytic dispersions 
prepared from Ti02 based powders) is described in (Hot et al., 
2017). lt was inspired by ISO 22197-1 and XP B44001 standards. 
The experimental setup was placed in an air conditioned room at 
20 ± 1 °C with relative humidity (RH) between 30 and 44%. An air 
generator (Environnement S.A., France, mode) ZAG7001 ) filtered 
the ambient air, which was then humidified and mixed with pure 
NO pollutant coming from a gas cylinder (8 ppm, pure NO stabilized 
in nitrogen, Air Liquide, France). Air and NO tlow rates were 
450000 
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controlled with mass flow controllers. The diluted polluted air
(initial NO concentration equal to 400 ppb after dilution with air)
flowed continuously through the reactor. NOx concentrations were
measured by a chemiluminescent analyzer (Environnement S.A.,
France, model AC32M), which displayed NO, NO2 and NOx
concentrations.

The steps of the experimental protocol are represented in Fig. 4:
NO concentration was first measured when the polluted air went
through the bypass for 10 min in darkness (light OFF), then 10 min
inside the reactor with the mortar sample in darkness and, finally,
10 min inside the reactor with the mortar sample under UV light
(light ON). Lighting intensity on the upper surface of the reactor
was measured using a Gigahertz Optik radiometer equipped with a
detector for UV A wavelengths (UV 3717 model, 315e400 nm).
Three bulbs (UV light CroLED®, 365 nm) were used for the lighting
system. They were placed at two different heights (i.e. distances
between the lighting source and the upper surface of the reactor) of
15 cm and 45 cm, to obtain two different light intensities on the
upper surface of the reactor: 20 W/m2 and 5 W/m2 respectively.
These high UV intensity values were chosen to promote the NO
removal efficiency. This protocol was also carried out with no
mortar sample in the reactor (empty reactor) and with reference
mortar (uncoated) to evaluate the respective effects of the UV light
(i.e. photolysis) and the mortar matrix (i.e. adsorption/absorption)
on NO concentration (cf. part 3.2.1). In Fig. 4, the NO concentration
decrease followed by the increase occurring at around 10 min was
associated with the filling of the reactor.
3. Results and discussion

3.1. Physicochemical characterization of TiO2 based powders

3.1.1. XRD
Anatase and rutile phases exhibit characteristic diffraction peaks

at specific 2Ѳ values: 25.3� (101), 37.3� (004) and 48.0� (200) for
anatase, and 27.4� (110), 36.1� (101) and 41.2� (211) for rutile (Fisher
and Edgerton, 2001; Guimaraes et al., 2016; Hanaor and Sorrell,
2011). These peaks were used to identify the presence of TiO2 crys
talline forms in the synthesized powders. Their proportions were
evaluated with the help of the calibration curves (at 48.0� peak for
anatase phase and 27.4� peak for rutile phase), except for samples 1B
and 3B, for which the Rietveld method was used (as these powders
contained fewer impurities, it was possible to identify all the com
pounds using the TOPAS database, cf. part 2.4.1). The results are
presented in Table 2. XRD patterns of the analyzed powders revealed
the co existence of anatase and rutile for samples 1B, 3B, 4 and 5.
Only rutile was identified for samples 1A, 2, 3A, 6 and 7.
Fig. 4. Experimental protocol for assessing NO degradation. Expected NO concentra-
tion evolution during a test (theoretical representation) is shown. The first decrease
was due to the filling of the reactor, the second one to photocatalytic activity when the
light was switched on.
As stated in part 2.2, authors in the literature have reported
different phase transformation temperatures depending on the
process parameters and the characteristics of the raw materials
(Hanaor and Sorrell, 2011; Zhang and Tang, 2018). As a general
conclusion, the value of 600 �C can be kept inmind as the anatase to
rutile transition temperature for pure anatase. However, according
to the results shown in Table 2, this transition temperature seemed
to be lower in this study. A comparison of samples 2 and 3A sug
gests that the increase in the dehydration temperature
(550 �Ce650 �C) led to a higher rutile proportion (5% vs. 9%) rather
than to anatase formation. The same trend was observed for sam
ples 6 and 7 (13% vs. 26%). For samples 4 and 5, both composed of
anatase and rutile, the increase in rutile proportion from 17 to 25%
(respectively the decrease in anatase proportion from 5 to 3%) with
dehydration temperature (550 �C vs. 650 �C) showed that the
temperature for which TiO2 particles transformed to rutile was
reached but was lower. Moreover, by comparing samples 1A and 1B
(respectively 3A and 3B), the influence of waste and weak base
proportions on crystalline phase formation was highlighted. Sam
ples 1B and 3B had a higher proportion of crystallized phase due to
a larger quantity of decomplexing agent. For the authors, the
presence of impurities in the synthesized powders, leading to a
change in the reaction boundaries of phase transitions in TiO2,
appeared to be a reasonable explanation. This phenomenon has
been reported in the literature. Shannon and Pask (1965) summa
rized quantitative data on the effect of impurities on the trans
formation of anatase. In addition, these authors showed that the
rate of the anatase rutile transformation and activation energy
were governed by the nature and amount of impurities. They
notably highlighted the inhibiting effect of fluoride ions and ions of
valence greater than four such as sulfate (S6þ) and phosphate (P5þ)
due to the reduction in the number of anion vacancies (substitution
of two fluoride ions for an oxygen ion) and in the concentration of
oxygen vacancies respectively. Arroyo et al. (2002) studied the ef
fect of manganese ions on the anatase rutile phase transformation
of TiO2. They showed that significant structural changes occurred
during the various stages of the phase transformation, depending
on themanganese concentration: either stabilization of the anatase
phase was observed or the rutile formation was favored. They also
pointed out that the anatase rutile transformation temperature
was lowered for the TiO2 samples with the highest manganese
concentration. Concerning the recovery of TiO2, the percentage of
crystallized phases varied between 5 and 43%, with the highest
value obtained for sample 3B. In the authors’ opinion, the chemical
yield was low, which resulted in the presence of titanium fluoride
complexes, such as TiF6 and TiOF5, in the synthesized products.
Also, the dehydration time periodwas not optimal to dehydrate and
crystallize TiOH4 and thus led to the formation of anatase and/or
rutile.

3.1.2. Granulometry
Particle size analysis was carried out for all the synthesized

powders, except for samples 1B and 3B. The results are summarized
in Table 3 (uncertainty was estimated to be ±2 mm for average
diameter and ±0.4 mm for D10%). In general, nanometric TiO2 par
ticles improve the photocatalytic activity (Hanaor and Sorrell, 2011;
Rambabu et al., 2016; Shannon and Pask, 1965). In this study, the
diameters obtained were representative of micrometric powders.
The specific surface area and therefore the reactive surface area of
the synthesized powders were lower than expected, notably
because of the presence of impurities. It can be noted that the D50%,
D90% and average diameter values for samples 4 and 5 were higher
than for the others: between 3 and 5 times higher for D50% and
between 2.5 and 5.5 times higher for D90%. This difference could be
explained by the type of decomplexing agent used during the



Table 2
Anatase and rutile proportions in the analyzed powders (grey shaded columns for dehydration temperature of 650 �C).

Sample 1A 1B 2 3A 3B 4 5 6 7

Dehydration temperature (�C) 650 650 550 650 650 550 650 550 650
Anatase (%) 3 13 5 3
Rutile (%) 10 39 5 9 30 17 25 13 26

Table 3
Particle size distribution of the synthesized TiO2-based powders (grey shaded col-
umns for dehydration temperature of 650 �C): 10% of the distribution was below
D10%, D50% was the median size and 90% of the distribution was above D90%. Uncer-
tainty was estimated to be ±2 mm for average diameter and ±0.4 mm for D10%.

Diameter (mm)/Sample 1A 2 3A 4 5 6 7

D10% 1.52 0.54 1.58 1.49 1.93 1.35 1.50
D50% 5.58 3.83 5.52 19.70 19.42 5.09 5.82
D90% 22.15 11.90 18.47 67.54 55.36 16.48 20.45
Average diameter 8.69 5.38 7.93 28.03 24.72 7.40 8.50
synthesis. An Si based decomplexing agent having particles with
diameters between 0.06 and 0.2 mm was added, leading to pow
ders (samples 4 and 5) with higher D50%, D90% and average diameter
values (19.70 mm, 67.54 mm and 28.03 mm, respectively, for sample
4). Therefore, D10% reported in Table 3 were considered as the most
representative diameter values for TiO2 particles in the synthesized
powders as the other ones were affected by impurities and
decomplexing agents. D10% values varied between 0.54 and 1.93 mm.
A similar size range between 0.593 and 1.193 mm was reported by
Hüsken et al. (2009) for commercially available standard TiO2 in the
anatase form. In addition, from results in Table 3, the particle sizes
of powders dehydrated at two different temperatures (550 �C and
650 �C) were compared (sample 2 vs. sample 3A, sample 4 vs.
sample 5, sample 6 vs. sample 7). It seemed that the synthesized
powders dehydrated at 650 �C had higher D10% values due to the
presence of rutile phase (1.58 mm, 1.93 mm and 1.50 mm for samples
3A, 5 and 7 dehydrated at 650 �C, and 0.54 mm,1.49 mm and 1.35 mm
for samples 2, 4 and 6 dehydrated at 550 �C). This trend has been
reported in the literature by several authors. Rambabu et al. (2016)
reported a change of crystallite size of TiO2 multi leg nanotubes
annealed in air at temperatures ranging from 500 to 900 �C. They
observed an increase in anatase grain size from 34 ± 2 nm to
46 ± 3 nm (corresponding to the peak (101)) during the process of
phase transition from anatase to rutile upon heat treatment from
500 to 600 �C. As temperatures increased further, the trans
formation of anatase to rutile occurred and the average grain size
corresponding to (101) plane of anatase and (110) plane of rutile
was around 53 nm, 69 nm and 81 nm for samples annealed at
temperatures of 700, 800 and 900 �C respectively. In addition, these
authors highlighted a decrease in anatase grain size for high
annealing temperatures, from 700 to 900 �C. As reported by
Shannon and Pask (1965), this size reduction indicated a gradual
transition of anatase to rutile due to the nucleation of rutile phase
on the grain surface and spreading into anatase.
3.1.3. SEM/EDS
Fig. 5 shows SEM images of some synthesized powders. Specific

shapes of compounds were noticed and were confirmed by EDS
analyses: particles with a “stick” form were representative of the
rutile crystalline phase, and octahedral particles were associated
with anatase particles. TiO2 crystalline phases were surrounded by
amorphous phase (left) and spherical particles (right) were iden
tified as fluorite (CaF2), a phase formed when Ca based decom
plexing agent was used for the synthesis. These observations were
consistent with the literature, where research studies reported a
more elongated shape for rutile particles due to a tetragonal prism
structure. Anatase particles were found to be shorter with a
tetragonal pyramidal structure (Hanaor and Sorrell, 2011; Ohno
et al., 2002; Taguchi et al., 2003). As explained by Hanaor and
Sorrell (2011), anatase and rutile crystal structures both consisted
of TiO6 octahedra with four edge sharing connectivity in anatase
and two edge sharing connectivity in rutile. This specific three
dimensional arrangement could explain the “stick” and “cubic”
forms for rutile and anatase particles respectively. SEM and TEM
(Transmission Electron Microscopy) images of rutile and anatase
particles included in the TiO2 powder were notably shown by Ohno
et al. (2002) and Taguchi et al. (2003).

Fig. 6 shows silica particles observed for a powder synthesized
with an Si based decomplexing agent. Their sizes were estimated
to be around 100e150 mm (the size range of Si based decomplexing
agent particles was 60e200 mm). This observation was consistent
with particle size analysis results (part 3.1.2) showing higher
diameter values for samples 4 and 5, which were attributed to the
presence of silica particles. Lorencik et al. (2015) reported a similar
SEM image showing the presence of micro scale particles that
could be attributed to silica.
3.2. NO degradation

3.2.1. Photolysis and adsorption/absorption phenomena
Fig. 7 highlights a reaction between UV light and NO. When the

reactor was empty (i.e. no mortar sample in it), a variation in NO
concentrationwas observed at the dark/UV light transition. It could
be attributed to a chemical process due to light, called photolysis
(or photodecomposition). This kind of phenomenon has been re
ported in the literature for various compounds. For example, Silva
et al. (2006) suggested that direct photolysis of azo dyes under
UV light should not be ignored. In a different field, Kalinovskaya
et al. (2016, 2011) showed that photolysis could improve the
luminescent and photochemical characteristics of light
transforming polymer materials, depending on their composi
tions and, notably, on the dopant used. The mechanism that de
scribes the photodecomposition of NO was notably discussed in
(McGee and Heicklen, 1964) and leads to the production of NO2.
Therefore, NO gaseous pollutant concentration in the reactor was
probably affected by UV light during the experiments carried out in
this study. As shown below, this impact was taken into account.

Moreover, by comparing the “NO empty reactor” and “NO un
coated mortar” curves in Fig. 7, a reaction between NO and mortar
substrate was observed, leading to a slight decrease in NO con
centration. It could be attributed to the adsorption/absorption
phenomenon. Horgnies et al. (2012) demonstrated that concretes
could continuously absorb a significant fraction of NO2 (and, to a far
lesser extent, NO) from the surrounding atmosphere over long
periods, probably because of a reaction with strongly alkaline
cement hydrates. In addition, Cassar (2004) highlighted the syn
ergistic effect of the photocatalyst/cementitious matrix composite
through adsorption by the hydroxides present in the cement ma
trix. According to him, the cement matrix effectively trapped NO2
(whichwas generated through an intermediate step), togetherwith
nitrate salt formed during the photocatalytic oxidation of NO.



Fig. 5. Sample 1B (magnification x10 000) on the left and sample 5 (magnification x30 000) on the right. Particles with a “stick” formwere representative of rutile crystalline phase
and “cubic” shapes were associated with anatase particles.

Fig. 6. Silica particles observed with SEM (magnification x300) for a powder synthe-
sized with an Si-based decomplexing agent (SiO2 particle size around 100 150 mm).
In addition, during the depollution tests carried out in this
study, a generation of NO2 was measured. This phenomenon was
previously observed by Hot et al. (2017) when tests were conducted
with mortar and wood samples coated with a TiO2 based disper
sion. As reported by other authors (Gauvin et al., 2018; Laufs et al.,
2010; Martinez et al., 2011), this was an intermediate step expected
to occur during NO photocatalytic degradation. NO2 production and
release can be limited depending on the substrate properties.
Gauvin et al. (2018) showed that autoclaved aerated concrete
released a higher quantity of NO2 than wood wool cement board
because of its closed pore structure. Hot et al. (2017) observed that,
for the same quantity of TiO2, NO2 generation on mortar was half
that seen on wood, which is consistent with the capacity of con
crete to absorb NO2 highlighted by Horgnies et al. (2012).
3.2.2. Abatement results
Fig. 8 shows the abatement values obtained with the photo

catalytic dispersions prepared from the synthesized powders
applied to mortar surfaces. At the top of each bar, the quantity of
TiO2 (dry content) applied to the surface is specified for each
sample. The results for two lighting intensities (5 W/m2 and 20 W/
m2) are compared. Under UV light, TiO2 generates charge carriers
(electrons and holes), which produce active radicals leading to the
convertion of NO to adsorbed nitrate species via the formation of
NO2. As mentioned previously, the interaction of NO with light and
a mortar matrix could lead to overestimated abatement values.
Therefore, the abatement value obtained for the reference mortar
(i.e. uncoated mortar) is also plotted for the two lighting intensities
tested to show that the mortar matrix itself (adsorption/absorp
tion) and mainly the light (photolysis) contributed to the decrease
in NO concentration. The abatement for each coated mortar sample
is expressed as a percentage (NOdeg(%)) and calculated according to
equation (5):

NOdeg ð%Þ 100 � ½NO�in ½NO�out
½NOx�in

(5)

where [NO]in and [NOx]in are the inlet concentrations in the dark
once the stable regime is established and [NO]out is the stable
average outlet concentration measured during the illumination
period.

By comparing NO degradation results obtained under 5 W/m2

and 20W/m2, it can be noted, as expected, that the NO degradation
was higher under 20W/m2 (Fujishima and Zhang, 2006). The same
trend was observed by the authors in a previous study (Hot et al.,
2017). Increasing the UV light intensity leads to the generation of
a larger number of photons and consequently to the formation of
more electron hole pairs. However, it was difficult to conclude on
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the depollution function of the dispersions tested. The reasons 
were twofold: (1) the abatement values obtained were not suffi 
àently significant compared to the ones reported for the reference 
mortar, and (2) the quantity ofîi02 applied to mortar surfaces was 
not easy to adjust, as the Ti02 concentrations in the photocatalytic 
dispersions prepared from the synthsized powders were low (low 
diy content). Samples 1A and 38 seemed to be the most effiàent. 
The maximum NO degradation obtained for these samples was 
around 7%, which is quite low compared to commercial products. 
This may have been due to the amount of diy TiO2 on the mortar 
surface, which was not optimized for some samples. However, the 
authors think that the origin of the poor photocatalytic perfor 
mance observed Jay in the purity, size and morphology of the TiO2 

partides synthesized (Lorendk et al., 2015; Ren et al., 2017). As 
pointed out previously, the particles of the synthesized powders 
were of micrometric size. In this case, the surface area was small 
relative to the volume, resulting in fewer surface active sites at 
which photocatalysis was initiated through the adsorption of 02 

and H2O and the action of light. It should also be kept in mind that 
photocatalytic dispersions studied in this paper were prepared 
from synthesized powders resulting from waste, in the aim of 
valorizing it, and thus contained more than 70% of compounds 
other than TiO2. As shown by SEM/EDS analyses, the anatase and 
rutile partides formed during the synthesis appeared to be sur 
rounded by other phases, which were amorphous or ciystallized 
depending on the decomplexing agent used for the synthesis and 
on the presence of impurities in the initial precipitate. The presence 
of these phases could reduce the relative contributions of the 
anatase and rutile ciystal facets by making them inaccessible to 
light and unavailable for the adsorption of environmental speàes. 



The low degradation efficiency observed could therefore be
attributed to the photocatalytic activity of the particles being hin
dered by the unwanted phases surrounding them. Further research
workwill be needed to improve the synthesis conditions in order to
obtain a higher quantity of crystallized TiO2, a better crystallization
and distribution, and avoid or eliminate the formation of other
phases as far as possible.

4. Conclusion

The results showed that the dehydration temperature played an
important role in the formation of TiO2 crystallized phases. The
XRD analyses highlighted the preferential formation of rutile phase
at 650 �C. Due to the presence of impurities, the transition tem
peratures from amorphous phase to anatase and then to rutile were
changed. The presence of rutile and anatase was clearly observed
by SEM for several powders, each of these phases being charac
terized by its specific shape. However, their proportions in the
synthesized powders were low, notably for anatase, with a
maximum value of 13% (39% for rutile). The percentage of crystal
lized phases (anataseþrutile) varied between 5 and 43%. The par
ticle size analysis revealed that the synthesized powders were
micrometric: D10% values varied between 0.54 and 1.93 mm and
average diameters ranged from 5.38 to 28.03 mm. XRD and SEM/
EDS analyses showed the presence of other compounds, notably
SiO2 particles and amorphous phases, surrounding the anatase and
rutile, depending on the dehydration temperature and decom
plexing agent used during the synthesis. These observations were
consistent with the low proportion of crystallized TiO2 particles
and the large particle size observed in the synthesized powders. Air
depollution tests revealed limited photocatalytic efficiency. The
poor NO degradation observed (a maximum of 7%) was due to the
low proportion of TiO2 crystallized in the synthesized powders, the
grain size andmorphology, and the presence of surrounding phases
hindering the photocatalytic activity of TiO2 particles. However, it
showed that the photocatalytic response was positive. Further
research work should be done to optimize the synthesis conditions
in order to obtain better results in terms of TiO2 concentration and
therefore NO reduction.

The research work presented in this paper is an example of the
circular economy concept. Projects such as this one are opening up
promising perspectives from an environmental and economic point
of view. A cleaner production of titanium parts for use in the
aeronautical sector is taking shape through the pilot scale regen
eration process implemented by the SATYS ST PRODEM company.
Transferring this process to an industrial scale will mean a signifi
cant reduction in the operating costs, volume of wasted acid baths
and quantity of chemical agents employed. This cleaner production
process could also benefit other industries, such as construction,
and especially companies that design and produce various specialty
chemicals for building materials. The valorization of part of the
resulting waste, which was the object of this paper, constitutes a
real opportunity to optimize the TiO2 supply chain. It could allow
TiO2 to be produced locally at lower cost, and reused for environ
mental applications, such as air depollution, in the form of a coating
for building materials.
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