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1. Introduction

Heterogeneous photocatalytic oxidation recently has emerged as an efficient al-
ternative process for wastewater treatment [1]-[6]. The principle of this tech-
nique relies on the creation of reactive species as holes (h*) and hydroxyl radicals
(OH") upon irradiating a semiconductor oxide with an energy source (4v) high-
er than its energy band gap [1] [6]. In optimized processes, the highly oxidizing
species so generated are able to induce complete mineralization of organic pol-
lutants into CO, and H,O [1]. TiO, anatase is the most active semiconductor
oxide in photocatalysis and is besides widely used owing to its numerous advan-
tages, for instance, non-harmfulness, low cost, and chemical inertness [1]. Sev-
eral wet methods, including sol-gel [7] [8] [9], flame aerosol [10], solvothermal
[11] were reported for the synthesis of TiO, powder. Interestingly, a dry method
based on grinding powders of carbonate compound, namely Na,CO; and a Ti
molecular precursor such as titanium sulfide (TiS,) [12] [13] and titanyl sulfate
(TiOSO42H,0) [14] [15] [16] was also reported to synthesize pure TiO, powder.
However, the direct use of TiO, in the form of nano-powder (e.g., commercial
Degussa P25 powder [10]) raises several problems such as agglomeration of the
nanoparticles during the process, which reduces photocatalytic efficiency [17].
Additionally, recovering of micron sized aggregated particles from water decon-
taminated by TiO, slurry needs to implement costly microfiltration processes [2]
[6] [17] [18]. To overcome these drawbacks, researches focused on improving
photocatalytic processes by the development of TiO, supported photocatalysts,
in particular starting with natural highly dispersed materials as support.

The solar resource is a sustainable energy by definition and available for many
applications. For photo-oxidation applications, capacities are limited because
most catalysts are only sensitive to ultra violet (UV) radiation in the spectrum.
This represents only 5% of the solar radiation, resulting in limited performance
for solar installations. A second characteristic of the solar resource is its inter-
mittent nature, which is due to the daily (day/night) and seasonal cycle, but also
to meteorological effects such as the passage of clouds or heavy cloud cover.
Thus, to meet these constraints, the catalysts developed must have photocatalytic
properties that allow the use of the solar resource and manage the fluctuations
linked to this resource. This implies catalysts with both photo-excitation charac-
teristics to produce radicals and sorption characteristics to store the molecules
during low sunlight phases.

Among the support materials envisaged, clay minerals are considered prom-
ising owing to their interesting inherent multi-functional properties such as their
adsorption capacity, high surface area, multiscale porosity, and ability to be
grafted by chemical compounds [18]-[25]. In this respect, some authors more
recently reported CeO,_WO;_Palygorskite/TiO, catalysts elaborated by impreg-
nation method [26] and TiO, supported on three natural clays with different
morphologies carried out by sol-gel route [27]. In the same way, we reported

some years ago the immobilization of TiO, anatase nanoparticles (NPs) with an
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average size of 10 nm onto particles surfaces of beidellite [28] and nanofibers
surfaces of palygorskite [29] via a colloidal sol-gel route. Beidellite and palygors-
kite were both natural clay minerals sampled in Morocco from Agadir basin and
Marrakech High Atlas regions, respectively. They were purified, characterized,
and specifically functionalized to be used as catalytic supports in the wet synthe-
sis methods employed [28] [29]. Photocatalytic tests performed in presence of
these TiO, supported clay nanocomposites towards the degradation of Orange G
dye (OG) were promising in that they interestingly exhibited a photoactivity
normalized to the TiO, amount higher than that of pure TiO, micropowder
commercially available as Degussa P25.

Nevertheless, the synthesis of these supported photocatalysts is generally achieved
via colloidal [21] [27] or solvothermal [30] or pillaring [20] wet routes, which on
one hand required previous purifying and/or homoionisation with Na* ions of
clay minerals. On the other hand, these elaboration methods involved several
steps so that they are laborious, time and solvents consuming and yielding to
small laboratory amounts. Thereby, they have a low capacity to be transferred to
industrial scale. Thus, there is a need to find out alternative synthesis method to
overcome these wet routes issues.

The aim of this work is to show the potential of these materials for a solar
photo-oxidation application. It is divided into three parts. The first part aims at
elaborating TiO, supported palygorskite by a free-solvent one-pot mechano-
chemical method starting from powders of raw palygorskite (Pal) clay and titanyl
sulfate (TiOSO42H,O) precursor. This dry synthesis route was smartly based on
In-situ reaction between carbonates accessorily available in raw clay and a Ti mo-
lecular precursor to immobilize resulting TiO, particles on the surface of paly-
gorskite fibers or in the vicinity of their surface in the tangle of fibers. Synthesis
conditions were optimized by studying the influence of the composition ratio pa-
lygorskite clay/TiOSO,-2H,O and grinding velocity. The second step is to select
the optimal conditions for the development of a material in order to control the
photocatalytic properties. The so elaborated TiO,-Pal nanocomposites were af-
terwards characterized at a multi-scale level using in situ X-ray diffraction (XRD
(X’pert powders Philips diffractometer)), Scanning Electron Microscopy (SEM
(SEM-FEG, Hitachi S-4500)) and Transmission Electron Microscopy (TEM (JEOL
JEM 2010)). The originality lies in a global approach starting from the elaboration
of the catalysts, their optimization to test their photocatalytic potential. The aim
being to evaluate the photo-oxidation capacities under solar conditions, our step-
by-step approach involves three stages. Measurements are carried out under con-
trolled irradiation conditions, both in terms of spectral distribution and flux den-
sity (artificial UV and solar irradiation) with the aim of modelling the photo-
oxidative capacities of the catalysts. Finally, the photo-oxidation capacities are
measured and modelled under natural irradiation, taking into account the cha-
racteristics of solar radiation: spectral distribution and flux density discontinui-
ties. Thus, photo-activities were evaluated towards the removal from aqueous

medium of Orange dye (OG) considered as a model pollutant under UV radia-
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tions and solar light by using indoor lab-scale reactors equipped with an artificial

solar light and a larger outdoor pilot irradiated by natural solar light.

2. Experimental Details

2.1. Materials and Synthesis

Natural raw clay, involved herein, was sampled from Marrakesh-High Atlas re-
gion. Detailed characterizations performed by Rhouta et al [28] on this clay re-
vealed that it is made up of fine clay fraction (<2 pm) (>65%) along with acces-
sory minerals, namely quartz (< 5%) and carbonates (=30 wt%) in the forms of
calcite (Mgo03Ca09,CO;3) and ankerite (Ca;o1MgossFeoss(COs)2). The extracted
fine fraction (<2 pm) was found to be exclusively composed of fibrous clay min-
erals, namely palygorskite (=95%) exhibiting predominant dioctahedral charac-
ter and deficiency into zeolitic water along with sepiolite (=5%). The composi-
tion of this palygorskite was found on the basis of 26 oxygens to be
(Si7.97A10403)(Mgz17A11.46Feo440Tio405)(Cao.oaNaomKo,oa)020.18(OH)1494(H20)3.ss, 2.43 H,O.
Its Cation Exchange Capacity (CEC), Brunaeur-Emmet-Teller method (BET)
specific surface area and total porous volume were assessed to be 21.2 meq-100
g', 116 m*g ' and 0.458 cm>g™" respectively.

The Ti precursor considered herein is the titanyl sulfate (Ti0OSO42H,0) pur-
chased from Aldrich and used without further treatment.

In contrast to our previous works [24] [25] [26] [27] [30] in which the synthe-
sis of clay minerals supported photocatalysts implied several laborious and
time-consuming steps including purifying, homoionisation and fine fraction
recovering before its functionalization, the elaboration herein was accom-
plished according to a one-pot route starting directly from raw clay. Indeed, given
amounts of raw palygorskite clay and TiOSO,-2H,0O powders were introduced in
an alumina jar of planetary ball mill PM100 from Retsch for being grinded using
six alumina balls of 20 mm in diameter. The synthesis of TiO, supported on pa-
lygorskite fibers was achieved by in-situ reacting carbonates accessorily present
(=30 wt%) in raw clay with TiOSO42H,O precursor according to different con-
ditions. Indeed, the amount of each reactant was chosen in such a way to have a
total mass of reactants of 50 g per run by considering two raw clay/TiOSO; mass
ratios of 0.6/1 and 3.3/1, which corresponded to mixtures in which both com-
pounds were in stoichiometric or in excess proportions, respectively. The grinding
was performed at a rate of 500 rpm for different times (10, 15, 20 and 30 min).
As-grinded samples were thereafter air annealed for 1 h at different temperatures
(400°C, 500°C, 600°C and 700°C). Samples were designated Pal_TiO,(x)_G,_T, by
referring to the composite nature of the sample (Pal_TiO;), the reactant mass ra-
tio (x = TiO,/Pal), the grinding time (G,) and the post-heat-treatment tempera-
ture (T,). The obtained powdered materials were finally stored for further uses.

2.2. Characterizations

The structural changes of TiO, upon heating of as-grinded samples were analyzed
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in situ versus the temperature by XRD over the two-theta range 2_60 deg using a
Bruker D8 Advance diffractometer equipped with a Vantec Super Speed detector
and an Mid-Infrared (MIR) radiation heating chamber (Bragg-Brentano configu-
ration; Ni filtered Cu K, radiation). The diffractograms were recorded every 50°C
from the room temperature to 950°C. An isotherm was maintained at each level
for 40 min to record the pattern then the temperature was increased using a ramp
of 1 deg.s™ up to the next level. Also XRD at room temperature was recorded on
TiO,_Pal samples prior to air annealing at different temperatures in the same an-
gular range using a Seifert XRD 3000TT diffractometer equipped with a graphite
monochromator (Bragg-Brentano configuration; Cu K, radiation).

The microstructure, morphology and uniformity of the samples were analyzed
at different steps of the synthesis by a Scanning Electron Microscope (SEM; Leo-
435VP) equipped with an Oxford energy dispersive spectrometer (EDS, (EDS,
KEVEX Si (Li) assisted software Briiker)). Also, a JEOL JEM 2010 TEM equipped
with a Tracor EDS analyzer was used for characterizing clay particles and per-

forming local elemental composition.

2.3. Photocatalytic Activity

The photocatalytic activity of different samples was evaluated using three kinds
of set-ups: a laboratory-scale set-up, an indoor solar simulator and an outdoor
solar pilot. As far as the first set-up is concerned, the degradation reaction was
performed in a batch quartz reactor (40 x 20 x 36 mm?®) placed in a thermo-
stated chamber (25°C) under the UV light of a lamp (HPLN Philips 125 W)
emitting at 365 nm. The reactor was irradiated with a photon flux of about 100
mW-cm™ by adjusting the distance to the lamp so that it simulates the UV in-
tensity of solar spectrum on the earth [31]. This lamp was chosen because the
OG absorption is negligible at this wavelength and, as a result, the direct photoly-
sis of the solution (i.e. without photocatalyst) was found negligible for more than
24 h. The photoactivity of different samples was assessed at pH around 6 by
measuring the decomposition rate of OG in aqueous solutions containing the
supported photocatalyst according to a procedure previously reported [32] and
adapted to the dispersion of supported powder photocatalysts in previous papers
[26] [33]. The photocatalyst powder of TiO,_Pal nanocomposites was added to
25 cm’ of OG solution (107° M) in an amount equal to 0.8 g-dm™. This catalyst
mass was found as optimum to avoid excess of catalyst and to ensure an efficient
absorption of photons [34]. The dispersion was agitated with an inert Teflon
magnetic stirrer. To determine the dye concentration, aliquots were taken from
the mixture at regular time intervals and centrifuged at 12,500 rpm for 5 min.
The OG concentration in the supernatant was determined by measuring the ab-
sorbance at 480 nm using a UV-VIS-NIR spectrophotometer (Perking Elmer
lambda 19).

Sunlight is particularly weak in the UV spectral region and, in addition, it

changes along the day due to day-night and seasonal cycles [35] [36]. Thus, prior

DOI: 10.4236/jmmce.2022.103020

258 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2022.103020

L. Omar et al.

optical and kinetic studies have to be performed to determine on one hand op-
timal catalyst mass allowing the maximum (=90%) of the absorption of photons
(considered as reactant) and, on the other hand, kinetic constants to achieve
process efficiency in an outdoor solar pilot [35] [37] [38]. Therefore, optical
properties of photocatalysts suspensions differing in mass concentrations were
studied by an optical experimental setup described in details elsewhere [37] [39].
Practically, the light supplied by a source simulating solar radiation (maximum
intensity equal to 1000 W-m™ in the full spectral range, Z.e. 50 Wy-m™ in the UV
range) came across a Polymethyl methacrylate (PMMA treated to be UVA
transparent, Sunactive® GS2458) cell 2 cm thick (Ze. optical length) containing
under stirring the TiO,_Pal dispersions whose concentrations ranged from 0.1 to
4 g-L7'. This cell was placed at the inlet of an integrating sphere. The direct radi-
ation as well as scattered radiation transmitted hence collected from the integra-
tion sphere were directed via an optical fiber towards a spectrophotometer per-
mitting the detection of wavelengths ranging from 250 to 1100 nm (ultraviolet,
visible and near-infrared). The transmission of light was hence assessed versus
catalyst powder concentration to determine the mass concentration at which the
90% absorbency was reached. Afterwards, kinetic study of OG dye degradation
was carried out versus mass concentration of catalysts powders dispersion by
using an indoor solar simulator set-up. For a given mass concentration, the cat-
alyst dispersion was kept under stirring in a 150 mL quartz bucker (suspension
height of 5 cm), then it was irradiated by sunlight simulator (1000 W-m™2) under
constant photons flow. At different time intervals, aliquots were picked up from
media, centrifuged and resulting supernatants analyzed by spectrophotometry to
determine the dye concentration according to the way described above.
Afterwards, the efficiency of TiO,_Pal catalysts towards the photodegradation
under sunlight of OG dye was tested by using an outdoor solar pilot described in
details by Janin et al, [40] (picture given in the supplementary Figure 1S.).
Briefly, a mass concentration of TiO,_Pal that permitting 90% of photons ab-
sorption was dispersed under stirring in an OG dye solution and stored in a
stainless-steel tank (with a maximum volume of 50 L). Then 6 L of effluent were
fed into a flat solar panel (30 x 100 x 2 cm’) from the bottom to the top via a
liquid pump and recirculated into the thank. This panel was covered with a spe-
cial PMMA plate to prevent evaporation of compounds and to ensure watertight.
This flat reactor was oriented southwards and inclined at an angle around 42° in
order to maximize the average solar irradiation throughout the year. This was
controlled by two equipments: a pyranometer whose wavelength domain varies
between 380 to 2800 nm and an UV radiometer (UVA-Sensor CT-UVA 3) mea-

suring the corresponding spectrum in the range of 310 - 400 nm.

3. Results and Discussion

3.1. Structural Characterizations

Figure 1 shows an overview of the room temperature XRD diagrams of the two
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Figure 1. Room temperature XRD patterns of TiOSOs, raw clay (Pal) and Pal_TiOSOs
mixture in mass ratio of 0.6/1 after grinding of each of these samples at 500 rpm for 30
minutes.

starting materials after a grinding for 30 min at 500 rpm: titanyl oxysulfate pre-
cursor (TiOSO,) and palygorskite-rich raw clay (Pal). Also, the XRD diagrams of
a mixture of TiIOSO, and Pal clay in a mass ratio of 0.6/1 after grinding for 30
min at 500 rpm is reported (Pal_TiOSO,).

The diffractogram pertaining to the milled titanium precursor revealed only
the reflections at the 26 angular positions of 10.67° (8.35 A), 10.95° (8.20 A),
18.61° (4.79 A), 19.07° (4.69 A), 21.43° (4.16 A), 25.44° (3.50 A), 25.70° (3.47 A),
28.47° (3.13 A), 29.25° (3.05 A), 37.70 (2.38 A), 38.61 (2.33 A) corresponding to
the compound TiOSO, (ICDD file N°14-503) without evidence for the forma-
tion of any other crystalline phase, especially TiO,. In the same sense, the XRD
pattern of the grinded Pal raw clay showed several reflections corresponding to
the fibrous mineral, 7e palygorskite, at the angular positions described by
Rhouta ef al, [30]. The characteristic basal reflection is at 26 ~ 8.38° (10.56 A) in
addition to the peaks ascribed to the accessory minerals, namely the carbonates
in the form of calcite (C) Mgo03Caos7CO; (ICDD file: 01-089-1304) and ankerite
(A) Cai01Mgo4sFes4(CO;), (ICDD: 01-084-20 2066) as well as quartz (Q) (ICDD
file: 03-065-0466) whose strongest reflections were observed at 29.46° (3.03 A),
30.82° (2.90 A) and 26.64° (3.34 A), respectively.

This result showed that both the palygorskite and the accessory phases, con-
stituting the raw Pal clay, were apparently not affected by the grinding operation
in the mechanosynthesis jar since their crystallographic structure remained sta-
ble. On the other hand, these grinding conditions of the Pal_TiOSO, mixture
caused a drastic decrease in the XRD intensities of TiOSO, reflexions at the
point to disappear, as well as those of the carbonates (calcite and ankerite), while
preserving the clay structure confirmed by the persistence of the corresponding
peaks. The disappearance of TiOSOj, reflexions can be due to its amorphisation

but the major event during grinding is the trigger of reaction (1), according to
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which TiOSO;, reacts with the carbonates present among the accessory minerals

in the raw clay Pal:

TIOSO42H20 + Pal/(Naz, Ca, Mg)CO3 > TlOz/Pal + (Naz,Ca,Mg)SO4-2HzO + COZ T (1)

The occurrence of this reaction was further confirmed by the production of
the hydrated sulfate compound CaSO,-0.5H,0 evidenced by the presence in the
composite sample Pal_TiOSO, of the characteristic peaks noted S on the dif-
fractogram (Figure 2) at angular positions 26 of 14.71° (6.00 nm), 29.71° (3.00
nm) and 31.86° (2.80 nm) in agreement with the ICDD file 01-081-1848. The
near-consumption of the TiOSO, precursor revealed by XRD may be due to the
fact that the low value of the mass ratio TiOSO4:cclay (0.6:1) would be the driving
force of reaction (1).

Furthermore, the reaction (1) also showed that titanium dioxide has to be
formed but no diffraction peaks of this oxide was observed in Figure 3 suggest-
ing that the as-prepared TiO, phase must be amorphous after the mechanosyn-
thesis step (TiOSOs: clay = 0.6:1; 500 rpm; 30 min). Subsequently, a mixture of
TiOSO, and Pal raw clay with the mass ratio 3.3/1, ie. with Ti precursor in
excess was grinded for 30 min at 500 rpm. Then, XRD patterns of this composite
sample were recorded in-situin air as a function of the temperature (Figure 2).

For as-milled sample, the diagram recorded at 50°C revealed that, as men-
tioned above, amorphous TiO, and the hydrated CaSO, product were formed
during the grinding stage as a result of the above reaction (1). In this respect, a
significant proportion of the carbonates were consumed by the reaction with
TiOSO, (that was in excess) has shown by the decrease of their XRD intensity.
This was further supported by a huge decrease in carbonate content determined

XRD intensity (a.u.)

10. — .20. — .30. — .40. — .50.

Figure 2. X-ray diffractograms recorded in-situin air as a function of the sample temper-
ature of a TiOSO4/Pal (3.3/1) mixture after mechanosynthesis (Step 1). These diagrams
were recorded every 50°C; they represented the effect of calcination as 2nd step of the
synthesis process. They showed the main compounds that disappeared were TiOSOx (),
calcite (C), ankerite (A), while the compounds that formed were CaSO4oxH-O (6), CaSO.
(@), TiO; anatase (#), and the most thermally stable accessory compounds like quartz

(Q.
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Figure 3. Stacking of XRD patterns of TiO,_Pal photocatalysts prepared by grinding Ti-
OSOs4 and Pal raw clay in a mass ratio of 0.6/1 during 10, 15, 20, 25 and 30 min at 500
rpm.

by coulometric analysis. Indeed, the carbonate content has been reduced ap-
proximately by a factor of 2, from 28 wt% * 2 wt% in the raw clay Pal to 13 wt%
+ 2 wt% in the grinded TiOSO,/Pal (3.3/1) mixture.

By increasing the temperature, it can be seen that the crystallization of anatase
TiO, started from 450°C as shown by the emergence of the corresponding peaks
at angular positions 26 of about 25.44° (3.51 A) and 38.53° (2.33A) (ICDD Data
Sheet 01-021-1272). As the temperature increased further, the anatase peaks be-
came more intense and well resolved, indicating the improvement of its crystal-
lization. The anatase peaks remained observable up to 700°C, without the ap-
pearance of any XRD peaks of the less photoactive rutile variety. This strongly
denoted the remarkable stability of the anatase formed under the conditions of
this study. Palygorskite peaks were observable up to 400°C, beyond which their
intensities severely reduced. This can be ascribed to the occurrence of structural
collapse of the clay mineral. However, this can be also due to an absorption filter
induced by the conformal coverage of anatase particles on palygorskite fibers as
suggested by Rhouta ef al, [28] and Bouna et a/, [29] and confirmed by the
TEM analyses shown in the next section.

In order to examine the effect of grinding time on the reactivity of TiOSO,4
with the carbonates present in the Pal raw clay, a mixture of the two compounds
in a ratio of 0.6/1 was ground at 500 rpm for 10, 15, 20, 25 and 30 min and then
air annealed at 600°C for 1 h. The superimposition of the corresponding XRD
diagrams (Figure 3) clearly showed the formation of anatase TiO, for all the
samples investigated regardless grinding time. Nevertheless, the anatase crystal-
linity appeared to improve with the grinding time as evidenced by the gradual

narrowing of it characteristic peak at about 26 around 25°. In this respect, by re-
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ferring to quartz, which is an insensible and stable accessory mineral under the
applied grinding conditions, the increase of the intensity ratio of the main ana-
tase/quartz peaks is noteworthy. This probably reflected an increase in the

amount of anatase phase formed with the increase of grinding time.

3.2. Microstructural Characterizations

XRD results were further supported by TEM characterizations. Indeed, depend-
ing on the grinding conditions, TEM analysis after the first step showed paly-
gorskite fibers of 30 - 70 nm in diameter and 650 nm in length mixed with Ti-
0S80, platelets of 400 - 600 nm with an average thickness of 3 - 5 pm. At this
stage, no evidence for crystallized anatase nanoparticles (NPs) was found con-
firming this oxide phase was amorphous. After annealing at 600°C in air for 1 h,
TEM revealed that palygorskite fibers were entirely wrapped with homogeneous
monodisperse and spherical TiO, anatase NPs 10 - 15 nm in diameter (Figure
4(a)). Only a few palygorskite fibers were not covered as revealed by EDS analy-
sis. For most of them, a granular and conformal TiO, coverage formed a uni-
form cladding (Figure 4(b)).

C 46 at%Ti
: 200 nm

(b)

Figure 4. TEM micrographs and corresponding electron diffraction pattern indexed as
TiO: anatase (a) and EDS local analysis showing uncoated (point 2) and uniformly coated
point 1 and 3) palygorskite fibers (b).

3.3. Photocatalytic Properties under UV Light

The photocatalytic activity of different TiO,-Pal composite samples elaborated
by mechanosynthesis was tested towards the degradation under UV light of OG
dye by using the laboratory set-up described in the experimental section (2.3).
The results in Figure 5 showed that photocatalytic efficiency significantly in-
creased with the amount of TiOSO, used in photocatalyst synthesis and thus the
amount of TiO, present in TiO,_Pal nanocomposite. This was evidenced by on
one hand the strong decrease of OG concentration for instance in the first 10
min, revealing a high initial degradation rate of the pollutant around 2.6 x 10~
s* for TiO,/Pal mass ratio of 3.3/1 with respect to that determined for the mass
ratio of 0.6/1 (=1.5 x 1072 s7!). On the other hand, the almost total elimination of
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the OG dye from the solution was achieved within about 2 h when using
TiO,/Pal mass ratio of 3.3/1 whilst almost 10% of the dye remained after the
same time of UV irradiation in presence of TiO,/Pal mass ratio of 0.6/1 (but a
plateau has not yet been reached).

The influence of annealing temperature on the photocatalytic activity towards
the removal of OG dye of TiO,_Pal was afterwards studied on the most active
one corresponding to TiO,/Pal mass ratio = 3.3/1. Figure 6 interestingly showed
that the unheated as-milled Pal_TiOSO, mixture (sample Pal_TiO,_(3.3)_30)
already exhibited photoactivity under UV irradiation. Indeed, 50% of the initial

quantity of OG decreased after 2 hours of irradiation. This is due to the formation

1.0
gl —e—TiOy/Pal (3.3)-30-600
—a— TiO5/Pal (0.6)-30-600

0.6

o

o

(S)
0.4
0.2
0.0 v T v T A2 T L4 T

0 30 90 120

.60
Time (min)
Figure 5. Change in the concentration of OG (where Co and C denote the concentrations
of OG at the initial time t = 0, and after an elapsed time t of the photocatalytic reaction)

vs. UV irradiation time of the samples, differing in TiOSO4/Pal mass ratio (0.6/1 and
3.3/1), grinded during 30 min at 500 rpm and afterwards air annealed at 600°C for 1 h.

1.2 —8—Pal-TiO, (3.3)-30-400
—&—Pal-TiO, (3.3)-30-500
10 —A—Pal-Ti0, (3.3)-30-600
= —¥— Pal-TiO, (3.3)-30-700
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Figure 6. Change in the concentration of OG vs. UV irradiation time of TiO._Pal elabo-
rated by mechanosynthesis (TiOSO4/Pal mass ratio = 3.3/1, grinding at 500 rpm for 30
min) and air annealing at 400°C, 500°C, 600°C and 700°C.
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of photoactive TiO, resulting, as beforehand mentioned, from the heterogeneous
solid-state reaction between TiOSO, and the carbonate phases (calcite + anke-
rite) present as accessory minerals in the Pal raw clay (reaction 1). Although the
TiO, formed in as-grinded material was amorphous, as ascertained above by
XRD, this is not exceptional since it was already shown that amorphous TiO,
can be active in photocatalysis under UV irradiation [41]. Indeed, from a general
point of view, even if amorphous semiconductors have less efficient electronic
properties than their crystallized counterparts, they nevertheless find specific ap-
plications as in photovoltaic.

Samples annealed at 400°C and 500°C showed quite similar photo-degradation
curves of the OG and paradoxically showed a lower photoactivity compared to
as-grinded sample, allowing the removal of only 15% after 2 hours of illumina-
tion. This annealing temperature range is therefore insufficient to ensure a good
crystallization of TiO; in the form of anatase but, on the other hand, it seems to
be sufficient for inducing a detrimental diffusion of species that trap excitons
(Pal clay cations for example), thus affecting the photocatalytic efficiency of the
composite. Calcination at 600°C promoted the most efficient active palygors-
kite-supported TiO, photocatalyst since it allowed almost complete degradation
of the OG after 2 hours of UV irradiation. This improvement was attributed to
the good crystallinity of TiO, anatase upon the sample calcination at 600°C as
confirmed above by XRD. On the other hand, when the sample was annealed at
700°C, photocatalytic activity again decreased. This reduction in photocatalytic
activity may be due to the growth of TiO, particles beyond the optimal nano-
crystalline size, which promotes the recombination of charge carriers. Also, a
partial phase transformation of the more active anatase TiO, phase into the less
photoactive rutile variety as reported by Bouna ef al, [29] and Rhouta et al, [28]
is not excluded although none of the corresponding peaks have yet been detected

at 700°C, the presence of other crystalline phases can hide them.

3.4. Photocatalytic Properties under Sunlight

Owing to its high photoactivity under UV evidenced above by the tests on the
laboratory set-up, the TiO,_Pal nanocomposite with mass ratio TiO,/Pal of 3.3/1
was thereafter retained for performing the study of photocatalytic activity under

sunlight towards the removal of OG dye.

3.4.1. Activity under Constant Solar Irradiation - Indoor Experiments

For studying optical properties of TiO,-Pal, the change in transmittance (%), de-
fined as the ratio of transmitted (I;) to incident (I;) intensities, was followed
versus catalyst slurry mass concentration. Figure 7 showed that the necessary
amount for the absorption of 90% of incident light simulating sunlight (1000
W/m?) for a catalyst dispersion thickness of 2 cm (Cxm) was around 2.36 g/L, ie.
1.34 g/L of TiO, taking into account its proportion of 57 wt% assessed by Indi-
vidual Counting by single Particle (ICP) in the nanocomposite. Photocatalytic

tests in batch mode using the indoor solar simulator described in the experi-
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mental section were performed by varying the amount of TiO,_Pal dispersed in
OG solution of 5 cm of thickness around the optimum amount (Cscm = 2/5XCoem
~ 0.95 g/L) allowing maximum absorption.

Figure 8 showed that very low amount of TiO,_Pal, eg. 0.25 g/L, exhibited a
relatively low photocatalytic activity leading to the removal of about only 40% of
OG after 150 min of irradiation with an initial photo-degradation rate of about 5
x 107 s7'. Nevertheless, by increasing the TiO,_Pal mass concentration beyond
0.5 g/L up to 1.5 g/L, a better efficiency occurs and a quite similar photocatalytic
behavior of the photocatalyst towards OG elimination was observed. Indeed, the
OG photodegradation considerably increased as evidenced on one hand, by the
strong decrease of OG concentration for instance in the first 20 min, revealing a

high initial degradation rate (=7 x 107 s7') of the pollutant and, on the other
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Figure 7. Variation of transmittance in the spectral range 250 - 1100 nm (artificial solar

light 1000 W-m™2) as a function of the catalyst dispersion concentration in an aqueous
suspension.
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Figure 8. Variation of the relative OG concentration versus time (where Co and C denote
the OG concentrations at the initial time t = 0, and after an elapsed time t) in the 1000

W.m™ solar simulator recorded for different mass concentrations of the TiO,_Pal com-
posite photocatalyst.
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hand, by the elimination of almost 60% of OG dye from the solution within the
same time of irradiation. These results showed that around the optimal mass
concentration of TiO,_Pal (=0.95 g/L) beforehand determined by optical mea-
surements, the catalyst exhibited maximal photoactivity for dye removal due to
highest light absorption. Thus, an increase in the mass concentration of the
photocatalysts beyond its optimal mass concentration is unnecessary since the
maximum absorption of incident light has already been reached. This is in
agreement with Plantard et al, [42] who reported that for a given pollutant and a
fixed initial concentration, the degradation kinetic constants obtained for the
same photocatalyst depended solely on the quantity of photons absorbed. As a
result, degradation by photocatalysis is function to the concentration of the cat-
alyst in suspension, up to a threshold value at which all the incident radiation is
almost absorbed.

Besides photocatalyst mass concentration in the aqueous suspension, photons
fluxes also constituted a crucial parameter influencing heterogeneous photoca-
talysis process especially under solar light characterized by the variation of ir-
radiation intensity. Figure 9, representing OG proportion change versus solar
irradiation time at different photons fluxes in presence of 0.94 g/L of TiO,_Pal
revealed that in general, and as expected, an increase of the radiation intensity
led to an increase of the OG pollutant degradation. This is the result of the in-
crease of quantity of photons absorbed. It is obviously well known that this is
only the UV part of the solar spectrum that is effective for photocatalytic treat-
ment with TiO, as active component. With the solar simulator UV intensity is
directly proportional to the total intensity delivered by the lamp. It is almost the
case for solar natural irradiation (even if the UV percentage is influenced by the
weather conditions). So, we made the choice to keep the total radiation intensity
received as the reference. It is the energy flux received by the surface of a reactor

working in outdoor conditions.
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Figure 9. Variation of the OG proportion versus time (s) upon irradiation simulating
sunlight at 400, 600 and 1000 W-m™ in presence of TiO2_Pal (0.94 g/L) composite pho-
tocatalyst.
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For being transposed to solar photocatalysis treatment, OG photodegrada-
tion kinetic should be modulated taking into account the irradiation intensity
key parameter. In photodegradation of a target molecule (OG herein) using a
slurry catalyst (TiO,_Pal), rates can be approached by the modified Langmuir-
Hinshelwood (L-H) relationship (1) [21]:

d_C:k(.)L:_(a.iqL W
dt 1+4-C V, J1+p-C

With 4(J) the apparent kinetic constant (s™') function of the intensity, C the
OG concentration (g-L™"), S (L-g™!) a constant determined by comparison be-
tween calculated and experimental data. In the simplest case, k() is directly
proportional to the intensity /received by unit volume of solution ( V7in L) with
an irradiated surface S (m?). a (J-L™!) is the second unknown parameter. If ne-
cessary, a dependence of k according to a law in power of the irradiation can be
introduced to account of additional limiting phenomena such as the charge re-
combination.

For a constant irradiation intensity, the integration of Equation (1) leads to

the expression (2):

f[Cio,ﬁ}.n(go}ﬁ.co(cio_l]:_k(.).t @

To be valuable, the value of Shas to be constant whatever is the irradiation. It
is determined simply by considering the left part of equation 2 depends linearly
on time. Figure 10 depicted experimental profiles of the logarithmic adimen-
sional concentration (J G as a function of the time with a value of f#=0.65L-g™".
It showed linear dependence with a satisfactory agreement. This ascertained

pseudo first-order kinetics whose the slope & depends on the intensity of the
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Figure 10. Linear variation of Ln((/ G) of OG versus time (s) for different irradiation in-
tensities simulating sunlight in the presence of 0.94 g/L of TiO,_Pal catalyst for S = 0.65
L.g™! confirming a pseudo first order kinetics. Continuous colored lines represent the best
agreement between the experimental data and a linear regression for each level of irradia-
tion.
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irradiation according to the relationship (3).

S
k(l):w«wl (3)

Likewise, the variation of the apparent kinetic constant k versus irradiation
intensity (/) (Figure 11) showed a linear trend supported by a reasonable degree
of accuracy of about 0.99. Hence, the value of the kinetic constant (a), deduced
from the slope, can be assessed to be around 1.5 L/k].

By introducing the values of @ and B in the expression (2), the C/ G plots ver-
sus time show a very good fitting between the experimental and simulated data
for all irradiation flux densities, as expected from the good agreement already
reported in Figure 10 and Figure 11. This result validates the proposed kinetic
model described by equation (2).

3.4.2. Activity under Natural Discontinuous Irradiation - Outdoor Solar
Pilot

The photocatalytic tests for the removal of OG dye from aqueous solution were
carried out in presence of TiO,_Pal slurry by using an outdoor solar pilot and
according to conditions described in the experimental section (2.3). Nonetheless,
owing to the variation of solar irradiation along a day, the change of OG dye
during these tests should be versus the cumulative energy Q, (J-L™!) received by

the reactor given by the relationship (4) [26]:
S t
Q, =V—T~Io I(t)at @)

With #(s) the time at which an aliquot was taken for being centrifuged and
analyzed by the spectrophotometer and (?) the solar irradiation intensity meas-
ured over time using the sensors mounted on the pilot as described in the expe-

rimental section.
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Figure 11. Linear variation of the kinetic constant & of OG photodegradation versus the
irradiation intensity /simulating sunlight onto TiO,_Pal photocatalyst slurry. The conti-
nuous gray line simulates the data according to equation (3).
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Figure 12. Change of the experimental relative concentration of the OG (x) and simu-
lated data (dotted curve) versus the total cumulated energy obtained for TiO._Pal com-
posite photocatalyst.

Figure 12 shows, like data obtained with the indoor solar simulator in “batch”
mode, a decrease in OG dye proportion upon solar irradiation, which thus con-
firms the photoactivity of TiO,_Pal under solar light. In this respect, 50% of the
OG dye was removed with a cumulated energy of 74.2 kJ/L whilst the total re-
moval of the dye required a cumulated energy of 250 kJ/L.

Besides, by introducing the numerical values of a (1.5 L/k]) and £ (0.65 L-g™)
beforehand determined in the relationship (5) derived from the above one (2)
after substituting (7) by Q(?), a good agreement between simulated and expe-
rimental data was observed with a good degree of accuracy.

(V) _ fenorm(S

c, (5)

This confirmed the validation of the kinetic model proposed and ascertained
that the OG photodegradation in presence of TiO,_Pal slurry was of first order
with a kinetic constant of 1.5 L/k] and did not involve adsorption phenomenon.

4. Conclusions

TiO, photocatalyst supported onto natural palygorskite clay mineral fibers
(TiO,_Pal) was successfully elaborated by a one-pot dry mechanical method.
This elaboration process is very interesting because it directly uses palygorskite
clay without the multiple purification steps that wet processes frequently require.
Furthermore, it is solvent free, eco-friendly and based on smart in situ solid-state
reaction between carbonates accessory minerals contained in the raw clay and a
cheap molecular Ti precursor. As a result, it can be easily scaled up to an eco-
nomically viable large-scale production.

Structural analysis and microstructural characterization using XRD and TEM
respectively showed that TiO,_Pal, revealed homogeneous monodisperse TiO,

NPs in the form of anatase wrapping palygorskite fibers. This sample was shown
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to be the most photoactive under UV irradiation towards the removal of OG dye
from aqueous solution upon the use of a laboratory set-up. Then photocatalytic
tests carried out by an indoor solar simulator set-up on OG dye solution con-
taining an optimal mass concentration of TiO,_Pal nanocomposite were found
to assure the maximum of the elimination of OG. In this respect, a good agree-
ment was demonstrated between experimental and simulated data using a pseu-
do first order kinetic model for the dye photodegradation. The same photocata-
lytic behavior was also obtained with an outdoor solar pilot confirming the pho-
toactivity of these supported TiO,_Pal photocatalysts under sunlight.
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