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ARTICLE INFO ABSTRACT

Keywords Improvement of the photocatalytic efficiency of BiOI/BiOBr composite have been obtained by a combined effect
Hetero-composite between a structuring agent like polyvinylpyrrolidone (PVP) and glass wool (GW) introduced during their synthe-
Semiconductors sis by solvothermal (STP) or hydrothermal (HTP) process. The photocatalysts were characterized by XRD, SEM,
Photodegradation XPS, UV-Visible DRS, BET and EDX and their activity tested in the photo-degradation of Rhodamine B (RhB)
RhB under visible light. Photocatalyst prepared by STP have higher photocatalytic efficiency than those prepared by
Bismuth oxyhalids

HTP, moreover, the presence of PVP and GW greatly improve this efficiency, a total discoloration of RhB solution
(20 mg L 1) being obtained after 18 min. The photodegradation mechanism has been proposed by the identifica-
tion of the radical species responsible for the degradation. Indeed, two radical species have been identified for the
catalyst prepared without GW, most of them the hole (h*) and moderately super oxide anion (05 ). Differently,
for the catalyst prepared with GW, three species have been identified, h* being the main species with a moderate

contribution of the hydroxyl radical (HO") and o7,

1. Introduction

Knowing that visible light accounts for about 44% of the solar spec-
trum, the future of photocatalysis relies on efficient and stable photo-
catalyst under visible light and has already succeeded in many works
[1-7]. Photocatalysts with photocatalytic efficiency under visible light
are narrow-band gap semiconductors [8], among them bismuth oxy-
halides (BiOX), in particular BiOBr and BiOI. The latter, separately, pre-
sent photocatalytic efficiency under visible light higher than other con-
ventional semiconductors [9-11]. Moreover, the combination of these
two bismuth oxyhalides in adequate proportions can lead to higher
photocatalytic activity for the assembly of these hetero-structural com-
pounds at different molar ratios between bromine and iodine [11-13].
Additional improvement can be obtained by combining BiOI-BiOBr with
other photoactive materials such as graphitic carbon nitride [14,15],
graphene oxide [16,17], reduced graphene oxide [18] iron oxide [13],
these providing better electron-hole separation, preventing recombina-
tion and increasing their efficiency compared to the bismuth oxyhalide
mixture alone.

Like for any catalytic process, the efficiency of the photocatalyst
also depends on one hand on textural parameters such as specific sur-

Yes

face area, pore volume, and pore diameter and on the other hand on
structural parameters like crystallinity, crystal size and defect [19-21].
In order to optimize these parameters, two synthesis pathways are
generally chosen, hydrothermal and solvothermal, the latter being fre-
quently reported to further improves the efficiency and photocatalytic
stability compared to the hydrothermal method [22,23]. Besides, sup-
porting the photocatalyst is now an additional issue pursuing different
objectives like (i) avoiding the release of nano-to-macro- particles in
relation with environmental issues, (ii) limiting the quantity of mater-
ial to a thin coated layer on the support, (iii) increasing the efficiency
through photocatalyst/support interactions or/and (iv) allowing a faster
mass transport due to separation between the particles at the surface. In-
deed, the use of fibers such as carbon fibers as a supporting of BiOX lead
to improved photocatalytic efficiency compared to photocatalyst alone
[24-27]. In addition, other fibers without optical proprieties have also
been tested as a support for bismuth oxyhalide such as luffa fiber [28],
Al,03-based ceramic fibers [29,30], glass fiber cloth [31] and cellulose
fiber [32]. The combination between the semiconductor and an opti-
cally inactive support sometimes contributes to improve the adsorption
and photocatalytic degradation of the pollutant.
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In one of our recent work, we demonstrated that the presence of
glass wool (GW) at 2 w% increases by 40% the efficiency of a
nano-to-macro photocatalyst, Bi;O3-ZnO. So far, most of the increase
of the efficiency is ascribed to an increase of the textural parameters
of Biz03-ZnO resulting from the presence of the GW. However, how
this optically transparent but inactive support impact the texture of
Bi503-ZnO and how GW interact with BisO3-ZnO in the photocatalytic
process are two important features still open to discussion [22].

These results have prompted us to investigate the possibility to im-
prove the photocatalytic activity of BiOI/BiOBr composite by a similar
way, using GW as a cheap, non-toxic and chemically stable fibrous sup-
port and transparent to visible light, a decisive point in the case of BiOIl/
BiOBr composite. Besides, it has been reported that polyvinylpyrroli-
done (PVP), a water-soluble surfactant, acts as a structuring agent in the
synthesis of BiOX leading to different morphologies and improvement of
the photocatalytic efficiency [33-37]. Based on this, we considered in-
teresting to explore the association and eventually the combined effect
between GW and PVP to improve the bismuth mixed-oxyhalides photo-
catalysts prepared either by hydrothermal (HTP) or solvothermal (STP)
method. To our best knowledge, this has never been disclosed before,
neither the use of GW, nor its association with PVP.

The obtained materials were tested in the photo-degradation of Rho-
damine B (RhB) under visible light and compared to other photocata-
lyst. Although different “model” of pollutant may be more accurate, RhB
is a classical dye that allows comparison with previous studies. In this
report we also performed identification of the photoactive species and
found important differences related to the presence of GW that modifies
the textural parameter and the composition of the photocatalyst.

In preliminary assays reported in Supplementary Information
(S.D), the effects of GW and of the structuring agent PVP were ex-
tensively studied with respect of the molar ratio Bi/(Br + I) = 1 and
variation of the molar fraction of Br xg, (Xg; = np;/(np; + ny) and I x;
(x; = ny/(ng; + ny). We only present here the materials with the op-
timal molar fraction of Br and I: xp, = 0.75 and x; = 0.25. As fre-
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quently reported in the literature [38,39], here also this composition
lead to the best results by photo-discoloration of the RhB solution.

2. Experimental
2.1. Photocatalysts synthesis

All starting chemicals of analytical purity Potassium Bromide (KBr);
Potassium Iodine (KI); Bismuth(IlI) nitrate pentahydrate
(Bi(NO3)3'5H50); Sodium Hydroxide (NaOH); Ethylene Glycol (CoHgO5)
(EG), Ethanol (C,HsOH), Nitric acid (HNO3), PolyVinylPyrrolidone with
a molecular weight of 360,000 g/mol (PVP 360), Ethylene di-amine
tetra acetic acid disodium salt dehydrate C;oHi4N3Nap,Og 2H;0
(NayEDTA); Potassium dichromate (K;Crp0O7); Ascorbic Acid CgHgOg
(AA) and Rhodamine B (RhB) Diéthylammonium chloride
(CygH31CIN,03) were obtained from Sigma-Aldrich company and used
without any purification.

Samples prepared by solvothermal process STP. Solution A was pre-
pared by dissolving Bi(NO3)3:5H50 (5 mmol, 2.4253 g) in EG (10 mL)
using ultrasound apparatus at room temperature until dissolved. Solu-
tion B was prepared by mixing GW (50-250 mg) in EG (10 mL) under ul-
tra-sonication for 15 min at room temperature. Solution C contains PVP
(100-300 mg) dissolved in EG (10 mL). To this solution 5 mmol of KBr
and KI with respect to different molar ratio of Br/(I + Br) (from 0 to
1) was added. First, solution B was added drop wise to solution A, and
then, solution C was added drop by drop under moderate stirring for
30 min at room temperature. 80 mL of the obtained mixture was trans-
ferred to a 100 mL Teflon-lined stainless steel autoclave then heated un-
der autogenously pressure in an oven at 160 °C for 24 h. Afterward, the
reactor was left to cool down by contact with air at room temperature;
the product was collected by filtration, washed thoroughly with deion-
ized water and ethanol then dried at 80 °C for 12 h. Scheme 1 in the
form of a flowchart summarizes the general approach to the preparation
of materials by the two synthesis routes

For samples prepared by hydrothermal process HTP, all the prepa-
rations, concentrations and manipulation are the same than the

§mmol BiNO), SH,O
Dissolv ed by ultrasound in (A)

dispersed by ultrasound in (A)
Add slowh

Mixture 1

With orwithout GW l

Add drop by drop

m_PVP Dissolved |3t'Kl | ¥ KBr
by heating in 20 ml
EGor20mlH O
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[ Mixture 3 |
Stirring for 30 l
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| Autoclave |

Placed in the oven at 160
“Cr24h

ultrasound
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With GW Ay 10 ml EG }‘_l“"!hnl.lt GW
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Scheme 1. Diagram 1 illustrates the general approach to materials preparation by the two synthesis routes.
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STP, only EG was replaced by H,O. Table 1 summarizes the synthesis
procedure by the two routes by assigning names to the obtained materi-
als.

2.2. Characterizations

The photocatalyst materials in powder form were analyzed by XRD
with a monochromatic Cu Kal radiation (A = 1.54056 1°\) using an
Empyrean PANalytical diffractometer. The morphology of the prepared
photocatalysts was observed using a scanning electron microscope
(SEM) HITACHI S-4800. N, adsorption-desorption isotherms at 77 K was
carried out using a Tristar 3000 (Micromeritics. USA). The samples were
first degassed under vacuum overnight at 100 °C. The specific surface
area (SSa) values were determined by the BET method based on the ad-
sorption isotherm. The size and volume of the pores were calculated us-
ing the BJH method on the isothermal desorption branch. The diffuse
reflectance spectra (DRS) of the powder samples were analyzed in the
200-1000 nm range by a UV-visible spectrophotometer (JASCO V650)
equipped with an integration sphere (JASCO ISV 922) using BaSOg4
as the internal reflectance standard. X-ray photoelectron spectroscopy
(XPS) data were recorded using an ESCALAB 250 Thermoelectron spec-
trometer with a monochromatic source of Al Ko radiation (1486.6 eV).

2.3. Adsorption study in dark

In order to evaluate the adsorption capacities of the prepared pho-
tocatalysts, adsorption kinetics were carried out in an open 500 mL
beaker placed in a dark room. The experiment was carried out only with
S-PVP-GW and S-PVP while respecting a solid/solution ratio of 1 g L™}
and an initial dye concentration of 40 mg L~! at natural pH 4.4. The
adsorption was evaluated by monitoring the residual concentration by
UV-visible spectroscopy at 553 nm using a JASCO V-730 spectropho-
tometer.

2.4. Assessment of photocatalytic activity

Dyes photo-degradation was performed in an open beaker of 500 mL
with 100 mg of photocatalyst dispersed in 100 mL of magnetically
stirred aqueous solution of RhB (20-50 mg/L) at pH 4.4 resulting from
the dissolution of the dye. The open beaker was placed under the lamp
in a bath cooled with circulating water to keep the ambient tempera-
ture stable. After a 30 min in the dark to achieve the adsorption-des-
orption equilibrium, the stirred mixture was exposed to visible light
provided by A 500 W tungsten lamp (TUNGSRAM trademark) emit-
ting more than 400 nm and it was used without a cut-off filter. The

Table 1

Name, synthesis route with and without glass wool (GW), with and without PVP of the
obtained materials (H for hydrothermal, S for solvothermal and M for mechanosynthesis)
prepared with respect to the following molar ratios of BiOBr/BiOI (3:1).

Material named Synthesis method GW PVP
H-PVP-GW Hydrothermal With With
H-PVP Hydrothermal Without With
S-PC Solvothermal Without Without
S-GW Solvothermal With Without
S-PVP Solvothermal Without With
S-PVP-GW Solvothermal With With
S-BiOBr-PVP-GW Solvothermal With With
S-BiOI-PVP-GW Solvothermal With With
S-BiOBr Solvothermal Without Without
S-BiOI Solvothermal Without Without
Biy0O3-PVP Solvothermal Without With
M-PVP-GW Mechanosynthesis With With
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specifics of the lamp were properly presented in our previous works
[22,40]. The maximum intensity of irradiance measured was
114.8 pW/cm? at 659.9 nm. The distance between the lamp and the sur-
face of the solution in the beaker was kept fixed equal to 14 cm. Aliquot
were collected at intervals time of 2 min, centrifuged and the dye con-
centration was determined as above. The calibration curve was estab-
lished on RhB solutions in a concentration range of 0-20 mg L' at nat-
ural pH 4.4. Neither oxygenation nor aeration was gassed in the solu-
tion. In addition, the initial pH was measured at first and not adjusted
during the study.

2.5. Active species identification

Identification of the radical species responsible for photocatalytic ef-
ficiency was carried out in the presence of a few reagents known as radi-
cal species inhibitors such as ethanol (2 mmol L™!) as a scavenger of hy-
droxyl radicals, ascorbic acid (2 mmol L1) as a scavenger of superoxide
radicals anionic, (Na,EDTA, 1 mmol L~1) as hole scavenger and KoCr,0,
(1 mmol L) as electron traps [22,40-49].

2.6. Reusability study

The longevity and the stability of the best photocatalyst were stud-
ied for an initial RhB concentration of 20 mg L~! at natural pH 4.4 with
a solid/solution ratio of 1 g L™1. After magnetic stirring in the dark for
30 min, the mixture was then exposed to visible light until total discol-
oration after 20 min, the photocatalyst was separated from the mixture
by centrifugation and dried at 100 °C for 3 h, not ground and then added
to a new RhB solution with a concentration identical to the first one in
the same conditions than above. The stability of the photocatalyst was
thus evaluated in the RhB degradation experiments repeated eight times.

3. Results and discussions
3.1. Synthesis and selections of the materials

The addition of GW and/or PVP in HTP or STP synthesis represents
a novelty, therefore we hypothesized that, beside the Br/I molar ratio
mentioned in the introduction, other parameters can affect the synthe-
sis of the material as the time and temperature of reaction and, obvi-
ously the weight percentage of PVP and that of GW. These parameters
have been studied in a set of preliminary tests (Supplementary Infor-
mation) in order to determine the value of each parameter leading to
the optimal photocatalytic activity of the material when briefly tested in
RhB photo-discoloration (see tables presenting the screening of the pa-
rameters in Supplementary Information). This screening has shown
that materials prepared by STP are generally better than those prepared
by HTP. Moreover, the photocatalytic performances also appear linked
to the weight percent of GW and PVP introduced during the synthesis,
an optimum was observed for each of these two concentrations. Because
it was not possible to characterize all the photocatalyst, we only report
here the data of materials presenting the highest activity: those prepared
with a molar ratio Br/I = 3 and with 5 w% of PVP and 3 w% of GW
and with a especial attention to those prepared by STP that leads to the
highest activity. The following labels are used: S and H for material pre-
pared by STP and HTP respectively, GW if glass-wool was added, and/
or PVP if the latter was added. Characterizations of other materials were
undertaken only for comparison in view of a better understanding of the
origin of the photocatalytic activity of the materials prepared by STP.

These photocatalysts were selected because of their high kinetic pa-
rameter value k (Fig. 1) compared to the other photocatalysts tested.
The comparative study of the photodegradation kinetics between the
two photocatalysts prepared by STP followed by the mechanistic
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Fig. 1. Comparative study between prepared and benchmark Photocatalysts on RhB pho-
tocatalytic discoloration at 20 mg L~ under visible light.

study of photodegradation will be presented below after the structural
characterization results. The k values were determined in standardized
conditions (30 min of equilibration in the dark, T = 22 + 2 °C, photo-
catalyst concentration of 1 g L1, [RhB] = 20 mg L~ and pH = 4.4; the
stirred mixture was exposed to visible light provided by A 500 W tung-
sten lamp (TUNGSRAM trademark) emitting more than 400 nm and it
was used without a cut-off filter), the highest activity of the STP materi-
als is obvious when compared to those prepared by HTP, moreover, it is
much better than that of the bench mark P25 or Bi;O3 or BiOI or BiOBr
or BiyO3-ZnO deposited on GW that we recently report [22]. Thus on
the basis of the comparative results obtained relating to the kinetic con-
stants between the various materials, we opted to carry out the photo-
catalytic study including adsorption for the two best materials synthe-
sized by the solvothermal method.

In comparison with the results published in the literature, even at
low initial concentrations of RhB (Table 2), S-PVP and S-PVP-GW pre-
sent values of kinetic constants k two to three times higher than others
materials reported concerning the photo-discoloration of RhB. The most
relevant point of these data is that the presence of PVP or GW in the
process leads to improve the activity of the materials in all the cases.
Even more, the simultaneous presence of both, PVP and GW, causes
crystal and surfaces structural modifications, thus leading to the highest
improvement in photocatalytic activity.

Table 2

Comparative results of RhB photo-discoloration by different photocatalysts from the literature.
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3.2. Characterization of the prepared materials

3.2.1. PXRD analysis

The normalized diffractograms patterns of the HTP (Fig. 2A) and
STP (Fig. 2B) photocatalysts indicate the presence of several crystalline
phases for these materials prepared in mild conditions (160 °C/24 h).
The first observation made from XRD is that the addition of GW did
not significantly modify either the crystallinity or the intensity of the
peaks in the case of materials prepared by HTP. Differently, the pres-
ence of PVP always slightly broaden the signals of materials prepared by
solvothermal process possibly due to smaller particles size as suggested
by the observations reported by Shi et al.[34], Wang et al. [50] and
Mahmmodi et al. [51].

Between the two solvothermal and hydrothermal methods, PVP has
an effect on the crystal structure of materials prepared by STP. In fact,
the PVP acts as an agent directing the structure along the direction of
the plane (1 1 0) in comparison with the material prepared by STP with-
out PVP. Indeed, the peak of the plane (1 0 2) on the diffractogram of
BiOBr (JCPDS 73-2061) alone (prepared without PVP) appears with the
same intensity as that of (1 1 0). On the other hand, when the PVP is
added in the synthesis of the ternary composite, the most intense peak is
that of the plane (1 1 0) of BiOBr (Fig. 2), a similar observation was re-
ported by Yang et al. [52]. In addition, the presence of GW in the form
of fiber acted as a surface allowing the deposit in the form of aggregates
of crystals on the fiber surface offering to the semiconductor prepared
by STP a specific surface extended compared to that without GW. How-
ever, for materials prepared by HTP, PVP did not have an effect as an
agent directing the structure. Indeed, the most intense peak is that of
the plane (0 0 1), whether for materials prepared with or without PVP.
The third general observation is the absence of peaks of the BiOI phase
on the diffractogram of the H-PVP-GW and H-PVP materials, suggests
that the hydrothermal method could not have formed the two semicon-
ductors together, probably due to the solubility of iodide in an aqueous
medium compared to that of bromide.

Nevertheless, other low intensity peaks attributed to the o-Bi;Os
phase in good agreement with the database (JCPDS 41-1449) were ob-
served in materials prepared only by STP. After a large reading of the
literature, this being for the first time that the presence of the Bi;O3 is
observed in the synthesis of BiOX by the solvothermal route. Finally,
no displacement of the peaks was observed on the diffractogram of the
S-PVP-GW and S-PVP materials in comparison with those of BiOBr and
BiOI separately, which may suggest that there is a mixture of three
phases rather than a solid solution of the oxide of bismuth with the two
oxy halides of bismuth.

Photocatalysts Sger (M 2/g) [RhB] (mg/L) Photocatalyst Dosage (g/L) Discolor (%) Time (min) Synthesis route Ref
S-PVP-GW 65.45 20 1 100 18 Solvothermal (PVP/GW) This work
S-PVP 48.08 20 1 100 20 Solvothermal (PVP) This work
BiOBr/BiOl/Cellulose 116.5 25 0.4 100 30 Precipitation at 80 °C [30]
BiOBr/BiOI (80%/20%) - 14.4 1 90 60 Solvothermal [11]
BiOBr/BiOI (50%/50%) 24.44 15 0.4 100 40 Solvothermal (PVP) [39]
BiOBryl; 4 (x = 0.8) 10.8 20 0.33 99 90 Hydrothermal [40]

15% Br-BiOI 8.62 14.4 1 100 150 Precipitation at 80 °C [41]

a/p BixO3 - 4.8 1 92.6 210 Solvothermal [42]
BiOBr/BiOF - 10 1 100 25 Hydrothermal [43]
ZnO/BiOBr//BiOI (20%) 32.1 4.8 0.4 100 90 Precipitation under reflux [44]
Fe304/BiOBr/BiOl 48.30 20 0.35 99.2 80 Solvothermal [45]
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Fig. 2. X-ray diffraction patterns of photocatalysts prepared by STP and HTP and refer-
ence materials BiOI and BiOBr.

3.2.2. XPS analysis

The surface elementary states and the chemical composition exam-
ined by X-ray photoelectron spectroscopy (XPS) were possible only on
a limited number of samples: H-PVP; H-PVP-GW; S-PVP and S-PVP-GW.
The main difference between the survey spectrums (Fig. 3) of the dif-
ferent photocatalysts is the intensity of the peaks of the iodine ele-
ment more intense for STP materials compared to the HTP ones, despite
the same initial amounts of iodide reagents in both preparations. The I
3d spectrum of the materials prepared by HTP shows two signals with
low intensities having binding energies located at 629.9 for I 3d3,, and
618.4 eV for I 3ds,, in the literature, these binding energy values cor-
respond to I” ions [31,53-55]. Besides, the signals’ intensity is higher
for material without GW (H-PVP) compared to those with GW, namely
H-PVP-GW. These results show the presence of iodide in small quanti-
ties within the PCs prepared by the HTP as shown in the Table 3 re-
lating to the chemical composition determined by XPS in comparison
with that found by EDX. For S-PVP-GW and S-PVP prepared by STP, the
higher signal intensity is observed for the binding energy peaks of I 3d
of iodide species, 618.8 for I 3ds,, and 630.4 for I 3d3/,. STP and HTP
materials also differ by the Bi 4f contribution, while H-PVP-GW and H-
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PVP exhibits binding energy respectively for Bi 4fs5,, (164.60 and
159.26 eV) and Bi 4f;/, (164.29 and 158.96 eV) in agreement with an
oxidation state +3 [34,56-59]. Differently, the Bi 4f XPS spectra of
STP materials show 4 peaks after the deconvolution. It is possible to
identify binding energy for Bi 4fs/, at 164.12; 165.33 eV in S-PVP and
164.16; 165.41 eV in S-PVP-GW and for Bi 4f;/5 at 158.81; 160.26 eV
in S-PVP and 158.85; 160.35 eV in S-PVP-GW. At present, these addi-
tional peaks in the spectra STP materials are ascribed to the presence of
a-BiyO3 phase in agreement with the XRD data which showed the ab-
sence of the Bi;O3 phase in the materials prepared by hydrothermal. The
presence of glass wool didn’t visibly change the oxidation state of bis-
muth in the photocatalyst prepared by either HTP or STP.

For the Bromine, the Br 3d spectrum exhibits two distinct peaks
with values varying from 68.63 to 68.90 eV for Br 3ds and from
67.69 to 67.95 eV for Br 3ds/, for materials prepared by both synthetic
routes. The O 1s spectra of the photocatalyst indicated a rather com-
plex situation, the signal was fitted by deconvolution in three peaks from
529.50 to 532.85 eV assigned respectively to Bi—O, C—O and O—H
bonds [22,40,54,55]. The results of elemental analysis by XPS and EDX
(Table 3) show that S-PVP-GW has higher atomic rates of Bi, Br and I
than S-PVP. This can result in an abundance of the three oxides Bi;Os,
BiOBr and BiOI in S-PVP-GW than in S-PVP. This will likely have an ef-
fect on better photocatalytic efficiency for S-PVP-GW than S-PVP.

3.2.3. SEM analysis

Fig. 4 shows the morphology of the PCs observed by SEM. The im-
ages at different magnifications of the sample prepared by HTP in the
presence of GW (H-PVP-GW) show apparently unmodified glass fibers
with few fragments of petals probably those of the composite BiOIBr.
Clearly, the photocatalyst is not mostly deposited or supported on the
glass fiber surface. It is mostly present as individual non-regular octag-
onal petals as well as desert sand micro-roses made of these petals. The
same observations are also made on the other HTP material without GW
(image of H-PVP). Differently, for STP materials, the images at differ-
ent magnifications show different shapes in the presence of GW (image
of S-PVP-GW) than those of PCs prepared by hydrothermal. In addition,
here the GW fibers are well covered by micro-spheres in the form of
cauliflower-like agglomerated together formed by petals of smaller sizes
than those observed on images of PCs synthesized hydrothermally. The
same shape was observed from the images of material prepared by STP
without GW (image of S-PVP) but with a size slightly larger than that of
S-PVP-GW.

3.2.4. N, adsorption-desorption analysis

The N, adsorption-desorption isotherm at 77 K are very similar for
all the samples, showing a type IV pattern with hysteresis loops of
type H3 (Fig. S1). A slight difference exists between hydrothermal
and solvothermal processed materials, the hysteresis loops is weaker in
the case of materials prepared by HTP probably indicating a macrop-
orosity of the two materials. Unlike the materials synthesized by the
solvothermal route, the hysteresis loop is more open, probably due to
the mesopore characters of the two materials. From these results, the
BET specific surfaces area then the total pore volume measured at P/
Py = 0.99 and pore size determined according to BJH method from des-
orption isotherm branch are presented in Table 4. As a general obser-
vation, the materials synthesized by STP have higher specific surfaces
than those prepared by HTP. The PC prepared by solvothermal in the
presence of PVP without GW (S-PVP) displays a specific surface area
of 48.1 m? g~1. The addition of GW has a rather high effect, increas-
ing the surface area up to 65.5 m? g~! (S-PVP-GW). In contrast, the av-
erage pore diameter and pore volume of S-PVP are much greater than
that of S-PVP-GW. Thus, for the materials prepared by the solvothermal
process, the addition of GW caused an improvement of ~35% in spe-
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Fig. 3. XPS analysis of photocatalysts prepared by HTP and STP with PVP and with or without GW: (A) survey, (B) Bi 4f, (C) Br 3d, (D) I 3d and (E) O 1s respectively.

Table 3
Elementary composition from XPS and EDX analysis of prepared materials.

Photocatalysts % Atomic from XPS % Atomic from EDX
Bi o) I Br Bi o I Br C
S-PVP-GW 16.08 37.63 2.40 8.47 35.42 11.11 24.24 0.78 5.11 53.15
S-PVP 17.82 40.05 2.24 8.08 31.80 7.86 20.24 0.63 2.76 68.52
H-PVP-GW 12.82 34.17 0.12 11.24 41.65 11.19 30.40 0.53 13.41 40.57
H-PVP 14.47 29.25 0.36 12.77 43.47 4.99 13.97 0.22 6.44 74.39
cific surface area compared to the material without the glass wool. The In the graphical presentation, the modified function of

same remark was made by Benyamina et al. when using GW in the syn-
thesis of Bi,O3-ZnO photocatalyst [22].

3.2.5. UV-Vis diffuse reflectance spectroscopy

This technique was used to determine the optical properties and the
band gap energy of the synthesized materials. The results in the form of
reflectance (R %) are presented in Fig. 5(a). The values of the band gap
energies (Eg) of the prepared photocatalysts were determined from the
data plotting (Fig. 5(b)) according to the modified Kubelka-Munk equa-
tion described below.

(FR)'" = p(hv — Ey) €9)

1 -R)?
PRy = S @

Kubelka-Munk is similar to that of the Tauc plot, and has been used in
the literature by several authors [60-63].

Where F(R), h, v, p and Eg are Kubelka-Munk function, the Planck’s
constant (J.s), the light frequency (s, the proportionality coefficient
and the band gap energy (eV) respectively. The constant n depends
on the electronic transition type between the two valence and conduc-
tion bands and its value can be 1/2 or 2 for a direct or indirect tran-
sition respectively. Based on previous work by different authors, it has
been concluded that the electronic transition is indirect for BiOI, BiOBr
and Bi;O3 [10,64-66]. Thus the plotting of the modified K-M function
(F(R)h)'/? versus hv allowed the determination of the band gap en-
ergy of the material by extrapolation of the linear part of each curve
with the x-axis and band gap energy values are presented in Table 4.
It appears that the lowest band gap energy values (2.00 and 2.21 eV)
are obtained with the materials prepared by the HTP. Besides, the pres-
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Fig. 4. SEM images at different magnifications of H-PVP-GW, H-PVP, S-PVP-GW and of S-PVP composites.

Table 4 ence of GW during the processing lead to an increase of the band gap

Textural and optical properties of prepared composites obtained from adsorption-desorp- energy for materials prepared by both routes (2.21 and 2.23 eV)
tion of N5 at 77 K and UV-vis DRS.

Sxt v 3.3. Photocatalytic activity study
Photocatalysts ~ Spgr (m2/g)  (m %/g) D(mm)  (cm3/g) Eg (eV)
3.3.1. Adsorption in dark
E:ll;\g'Gw 2:2(5) ;:;;3 Z';gl g:gg; ;5(1) Fig. 6 shows firstly that the adsorption kinetics of RhB is rapid
S-PVP-GW 63.45 50.78 8.30 0.023 2.43 (<10 min) and stabilizes after 20 min, secondly a better adsorption ca-
S-PVP 48.08 47.54 16.07 0.177 2.23 pacity is measured with the materials prepared without GW (S-PVP) de-

spite its small specific surface area compared to the material prepared
with GW (S-PVP-GW). This may be due to the average pore size of S-PVP
(16.07 nm) and to pore volume (0.177 cm3/g) which are much greater
than that of S-PVP-GW (8.30 nm and 0.023 cm3/g). All the kinetic stud-
ies disclosed below include an equilibration time of 30 min.
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Fig. 6. Sorption kinetics of RhB on S-PVP and S-PVP-GW (C; = 40 mg L™}, pH; = 4.44
and1g L~ of solid/solution ratio).

3.3.2. Kinetics study of photo-discoloration

The kinetic study of the photo-discoloration of RhB at different initial
concentration was carried out with the materials S-PVP and S-PVP-GW
to highlight the effect of the presence of GW on the photocatalytic
efficiency under visible light. Thus, the plots of the ratio G;c/C; of
the dye photo-discoloration versus time are presented in Fig. 7(a) and
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(b). A blank test performed with only a powder of GW as demonstrate
the absence of photo-discoloration of a solution of RhB. The best result
in terms of photo-discoloration kinetics is obtained with the material
prepared with GW and PVP, namely S-PVP-GW probably attributed to its
high specific surface area compared to that of material prepared with-
out GW (S-PVP) despite having a lower adsorption capacity towards RhB
than that of S-PVP. This can be explained by the fact that part of the sur-
face of S-PVP-GW is unoccupied by RhB molecules but probably occu-
pied by both O, and H,0 which presumably contribute in the formation
of radical species causing a probably different degradation mechanism
that of S-PVP. This is probably owing to the morphology and the small
size of the microspheres of the composite arranged on the GW fibers
(S-PVP-GW) compared to that of composite without GW (S-PVP) which
could allow reflections of light thanks to its narrow band gap, thus lead-
ing to better collection of photons by the different surfaces of the micros-
pheres, which would probably increase the separation of the photo-gen-
erated charges (e~/h™). The latter will thus be more available in partic-
ipation in reactions with adsorbed species (RhB; O,, HoO; among oth-
ers). This is probably due also to the difference in quantity of the three
atoms forming the three phases of the composite between S-PVP and
S-PVP-GW. Indeed, it appears from the results of XPS and EDX (Table 3)
that the atomic percentages of Bi, Br and I are higher in S-PVP-GW than
those of S-PVP. This means that the three oxides (Bi,O3, BiOBr and BiOI)
are more abundant in S-PVP-GW than in S-PVP. The latter can therefore
be positioned in lower photocatalytic efficiency than S-PVP-GW. Indeed,
a total discoloration of RhB at 20 mg L~! was achieved after only 18 min
with S-PVP-GW against 20 min with S-PVP. To best of our knowledge,
these results are among the best ones in the literature [46-49,67] (see
Table 2). Fig. 7(c) and (d) shows the spectral evolution of RhB solu-
tion at 20 mg L~! as a function of the photo-degradation time until total
discoloration in the presence of S-PVP and S-PVP-GW respectively. The
absorption peak corresponding to Apax of 553 nm decreases gradually
and shifted to 495 nm (blue-shift) and then disappears with photodegra-
dation time; there is a hypsochromic shift of approximately 58 nm. Ac-
cording to the literature, this blue-shift is due to the loss of the N-ethyl
group of the RhB molecule (an N de-ethylation) caused probably by the
attack of the two radical species, the hole (h") and the superoxide an-
ion (05) photo-generated by the materials S-PVP-GW and S-PVP. Even
more, alone with S-PVP-GW, this attack is accelerated by the hydroxyl
radical (HO) by targeting the central carbon atom as reported by liter-
ature [68-70], thus resulting in the disappearance of the chromophore
of RhB, probably forming the carboxylic acids (by-products).

In order to evaluate the kinetics of the photo-discoloration of RhB by
the prepared photocatalysts S-PVP and S-PVP-GW, the pseudo-first order
model presented by the equation below has been used.

Ci,corr
m( 8 ) = ket ®

where G corr (mg/L) is the corrected initial dye concentration (after ad-
sorption in dark) and C; (mg/L) is the concentration at time t (min) of
the RhB dye, kapp (min~!) is the constant of apparent kinetics. The val-
ues of the latter (Table 5) were determined from the plots of In (%:’")

vs time t presented in Fig. 7(e) and (f) for S-PVP and S-PVP-GW respec-
tively. The obtained kinetic results are consistent with the pseudo-first
order model according to the correlation values R which greatly exceed
0.96.

The kinetics and the reaction mechanism in heterogeneous photo-
catalysis depend on several parameters, among them, the surface prop-
erties which influence on adsorption. The kinetic model which de-
scribes the reaction speed by associating the two constants of adsorp-
tion and kinetics and function of the concentration is that of Lang-
muir-Hinshlwood (L-H) presented by the following equation in the lin-
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Fig. 7. (a and b) kinetics of photo-discoloration under visible light at different concentrations of RhB by S-PVP and S-PVP-GW respectively, (c and d) spectral evolution of RhB at 20 mg
L1 after photo-degradation at different sampling times versus wavelength with S-PVP and S-PVP-GW respectively, (e and f) first-kinetic linear plots of RhB photocatalytic discoloration at

various initial dye concentrations under visible light with S-PVP and S-PVP-GW respectively.

earized form [71,72].

11 1 1
C.

icorr
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The constants values (Table 5) were determined from the plot of 1/
rj versus 1/G;, corr (Fig. 8).
Where, 1; (mg L~! min~!) is the initial rate of the photocatalytic
discoloration, G; .o is the initial dye concentration corrected after ad-
sorption in dark (mg/L), k; iy (mg L™ min™}) is the Langmuir-Hinshel-

wood rate constant, and K,q is the adsorption equilibrium constant on
photocatalyst in (mg/L)~".

It appears that from the Ki.y values found 3.56 and 2.43 mg L~!
min~! for S-PVP-GW and S-PVP respectively, that the kinetics of RhB
photo-discoloration by S-PVP-GW is approximately 1.46 times faster
than with S-PVP; thus indicating the advantageous role of GW in in-
creasing the specific surface area by 1.36 times that of the mater-
ial without GW and subsequently improving the kinetic performance
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Table 5
Kinetics parameters of RhB photo-discoloration at different initial dye concentration with
S-PVP and S-PVP-GW under visible light.

Ci Ci,cor
(mg/ (mg/ kapp ri (mg
Photocatalyst L) L) (min ) L 'min~1 R?
S-PVP-GW 20 4.45 0.3567 1.5897 0.9882
25 7.37 0.2457 1.8109 0.9863
30 12.13 0.2036 2.4692 0.9701
35 16.2 0.1697 2.7488 0.9754
40 20.22 0.1176 2.3783 0.9798
50 27.22 0.0817 2.2282 0.9921
S-PVP 20 2.01 0.2367 0.4758 0.9945
25 4.73 0.1955 0.9245 0.9882
30 5.31 0.1621 0.8609 0.9956
35 10.57 0.1379 1.4573 0.9727
40 13.31 0.1149 1.5289 0.9632
50 18.05 0.0551 0.9952 0.9690
2.2 4
m  S-PVP
2.0 4 ¥ S-PVP-GW
1.8 4
1.6 1 _
y =3.42915 x + 0.41078
-144 R'=097772
+
—
1.2 4
1.0
vy =1.65324 x + 0.28056
0.8 + R*=0.89555
]
0.6 v
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Fig. 8. Langmuir-Hinshelwood kinetic model plots of RhB photo-discoloration under visi-
ble light by S-PVP and S-PVP-GW (pH; = 4.4 and solid/solution ratio = 1 g L™1).
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in the RhB photo-degradation with probably a more different reaction
mechanism with S-PVP-GW than with S-PVP.

3.3.3. Active species identification

The photo-degradation of organic pollutant can be done by various
radical species which contribute in an individual or mutual way. The
identification of the contribution of each species (hydroxyl radical (HO"),
superoxide anion radical (05) and photo-generated holes (h*) and elec-
tron (e7)) is based on the inhibition of each species by the addition of
a radical scavenger during photo-degradation [22,40-42,73]. The plot
of C¢/C; vs contact times in Fig. 9 shows the effect of each inhibitor on
the photocatalytic efficiency of S-PVP (Fig. 9(a)) and S-PVP-GW (Fig.
9(b)) towards the RhB discoloration. Thus, a 100% of discoloration is
observed without any scavengers after 20 and 18 min in presence of
S-PVP and S-PVP-GW respectively. When EDTA (as h™ inhibitor) was
added, the discoloration was only 80% after 20 for S-PVP and 61% after
18 min for S-PVP-GW respectively. Furthermore, not more than 94 and
86% of discoloration rates in the presence of S-PVP and S-PVP-GW re-
spectively were achieved during the same irradiation time when ascor-
bic acid (as O; scavenger) was used. A slight decrease in the discol-
oration percentage for both materials was observed when KyCr,0; (as
an electron scavenger) was added. Finally, the addition of ethanol (as
HO'scavenger) did not modify the percentage of photo-discoloration in
the presence of S-PVP compared to the case without scavenger, but it is
not the case for S-PVP-GW, there was a small reduction in discoloration
when adding ethanol.

Altogether, the sum of these data shows an almost similar mecha-
nism of photo-degradation of RhB between the two materials, although
the overall efficiency of the process is higher for S-PVP-GW. The main
reactive specie responsible for RhB photo-degradation has been identi-
fied as the hole (k") with a moderate contribution of O; for both mate-
rials. Even more, a third moderate contribution of HO" was also identi-
fied only with S-PVP-GW.

3.3.4. Proposal photocatalytic reaction mechanism

On the basis of the characterization results these materials contain
three different semiconductors (BiOBr, BiOI and Bi;O3) in quite unequal
proportions. Thus, a possible electronic transition scheme can be pro-
posed in order to describe the reaction mechanism of the degradation of
RhB. First, the positions of the edge of the valence (VB) and conduction
(CB) bands were determined from the following equations [13,49,59]:

EVB = Eg + ECB (5)

1.0 4 Lightoff  (a) | Lighton 1.0 4 Lightoff (b} |Lighton
! - (—m—Without Scavenger i —®—Without Scavenger
. —@—With EINTA —#=With EDTA
0.5 - \‘ | With Ascorble acld 0.8 - —&—With Ascorbic acld
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Fig. 9. Identification of active species responsible for the photo-discoloration of RhB under visible light by (a) S-PVP and (b) S-PVP-GW after the addition different scavengers with the

respect to the following conditions: C; = 20 mg L™%; pH; = 4.4 and solid/solution ratio 1 g L™

10



M. Mansour et al.

Ecp = X -~ Ec — 0.5E, ®)
where E¢ is the energy of the free electrons on the hydrogen scale,
which is approximately 4.5 eV and X represents the absolute electroneg-
ativity of each photocatalyst determined by the geometric mean of the
electronegativity of each atom calculated according to Mulliken scale
[74,75]. So the values of X are 6.35; 6.11 and 6.12 eV for BiOBr;
BiOI and Bi;O3 respectively which approximate those in the literature
[13,76]. The Eyg and Ecg values determined from Egs. (5) and (6) are
3.26 and 0.65 eV for BiOBr; 2.58 and 0.83 eV for BiOI and 3.04 and
0.2 eV for BiyO3 respectively and are very close to those found in lit-
erature [43,49,76,77]. Also important here, the values of LUMO and
HOMO of RhB are —1.42 and 0.95 eV respectively [49,67].

Photon of the visible light (>400 nm) have energy <3.2 eV there-
fore, higher to the band gap energy of each of the three semiconductors.
The photo-excitation of electrons from the valence band (VB) to the con-
duction band (CB) of BiOBr, Bi;O3 and/or BiOI of S-PVP and S-PVP-GW
conducts to formation of pair e /h™ (reactions (1) and (2)). The pho-
tonic energy of the visible light (>400 nm) corresponds to less than
3.2 eV can simulate the e~ of the VB of BiOI up to a less negative en-
ergy level of —0.62 eV or another level of VB of Bi,O3 (-0.16 eV) than
that of the couple 0,/0; (—0.046 eV NHE) [78,79]. In fact, at these
two VB positions of Bi;O3 or BiOI, the dissolved oxygen reacts to pro-
duce the superoxide anion radical (05) (reaction (3)). Besides, the RhB
dye has a maximum absorption in the visible at 553 nm (energy greater
than or equal to 2.24 eV), thus allowing excitation of the electrons from
HOMO to LUMO (dye sensitization) by giving excited RhB (RhB*) (re-
action (4)), then the electron jumps from LUMO to CB of Bi,O3 and/or
CB of BiOI to give RhB™ (reaction (5)). The latter reacts with the O
generating intermediate products (reaction (6)). A probable de-ethyla-
tion of RhB would be produced by reaction with the hole (h*) of the VB
of the BiOI the closest (reaction (7)). Indeed, Hu et al. [80] reports that
N de-ethylation is caused by direct attack of RhB through the hole (h™).

The relative position of all the energy levels is presented as diagram
in Fig. 10, thus, charge transfer is created between the energy levels of
the dye and those of the three semiconductors of the composite as well
as the probable reactions of the RhB degradation mechanism.
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From the active species identification, we learn that h™ is the main
active one (reaction (7)). Besides, h* is assumed to react also with the
H,0 to form the hydroxyl radical (HO) (reaction (8)) because the po-
tential of the couple HZO/HO. of a value of 1.99 eV is lower than that of
CBs of BiOBr, Bi;O3 or BiOI. This radical contributes moderately in the
RhB degradation only with S-PVP-GW (reaction (9)). It would also seem
that the recombination of the electron-hole (e~/h™) pair is very weak
(reaction (10)). Thus, the mechanism of photo-degradation of RhB by
the two photocatalysts is at present described by an association of fol-
lowing reactions:

S-PVP-GW + hv — S-PVP-GW (e, h™) 1)
S-PVP + hv — S-PVP (e7, h™) (2)
e +0, > O; 3
RhB + hv — RhB* (Dye sensitization) 4)
RhB* + CB — RhB* + e~ (CB) (Electron jump from LUMO to CB) (5)
05 +RhB*

— Degradation products (Moderate reaction) (©)
h* + RhB — Rh (de-ethylation) Intermediate products (Major e
reaction)

h* + H,0 - HO" + H* (8
RhB + HO" — Degradation products (Moderate reaction) 9
h* + e~ — heat (Minor recombination reaction) (10)

3.3.5. Reusability study

All the photocatalysts present a high level of reusability, however,
a slight reduction of ~8% of the photocatalytic activity after 8 cycles
is observed for S-PVP while the photo-discoloration yield is almost pre-
served (~99%) for S-PVP-GW suggesting a higher stability in this case
(Fig. 11(a) and (b)). This can be probably explained by the differ-
ent mechanism of photo-degradation between S-PVP and S-PVP-GW.
Indeed, for S-PVP-GW three radical species (h*, O; and HO") con-

RhB*
-—7T
P RhB*
P 0,
— RhB*
= LUMO
— hv 2-
— 2= -—
= L\ CB 02
— CB
— It
+1 =—- HOMO hv
= BiOI
e —
u— I
= 2h] s .
= VB
= Rh
+4 —
OH" H,0

Fig. 10. Schematic illustration of the electronic transition between the different bands.
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Fig. 11. Stability performance of (a) S-PVP-GW and (b) S-PVP after 8 use (C; = 20 mg L1, pH; = 4.44 and solid/solution ratio = 1 g L™1).

tribute on the degradation of RhB against two species for S-PVP (h*, O5
). This highlights the effect of the presence of glass wool as an inert sup-
port on the stability of the photocatalyst and making it as a candidate in
the field of practical application on a real scale. The material S-PVP-GW
was characterized again by XRD and it appears from Fig. S2 (in Sup-
porting Information) that overall, there was no structural modification
of the material S-PVP-GW after use in comparison with the same mater-
ial before use; which indicates that the main structure of the S-PVP-GW
composite was not destroyed and was sufficiently stable during 8 cycles
of use.

4. Conclusion

The present study is a contribution to identify new avenues for im-
proving the efficiency of already known photoactive materials. Here is
disclosed for the first time an unexpected combined effect between glass
wool and PVP on the preparation giving access to a ternary composite
a-Biy03-BiOI-BiOBr having crystalline and surface properties leading to
photocatalytic activity under visible light better than those of the other
tested. The data confirmed an already reported observation, saying that
photocatalysts prepared by solvothermal process exhibit a higher pho-
tocatalytic activity under visible light than that those prepared by hy-
drothermal process. But more importantly PVP combined with glass
wool during the synthesis of the photocatalyst have a positive effect in
improving the photocatalytic activity and the stability of the material.
Moreover, the materials present different photo-degradation mechanism
depending on the presence of glass wool and/or PVP, a possible expla-
nation the efficiency improvement; meanwhile these data open discus-
sion on their role in structuring the material. Indeed, the morphology
and the small size of the microspheres of the composite arranged on the
fibers of GW (S-PVP-GW) compared to that of composite without GW
(S-PVP) could allow reflections of light thanks to the low band gap; thus
improving the collection of photons which would probably increase the
quantity of photo-generated electrons-holes which will be available in
the participation in the reactions with adsorbed species as RhB, O,, H50,
and others. The presence of three semiconductors together more abun-
dant in S-PVP-GW than in S-PVP probably had an effect on the photocat-
alytic efficiency of S-PVP-GW compared to S-PVP. Further optimization
of this new approach can lead to good candidates in real practical appli-
cations in the degradation of water-soluble organic pollutants or present
in air, and probably as antibacterial layer.
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