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ABSTRACT

BiOI/Bi,0,/MgO hetero-structured (B/B/M) was prepared by a hydrothermal method and then
calcined at different temperatures (200°C, 300°C, 400°C, and 550°C) for 1 h. The efficiency of photo-
catalyst was tested on the photo-discoloration of a cationic dye (Rhodamine B (RhB)) under visible
light (500 W tungsten lamp (Tungsram Trademark) that emits more than 400 nm) and compared
to Bi,0,, TiO,-P25 and BiOlI as reference photocatalysts. The prepared samples were characterized
by X-ray diffraction, Brunauer—-Emmett-Teller, UV-Visible diffuse reflectance spectroscopy and
scanning electron microscopy. In this new photocatalysts, three structures have been identified
BiOl, Bi,O,, and MgO before and after heat treatment. Indeed, the sample prepared and calcined at
400°C/1 h show a good crystallinity and display microspheres porous in the form of cauliflower-like.
Furthermore, the photocatalytic test of B/B/M-400 has shown efficiency on the photodegradation
of RhB. Indeed, a total discoloration of 10 mg/L of RhB was achieved at 110 min.
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1. Introduction

Heterogeneous photocatalysis is an advanced oxida-
tion processes (AOP) method that has attracted the atten-
tion of several researchers as a technique for elimination
refracting and low concentration pollutants from industrial
wastewater. These processes are able to transform recalci-
trant pollutants into harmless end-products (mineralization
to CO,, H,0 and mineral acids) [1-4]. The heterogeneous
photo-catalysis principle is based on the excitation of a
semiconductor by irradiation most often the ultraviolet
to generate electron-hole pairs. These species react with
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molecules adsorbed on the surface such as pollutants,
oxygen, water, and hydroxyl ions to form radicals such
as O;~ and OH". These radicals have a higher oxidizing
potential than traditional oxidants, which are able to par-
tially or totally mineralize most organic compounds [1-4].
The effectiveness of TiO, and Evonik Degussa P25 has
been shown in several studies in which is still considered
as a benchmark in heterogeneous photocatalysis. However,
it has two drawbacks: First, its band gap of 3.2 eV limits
its photocatalytic activity only under UV. Second, it has a
high rate of recombination of electron-hole pairs [4].
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Currently, bismuth oxyhalide (BiOX, X = Cl, Br, I) has
been used by several researchers [5-7], it has high photo-
catalytic activity, a narrow band gap (1.77-1.92 eV), and
high stability [8,9]. BiOI present a low photocatalytic
performance because it has a high recombination of pho-
to-generated e/h* which is a major drawback. Therefore,
the association of two semiconductors in a binary system
by combining BiOI with Bi,O, [10,11] further improves the
photocatalytic efficiency compared to semiconductor alone.
In the literature, many works presenting binary systems
such as BiOI/BiOCl [12], BiOI/g-C,N, [13], and ternary sys-
tems like a-Bi,O,-BiOI-BiOBr [5] with high efficiency com-
pared to semiconductors alone have been reported. Yan
et al. [14] have synthesis a multi heterojunction Ag-Agl/
BiOI-Bi,O, by solvothermal method, the material showed
good photocatalytic results with a 300W xenon lamp with
an ultraviolet cut-off filter (A > 420 nm) on methyl orange
(MO) degradation. Zhang et al. [10] have synthesized a
binary composite o-Bi,0,-BiOI by solvothermal method.
The photocatalytic activity of the obtained material has
been proven on an antibiotic tetracycline hydrochloride
(TC) degradation under visible light of 300 W xenon lamp
with an ultraviolet cut-off filter (A > 420 nm). Kumar et al.
[15] synthesized MgO nano powder by bio mediated route.
The obtained material has given good photocatalytic dis-
coloration results of Malachite green (MG) and Rhodamine
B (RhB) under sunlight irradiation and UV light. These
results encouraged us to synthesize a new semiconduc-
tor multi-hetero-junction. For such physical and chemical
properties as extended specific surface area, wide pore
volume size, and thin pore size distribution, thermal and
chemical stability and despite its wide band gap [15-19],
MgO was chosen to be associated as support for two
Bi,O, and BiOI semiconductors. Thus, it seemed interest-
ing to us to target the synthesis of a photocatalyst with
a ternary hetero-structure of the BiOI/Bi,O,/MgO. To our
best knowledge, this structure has never been reported.
Our ternary BiOI/Bi,0,/MgO composite prepared by the
hydrothermal method then calcined at different tempera-
tures has proven its effectiveness especially that calcined
at 400°C, in the photo discoloration of RhB compared to
semiconductors alone such as BiOI, Bi,O, and TiO,-P25.

2. Experimental
2.1. Materials

All chemicals were of analytical and were directly used
without any treatment. Potassium iodide (KI); bismuth(III)
nitrate pentahydrate Bi(NO,),-5H,0, Mg(NO,),-6H,O, eth-
ylene glycol (EG) (C,H,O,), ethanol (C,H.OH), distilled
water and Rhodamine B (RhB) diethylammonium chlo-
ride (C,H, CIN,O,) were obtained from Sigma-Aldrich
company.

2.2. Preparation and characterization

Our photocatalysts was synthesized by solvothermal
method. Solution A of Bi(NO,),'5H,O (5.9 mmol, 2.8643 g)
was dissolved in 10 mL of EG under ultra-sonication
until dissolved. Solution B: 0.6876 g (2.6818 mmol) of

Mg(NO,),,6H,O was dissolved in 10 mL of EG using ultra-
sound apparatus until dissolution. Solution C: 5 mmol of KI
was dissolved in 10 mL of EG and left under left in ultrasound
apparatus until dissolution. First, solution A was added to
solution B and left under stirring for 15 min, the mixture was
added drop by drop to solution C under moderate stirring
for 1 h. The final mixture was placed in an autoclave and
left in the oven at 160°C for 24 h. The reactor was therefore
cooled down at room temperature; the obtained material was
collected by filtration, washed with distilled water and eth-
anol then dried at 80°C all night long. The obtained mate-
rial was calcined at different temperatures (200°C, 300°C,
400°C, and 550°C) for 1 h and named as B/B/M-T where T
is the calcination temperature; for example, B/B/M-400 is the
obtained material calcined at 400°C during 1 h. This synthe-
sis has been illustrated in schematic form in Fig. 1.

2.3. Effect of calcination temperature

The test consists in determining the optimal calcination
temperature of material for better photocatalytic activity.
The heat treatment was performed in a muffle furnace at
different temperatures (200°C, 300°C, 400°C, and 550°C)
during 1 h. The photocatalytic efficiency was evaluated with
100 mg of each material in 100 mL of RhB aqueous solution
at 10 mg/L. The suspension was magnetically stirred and
exposed to visible light. The result in the form of percent-
age of photo-discoloration was determined after separation
by centrifugation and analysis of the supernatant by spec-
trophotometry at 553 nm using a JASCO V-730 UV-Visible
spectrophotometer. The discoloration yield was determined
by the Eq. (1).
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Yvield = x 100 1
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S

2.4. Adsorption kinetics

The adsorption kinetics tests were performed using
0.5 g of B/B/M-400 in 500 mL of aqueous solution of RhB at
10 mg/L. The suspension was stirred in the dark during 2 h
at natural pH 5.65 and at room temperature with respect to
solid/solution ratio of 1 g/L. Samples were taken at regular
time and centrifuged. Equilibrium dye concentrations in
the supernatants were analyzed at 553 nm using a JASCO
V-730 UV-Visible spectrophotometer. A calibration curve in
the range of 1-10 mg/L of the RhB solution has been estab-
lished. The RhB adsorption kinetics experiments were
repeated three times to obtain the average results.

2.5. Photocatalytic test
2.5.1. Direct photolysis

This study was carried out without photocatalyst in
order to verify the stability of RhB under visible light irradi-
ation. For this, 100 mL of 4 mg/L of RhB solution at natural
pH 5.65 and at room temperature was stirred and exposed
to visible light irradiation. Aliquots of approximately
5 mL were sampled after every 10 min and analyzed as
above.
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Scheme 1. Schematic for preparation of sample.

2.5.2. In the presence of the photocatalyst

The photo-discoloration kinetics of RhB in the presence
of the B/B/M-400 with a solid/solution ratio of 1 g/L was
carried out in 100 mL of dye solution at different concen-
tration between 2 and 10 mg/L, at natural pH 5.65 and at
room temperature. Once the adsorption-desorption equi-
librium was reached after 60 min, the stirred suspension
was exposed to visible light supplied by a 500 W tungsten
lamp (Tungsram Trademark) emitting more than 400 nm
and it was used without a cut-off filter. The characteris-
tics of the lamp have been carefully presented in our pre-
vious works [20]. An adsorption, in the dark during the
equilibrium time, should be performed. Once the equilib-
rium time is reached, the lamp is turned on. Samples were
taken at regular times, separated by centrifugation and
the residual dye concentrations in the supernatants were
determined by spectrophotometry as above. The RhB pho-
to-discoloration kinetics experiments were repeated three
times to obtain the average results.

2.6. Active species identification

Four radical species (e”, h', OH* and O;") can be involved
directly or indirectly in the photodegradation of organic
pollutants. To elucidate the responsible active species and
their contribution in the degradation of RhB, different
active species inhibitors are used. In this study, ascorbic
acid (2 mmol/L) is used as a scavenger of the O;~ radical
anion, t-butanol (2 mmol/L) as an inhibitor of hydroxyl
radicals (OH®), Na,EDTA (1 mmol/L) as a scavenger of
h* and K,Cr,0, (1 mmol/L) as e~ acceptor [5,6,20-22]. The
identification of active species was carried out at 4 mg/L
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of RhB at pH 5.65 and at solid/solution ratio of 1 g/L in the
presence of each scavenger. Samples were taken at reg-
ular time, centrifuged, and the concentration of dye in the
supernatant was determined as above.

2.7. Reusability study

In order to assess the stability and longevity of the
prepared photocatalyst (B/B/M-400) photo-discoloration
study of 10 mg/L RhB solution was carried out at nat-
ural pH 5.68 with photocatalyst concentration of 1 g/L.
The suspension was stirred for 60 min in dark then
exposed to visible light until complete discoloration for
120 min. The photocatalyst was separated by centrifu-
gation and dried without washing in the oven at 110°C
for 2 h. Then the material was added in a new solution
of RhB at the same concentration as the first. The process
of reusing the material was repeated four times.

3. Results and discussions
3.1. Characterization
3.1.1. X-ray diffraction analysis

X-ray diffraction analysis was performed to determine
the purity and structure of the phases present. The dif-
fractograms (Fig. 2) of uncalcined and calcined material at
400°C and 550°C have three different phases BiOI, Bi,0O,, and
MgO. Indeed, values of 20 equal to 9.61°, 31.61°, 49.91°,
and 55.33°, which can be attributed to the d, d,,, d,,,
and d, ,, respectively for the BiOI phase (tetragonal phase,

space group P4/nmm) (a = b = 3.9840 A, ¢ = 9.1280 JCPDS
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Fig. 2. X-ray diffraction pattern of BiOI-Bi,0,-MgO uncalcined
and calcined materials.

73-2062) [23,24]. According to the X-ray diffraction (XRD)
pattern, the BiOI phase appeared only for the uncalcined
and calcined material at 400°C. According to the literature
the element iodine begins to disappear by volatilization
from 340°C [25]. For material B/B/M-550 the BiOI phase
completely disappears due to the probable volatilization
of iodine. In addition, an a-Bi,O, (monoclinic phase, space
group P21/c) phase (JCPDS41-1449) [5,26,27] was identified
according to peaks at 26.92°, 27.37°, 35.40°, 46.32°, and 55.44°
that can be attributed to the (111), (120), (031), (041), and
(—224) plane respectively.

The results also indicate the presence of the tetragonal
phase peaks of B-Bi,O, which are at position 28.15°, 31.38°,
45.19° and which correspond to (201), (220), (321) of the
crystal planes (space group P-421/c) (JCPDS44-0197) [28]
respectively. Furthermore, it is also noted that the presence
of 20 values: 36.9° and 43.2° correspond to the (111), and
(200) reflection respectively for the cubic phase of MgO
(space group Fm-3m) (a=b=c=4.20 A) (JCPDS 87-0653) [15].

3.1.2. Scanning electron microscopy analysis

The morphology evolution of B/B/M calcined and uncal-
cined materials are shown in Fig. 3. The images of uncal-
cined materials (Fig. 3A1-A2) show a formation of sand-rose
with smooth nanosheets and a few fragments of petals prob-
ably those of the composite BiOl. For calcined materials
at 400°C/1 h, scanning electron microscopy (SEM) images
(Fig. 3B1-B2) show microspheres porous in the form of cau-
liflower-Like are composed of lots nanosheets, and whose
shape of these nanosheets has slightly decreased compared
to those of calcined material at 550°C (Fig. 3C1-C2).
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Fig. 3. SEM images of BiOI-Bi,0,-MgO composites uncalcined
and calcined materials.

3.1.3. N, adsorption—desorption analysis

The specific surface area and pore size distribution
of the prepared samples was determined by Brunauer—
Emmett-Teller method from the adsorption isotherm of
nitrogen gas at 77 K which belongs to the type IV category,
(Fig. 4A). The values of specific surface area pore diam-
eter and pore volume are presented in Table 1. From the
results, it appears that the specific surface of the non-cal-
cined material (B/B/M-Unc) at 44.57 m?/g is greater than
that of the material calcined at 400°C at 21.48 m?/g.
Moreover, the non-calcined material displays a micro-po-
rosity against a macro-porosity for the calcined. Thus,
the heat treatment increased the pore size probably due
to the evaporation of the residual organic solvent and part
of the iodine and reduced the pore volume (inset Fig. 4A).
The pore volume of B/B/M-Unc is higher than that of B/B/
M-400; it decreases from 0.2822 to 0.2053 cm?®/g, respec-
tively. It is noted that the specific surface area of B/B/M
decreases with the increase of calcination temperature
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which can be explained by the growth of crystallite size
which can be beneficial in the photocatalytic property [29].
This observed decrease in the specific surface is probably
due to the evaporation of the rest of the solvent used in
the synthesis on the one hand and to the partial disap-
pearance of the iodine on the other hand from the BiOI
phase as indicated in the XRD results.

3.1.4. UV-Vis diffuse reflectance spectroscopy

The optical properties and the bandgap energy (E,)
of semiconductors are important factors in determining
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Fig. 4. (A) N, adsorption—desorption isotherms of B/B/M uncal-

cined and calcined at 400°C and (B) Tauc plot from UV-Visible
DRS of B/B/M-400.

Table 1

the performance of photocatalysts. The UV-Visible diffuse
reflectance spectroscopy (DRS) analysis was carried out
only on the material which gave the best efficiency named
B/B/M-400. The bandgap energy can be determined from
the Tauc equation given by the following formula:

(ahv)=p(hv—-E, ) @)

where 1, v, and P are the Planck’s constant (J/s), the light
frequency (s™) and the proportionality coefficient respec-
tively. The n value depends on the electronic transition
type between the valence and conduction bands and can be
1/2 or 2 for a direct or indirect transition respectively.

The value of E of the prepared material B/B/M-400°C
was determined from the plot (Fig. 4B) of the modified Tauc
function which is given in the Eq. (3):

(anv)" =p(hv-E,) @)

The absorption coefficient o is linked to the Kubelka-
Munk (K-M) function by diffuse reflectance R according to
the Eq. (4):

1-RY
F(r)-! 2R) =2 @

where o and s are the absorption and scattering coefficients
respectively.

Comparing the studies that have been done by sev-
eral researchers [5-8] on the determination of the bandgap
energy (E ) it has been shown that the electronic transition
is direct for B/B/M-400, and the latter has been verified
by calculating the bandgap energy (E,) from the modified
K-M equation. Plotting (ahv)® as a function of /v allowed
us to determine the bandgap energy of the calcined mate-
rial (B/B/M-400) and its value was 2.53 eV. So based on this
value, it can be said that the calcined material could be
photoactive under visible light.

3.2. Effect of heat treatment temperature

The photocatalytic efficiency of the prepared mate-
rial as a function of calcination temperature is plotted as a
histogram in Fig. 5A. It appears from the graph that the effi-
ciency increases with the temperature until 400°C, beyond
this temperature, the efficiency drops. Indeed, a photo-
discoloration yield of 20.49 was achieved for the non-cal-
cined; and 79.30%, 89.25%, 100% and 56.66% were obtained

Textural and optical properties of prepared composites obtained from adsorption—-desorption of N, at 77 K

Sample C, (mg/L) C, or (mg/L) K. (min) V, (mg/L-min) R?
2.0 1.32888 0.015 0.01993 0.9038
4.0 3.32694 0.013 0.04325 0.9826
B/B/M (400°C) 6.0 5.26806 0.011 0.05794 0.9830
8.0 7.87836 0.009 0.07090 0.9851
10.0 9.7787 0.006 0.09098 0.9972
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Fig. 5. (A) Effect of calcination temperature on the rate of pho-

to-discoloration of RhB and (B) adsorption kinetics of RhB on
B/B/M-400 (C, =10 mg/L; pH, =5.65; 1 g/L of solid/solution ratio).

for those treated at 200°C, 300°C, 400°C and 550°C respec-
tively. This is due to the opening of the pores, indeed, after
calcination, the material presents a macroporosity against
microporosity for the uncalcined and this despite of a low
specific surface for the calcined. At 550°C the BiOI phase has
completely disappeared, which has caused a reduction in
the photocatalytic yield.

3.3. Determination of the equilibrium time

The results of the adsorption kinetics of RhB by the
B/B/M-400 material are plotted in Fig. 5B. From the plots,
it appears that the adsorption of RhB is fast with our
material. Indeed, the equilibrium is reached after 60 min.
Moreover, the maximum amount of adsorbed dye by B/B/
M-400 is 4.60 mg/g. In the literature, it has been noted that
the adsorption capacity of certain photocatalysts towards
RhB depends on the concentration of RhB but above all
on the surface properties of the photocatalyst. By way of
example, some results from the literature [5,30] relating
to the maximum adsorption capacity in comparison with
that of this study are shown in Table 2.

Table 2
Comparative values of maximal adsorption capacity of some
photocatalysts towards RhB

Photocatalyst [RhB] (mg/L) Q__ (mg/g) References
S-PVP 40 27 5]
S-PVP-GW 40 20 [5]

BiOBr 50 42.14 [30]
BiOI-Bi,0O,-MgO 10 4.60 This study

3.4. Photo-discoloration study of RhB
3.4.1. Comparative study

The comparison of the photocatalytic efficiency between
the B/B/M-400 and other photocatalysts is shown as a his-
togram in Fig. 6. First, it appears from the histogram that
the direct photolysis (without material) of 4 mg/L of RhB
is almost negligible. Indeed, about 10% yield was obtained
after 120 min and remains unchanged even after 3 h of irra-
diation. Exactly and at 10 mg/L of RhB aqueous solution,
100% of discoloration with B/B/M-400 was attained after
110 min. While, during the same time, yield of 33.78%,
27.80% and 77.51% were obtained with Bi,O,; BiOI and
TiO,-P25 respectively. Otherwise, with the material B/B/M-
550 a very poor photocatalytic yield was obtained at the
same dye concentration and during the same time. This is
possibly due to the absence of the BiOI phase of the mate-
rial as a consequence of the probable total volatilization of
iodine at 550°C.

3.4.2. Kinetics of the photo-discoloration

In this part, the study was carried out only in the pres-
ence of the best photocatalyst named B/B/M-400. The plot
of the C/C, ratio of the photo-discoloration kinetics of
RhB at different concentration as a function of time is pre-
sented in Fig. 7A. First, it emerges from the graph that RhB
is more or less resistant to visible light irradiation without
photocatalyst. In fact, a photo-discoloration yield of »10%
was achieved after 120 min under visible light irradiation.
This poor yield of discoloration remained unchanged even
after 180 min. Secondly, with B/B/M-400, photo-discol-
oration of RhB was evaluated by varying the dye concen-
tration from 2 to 10 mg/L at natural pH 5.65. The plotted
curves show that for each dye concentration, photo-dis-
coloration is fast and efficient with B/B/M-400 compared
to reference photocatalysts. For indication, in the case of
a concentration of 10 mg/L for example, 100% discolor-
ation was obtained after 110 min of irradiation under vis-
ible light. Six studies [31-36] were chosen and reported
in Table 3 for comparison between their results and those
of this present work.

3.4.3. Modeling the kinetics of photodegradation

Modeling of pseudo-first-order model, which may be
applied on a linear form indicated by Eq. (5), can be used
to characterize the kinetics of the photodegradation rate
of most organic molecules.



B. Benalioua et al. / Desalination and Water Treatment 281 (2023) 265-275

C.
ln i,corr :K t (5)

where k_is the apparent rate constant, C,  (corrected
initial concentration after dark adsorption) and C, is the
concentration at time t. Plots of In(C, /C) vs. reaction
time are shown in Fig. 7B. The photocatalytic discoloration
kinetic data had been in good agreement with the pseudo-
first-order kinetics based on the good correlation coeffi-
cient values (R? > 0.9568), for dye concentrations ranging
from 2 to 10 mg/L. Table 4 displays the kinetic constants
values (k. ) and rate of initial concentration V, at differ-
ent initial RhB concentrations with the solid/solution
ratio of 1 g/L and natural pH of the solution 5.65. It can be
observed that the initial velocity increases with the increase
of the initial dye concentration with correlation coefficient
values R? higher than 0.903 in the range 2-10 mg/L of initial
dye concentration. From Table 4 it can be seen that there is
a relationship between the initial photo-discoloration rate
and the initial RhB concentration. This relationship can be
successfully represented by the Langmuir-Hinshelwood
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Fig. 6. Comparative study between prepared materials uncal-
cined and calcined at different temperature and benchmark
photocatalysts on photo-discoloration of RhB at 10 mg/L under
visible light.
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kinetic model used for heterogeneous photocatalytic
degradation [20,37,38] and expressed by Eq. (6).

KK LG

ads™ "L—H ~i,corr (6)

1+K,_,.C,

i,corr

V. =K

i app —i,corr

Eq. (7) was determined after the linearization of Eq. (6).
It shows the correlation between 1/V, and 1/C,

i,corr’

1_1 1 1 -
V. K, K_K

L-H L-H™ “ads

i,corr

where V. (mg/L-min) is the initial rate of the photocatalytic
discoloration, K, (mg/L-min) is the Langmuir-Hinshelwood
rate constant, K ,_is the adsorption equilibrium constant on
photocatalyst in (mg/L), and C, _ is the initial dye concentra-
tion corrected after adsorption in dark (mg/L). The inverse
of the initial rate as a function of the inverse of the corrected
initial dye concentration is shown in Fig. 8. According to the
figure, the curve is linear and indicates that the photocata-
lytic reaction follows the Langmuir-Hinshelwood model.
The values of the rate constant K, , (0.189 mg/L-min) and
the adsorption equilibrium constant K , (0.082 L/mg) were
determined from the slopes of Fig. 8. First observation made
is that the value of the constant K,_, is significantly higher
than that of K_, . This result is frequently observed in the lit-
erature, several hypotheses have been put forward to explain
this difference. Lin et al. [39] assume that this increase
in K, is due to photo-adsorption, whereas according to
Cunningham and Al-Sayyed [40], the photodegradation reac-
tion takes place not only on the surface but also in solution.

3.4.4. Active species identification

The superoxide O;-, HO" radicals, holes and electrons
photo-generated are active species that contribute mutually
or individually in the photocatalytic degradation of organic
pollutants. The addition of scavengers (active species
inhibitors) has been proposed to identify the responsibility
of each species on dye degradation [21,22]. Fig. 9 shows the
role of different scavenger effect on the efficiency of photocat-
alytic discoloration of RhB by B/B/M-400 under visible light.
A complete discoloration was obtained after 110 min without
any scavengers. The addition of Na,EDTA (as h* scavenger)
decreases the rate of discoloration. Indeed after 110 min of

Table 3

Comparison between this present work with the reported literature studied so far using different light sources
Photocatalyst [RhB] Light source (power or irradiance) % degradation (time) References
a/B-Bi,0O, 10 mg/L Visible (9 Watt with irradiance of 33 W/m?) 80 (210 min) [31]
Bi,0, nanofibers 20 mg/L UV-A 95 (120 min) [32]
a-Bi,0, Xe (300 W) 36 (60 min) [33]

20 mg/L

Bi,0,/BiOCI mg/ 100 (60 min)
a/B-Bi,0, 10 ppm Natural sunlight 89 (120 min) [34]
a/B-Bi,0O, 10°M Natural sunlight 99.7 (180 min) [35]
Bi,O, nanoflakes 10°M Xe (500 W) 90% (5 h) [36]
BiOI/Bi,0,/MgO 10 mg/L Visible light tungsten (500 W) 100 (110 min) This work
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irradiation only 43.26% was obtained. Furthermore, about
89.20% of discoloration was achieved during the same irra-
diation time when ascorbic acid (as superoxide scavengers)
was used. In addition, the presence of K,.Cr,O, (as e” scav-
enger) causes a small decrease in photo-discoloration rate
when compared to the case without scavengers. However,
full discoloration was obtained within 60 min when t-buta-
nol (as a scavenger of OH") was used; but strong adsorption
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Fig. 7. (A) Photo-discoloration kinetics of RhB by B/B/M-400

at different concentrations and (B) application of the pseu-
do-first-order kinetic model to the photo-discoloration of RhB.

Table 4

of the dye in the dark was observed which aided probably
this rapidity in the photo-discoloration of RhB after 60 min.
This result indicates that h* is the active species predom-
inantly responsible for the discoloration with a moderate
and minimal contribution of O;~ and e~, respectively.

3.4.5. Photocatalytic reaction mechanism

The reaction mechanism of the photocatalytic discol-
oration of RhB by the photocatalyst has been proposed
in Fig. 10. Firstly, the location of the valence and conduc-
tion bands edge of BiOl, Bi,O,, and MgO were calculated
by Mulliken electronegativity theory via Egs. (8) and (9)
[5,41,42]:

E,y =%~ Ec+0,5E, ®)

s = Eg —Evp )
where E_. is the energy of free electrons on the scale of
hydrogen, around 4.5 eV. And Y is the absolute electroneg-
ativity of the samples. Indeed, the value of x of BiOl, Bi,O,,
and MgO are respectively 5.99, 6.23, and 4.75 eV, that are
close to those found in the literature [11,43,44]. According

40

35+

y =64.55309 x + 5.28942
30+ R?=0.9883

15
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i, corr

Fig. 8. Langmuir-Hinshelwood kinetic model plots of RhB pho-
to-discoloration under visible light by B/B/M-400 (pH, = 5.65;
solid/solution ratio = 1 g/L).

Kinetics parameters of RhB photo-discoloration at different initial dye concentration under visible light

Photocatalyst C, (mg/L) C,core (mg/L) K., (min™) V. (mg/L-min) R?
2.0 1.73 0.015 0.02595 0.9038
4.0 3.33 0.013 0.0433 0.9826
B/B/M (400°C) 6.0 5.27 0.011 0.0579 0.9830
8.0 7.88 0.009 0.0709 0.9851
10.0 9.78 0.008 0.07824 0.9972
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Fig. 9. Identification of the active species with different scaven-
gers on the photocatalytic discoloration of RhB under visible
light in the presence of B/B/M-400.

to Egs. (8) and (9); the value of E, and E_, are respectively
2.42 and 0.56 eV for BiOI; 3.08 and 0.37 eV for Bi,O,, and
2.42 and -1.92 eV for MgO.

The energy of the photons (E, < 3.2 eV) coming from
the visible lamp (A > 400 nm) is greater than that of the
band gap of the photocatalysts of BiOI (1.86 eV) and Bi,O,
(2.71 eV) [11]. Thus, electrons from VB of BiOI (2.42 eV)
and Bi,0, (3.08 eV) are excited and should be transferred to
the CB of BiOI (0.56 eV) and/or Bi,0O, (0.37 eV) thus form-
ing pairs e/h* (reaction 1). Photon energy from the visible
lamp can stimulate valence band electrons to the most neg-
ative energy level (BiOI -0.68 eV, and Bi, O, -0.13eV). Since
the energy level of CB of Bi,O, is higher than that of BiO],
the e~ should move from the CB of BiOI to CB of Bi,O,.
The latter is also lower than the energy level of the cou-
ple O,/O;~ (-0.046 eV NHE) [45,46]. Thus, the CB of BiOI
and that of Bi,O, are considered as electron donors to dis-
solved oxygen. Accordingly, the dissolved oxygen should
react with the electrons of CB to give the superoxide anion
radical (reaction 2).

Otherwise, the difference energy between LUMO
(-1.42 eV) and HOMO (0.95 eV) of RhB [47] is lower than
the photon energy of visible light (E, < 3.2 eV), the transi-
tion of the RhB electrons occurs to form RhB* (reaction 3).
In fact, an electron jumps from LUMO to the CB of Bi,0O,
and/or BiOlI to give RhB* (reaction 4). And as the valence
band energy of Bi,O, is higher than that of BiOl. Moreover,
the holes of VB of Bi,O, can be transferred to the VB of BiOl.

Regarding the production of free radicals, as the VB
energy of BiOlI is higher than that of OH/OH" (1.99 eV)
[48] the hole (h*) at VB of BiOI should react with H,O
molecules to give radical OH"® (reaction 5). While e~ can
be delivered by the CB of MgO (reaction 6). The latter
can react with dissolved oxygen to form O, (reaction
7). Then, the radical formed can probably react with H*
protons to give H,0, (O,/H,0,, 0.682 eV) [49] (reaction
8). These radicals (OH*, O,~, H,O,) can lead to the min-
eralization of the RhB into small molecules (reaction 9).

C MgO /

_1 - e e

0 = ec 0136V [E (02 0;7)
= -0.046eV
- CB. 037¢v

1F ’ : )
o RhB

'E 42
[~ Products +H,0 + CO, VB —E(OH™/OH")
= 3 3.08¢V 1.99.¢%
& pw 99 ¢

3 E H,0

Fig. 10. Proposed mechanism of the photocatalytic discoloration
of RhB by BiOI/Bi,0,/MgO under visible light.

The recombination of electron/hole pairs at the B/B/M-
400 (BiOI/Bi,O,/Mg0O-400) heterojunction interface is
slow which gives a high photocatalytic performance
(reaction 10). As a result, an association of reactions
describes the mechanism of photodegradation of RhB by
the B/B/M-400 (BiOl/Bi,0,/Mg0-400):

BiOI - Bi,O, ~MgO + hv — BiOI - Bi,0, ~MgO(e" + k") (I)

e +0, 50" (I
RhB + hv — RhB’ (IIT)
RhB’ + CB — RhB" (IV)

BiOI - Bi,O, (h") + H,0 — BiOI - Bi,0, + H" + HO' )

BiOI - Bi,O, (¢”) + MgO — BiOI + Bi,0, +MgO(e”)  (VI)
MgO(e")+0, >0 +MgO (VII)
207 +2H" -0, + H,0, (VIIT)

RhB* + HO® + O] — intermediates + CO, + H,O + Products
(IX)

h"+e — heat(slow reaction) X)

3.4.6. Photocatalyst regeneration

The stability of B/B/M-400 was evaluated after four uses
(Fig. 11). From the fourth use a small decline in photocat-
alytic efficiency of about 3.5% was observed after 110 min.
This could confirm that the recombination of the e7/h*
pair of the new hetero-structured photocatalyst is negli-
gible. The B/B/M-400 photocatalyst can be judged to have
stability and preserve its photocatalytic efficiency after
4 uses and maybe more.
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Fig. 11. Reuses and stability performance of B/B/M-400.

4. Conclusion

A Bi,0,/BiOI/MgO hetero-structured ternary material
was prepared by the hydrothermal route followed by a heat
treatment at different temperatures. The heat treatment
of the material obtained has made it possible to increase
the photocatalytic efficiency but beyond 400°C, this effi-
ciency drops. The efficiency obtained with the material
treated at 400°C is probably due to the presence of the
three structures BiOl, Bi,O, and MgO in adequate propor-
tions. Each brings its contribution thanks to its properties.
The heat treatment plays an important role in the restruc-
turing of the phases but can also destroy certain phases,
for example the volatilization of certain atoms such as the
halogens (here the iodine which begins to volatilize from
400°C). However, the combination of the three there-
fore reduced iodine volatilization and promoted the effi-
ciency of the three semiconductors over the efficiency
of each alone. This new combined photocatalyst could
be a good candidate in the treatment of polluted water.
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