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Abstract

In the past decades, there has been a growing tendency to study the different techniques that can increase the
photocatalytic efficiency as well as recyclability of new products “photocatalysts” for water treatment. In this last
research the effect of bismuth addition to titanium was investigated. Bi/Ti-pillared montmorillonites have been
prepared from natural Algerian bentonite exactly from deposits of Maghnia situated in the west side of the coun-
try. These nanocomposites were characterized by X-ray diffraction (XRD), Brunauer-Emmet-Teller (BET), scan-
ning electron microscopy (SEM) methods, and Fourier Transformed Infrared (FT-IR). The photocatalytic activities
have been tested for the removal of pentaclorophenol (PCP) in water. The effect of preparation conditions, the pH
of the solution and photocatalysts concentration, on these activities has been investigated. It was found that the
photocatalytic degradation increase by addition of bismuth in pillaring process. The Mont-Bi-Ti is shown to be the
best photocatalyst in term of photocatalytic activity.
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1. Introduction Pentachlorophenol (PCP) is a highly chlorin-
ated hydrocarbon more used as bactericide, in-
secticide, herbicide and wood preservative. This
compound is carcinogenic and harmful to plants,
human and animals even at weak concentra-
tions [2,3]. PCP is known as an environmental
precursor for the formation of polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs), which are seriously tox-

Chlorophenols have the ability to bioaccumu-
late in organisms, alongside potential mutagen-
ic and carcinogenic effects. More over these
products change the quality of drinking water.
For this reasons, they are listed as a first pollu-
tants in most water regulation authorities [1].
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waste water treatment technologies can't re-
move chlorophenols when dissolved in aqueous
systems [1].

The heterogeneous photocatalytic oxidation
1s one of the very promising technologies, based
on the total mineralization of dangerous organ-
ic compounds that are so difficult to be degrad-
ed [4]. As one of the most successful methods,
photocatalysis attracted increasing environ-
mental and energy concerns. Among known
photocatalysts, titanium dioxide (TiO2) is used
as an important semiconductor material with a
lot desirable properties, like the absence of tox-
icity, exceptional physical and chemical stabil-
ity, and low cost. Even though it has well
known performances and stabilities, TiOz
based photocatalysts present limited applica-
tions due the wide bandgap energy (3.2 eV) and
high recombination rate. To enhance photo-
catalytic activity of TiOg2, a lot of ways were
widely used and developed; like the ones which
include doping various ions into TiO2 lattice,
sensitization by using absorbed molecules [5].
The enhancement of photocatalytic activities
can be achieved mainly by decreasing the parti-
cle size of photocatalysts down to nanoparti-
cules, development and optimization of binary
semiconductors nanostructured materials and
reducing the global process cost requires, avoid-
ing microfiltration by immobilizing the semi-
conductor catalyst on a support [4].

Earlier studies indicate that clay supported
semiconductor nanocomposites are found to be
a promising technique for wastewater treat-
ment. It improves photocatalytic activity as it
provides larger surface area, basal space and
cation exchange capacity. Montmorillonite is
abundant and low cost clay. It is effectively
combined with different semiconductors to form
composites for its adsorption desorption proper-
ty [6]. The progress realized in clay pillaring
method by several metallic species points to the
application of semiconductor-pillared clays as
photocatalysts. The intercalated semi conduc-
tors in the interlayer spaces of clays, in the
form of nanosize pillars could enhance its pho-
tocatalytic activity. In addition, the high ad-
sorption capacity of clay and its high surface
area could also facilitate the retention of the
pollutants and their intermediate products of
photocatalytic degradation. Meshram et al. [7]
reported removal of phenol, Riaz et al. [8] stud-
ied the removal of orange G and Hamane et al.
[9] focus on the removal of Pb+2, using different
bentonite based composites.

Different methods have been adopted to en-
hance TiO: photocatalytic efficiency, like ion
doping [10], dye-sensitization [11], polymer-

sensitization and doping with junction semi-
conductors [12-18]. However, these doping pro-
cesses change other physical properties such as
the lifetime of e— h* pairs, adsorption charac-
teristics and photoelectrochemical stability.
Bi2Os is an important non-toxic narrow band
gap photosensitizer with a direct band gap of
2.1-2.8 eV, and its capacity of oxidation by
electron holes of Bi2O3 is considered as an im-
portant condition for a kind of good photocata-
lytic materials [19]. But the photocatalytic ac-
tivity of Bi20s3 is low due to the photocorrosion
and fast recombination of photogenerated elec-
tron—hole pairs. In current years, the develop-
ment of Bi2O3-TiO2 composite photocatalyst
that can work effectively under visible light ir-
radiation with photochemical stability is a very
important topic in photocatalysis research [20].
Therefore, many works were done in this sub-
ject [20—24].

In the present study we have developed the
photocatalytic activity of nanocomposites
Bi20s/TiOz-pillared montmorillonite, character-
ized by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), Brunauer-Emmet-
Teller methods (BET), and Fourier transform
infrared (FTIR). The photocatalytic activity of
these nanocomposites is tested by the photo-
catalytic degradation of PCP. The influence of
various parameters as well a catalyst concen-
tration and pH has been studied.

2. Materials and Methods
2.1 Synthesis Procedure

The pillared montmorillonite clays were
prepared using bentonite from deposits of Ma-
ghnia in Western Algeria. According to a previ-
ously reported procedure [25], the purified raw
bentonite was dispersed in 1 M NaCl, separat-
ed from the solution and washed with water to
obtain a constant conductivity. The resulting
suspension was placed in a graduate cylinder
for allowing particles >2 um in size to settle
down. The suspension at the depth of 10 cm
containing only particles of size <2 pm was col-
lected with a Robinson—Kohn pipette. This op-
eration was repeated several times until the
suspension became almost transparent at the
depth of 10 cm. Particles of a size <2 um were
recovered by centrifugation, washed with wa-
ter and dialyzed to eliminate chloride ions in
excess and finally dried at 40 °C for 72 h. The
TiOz pillaring solution is prepared by using the
sol-gel method, where a colloidal solution was
prepared by the addition of Titanium tetra iso-
propoxide [Ti(CsH4032)4] and 1 N HCI, with a
molar ratio [HCI]/[Ti] = 4. The mixture was

Copyright © 2021, ISSN 1978-2993
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stirred for 3 h at room temperature which was
washed by distilled water, centrifuged and
dried at 40 °C for 72 h. Finally, the modified
clay was calcined during 15 min in a microwave
apparatus at 800 W [25—-28]. The photocatalyst
obtained was named Mont-TiOs. In a synthesis
procedure, 0.1 g of Cetyltrimethylammonium
Bromide (CTAB) was dissolved in 15 mL of ab-
solute ethanol under vigorous stirring at room
temperature. Then the resulting solution was
ultrasonicated for 15 min before mixing with 6
mL of Ti (C3H402)s. After 20 min of ultrasoni-
cation, a homogeneous solution was formed and
subsequently heated to 82 °C. At this time, a
certain amount of bismuth(III) nitrate pentahy-
drate [Bi(NOs)s.5H20] with 0.0175 of Bi/Ti
(atomic ratio) was added into the solution with
vigorous stirring, a yellowish sol was obtained
after 30 min of ultrasonication and 180 min
stirring [20]. An amount of 1 g of Mont was dis-
persed into 100 mL of water with vigorous stir-
ring for 18 h to obtain 1.0% (mass) Mont dis-
persion. The Bi-Ti pillaring solution was added
dropwise to this dispersion, with vigorous stir-
ring, for 24 h, to have Bi-Ti-Mont. The result-
ing mixture was centrifuged and washed sever-
al times with water. The solid product was
dried at 120 °C for 30 min and calcinated at
420 °C in a microwave, since this procedure is
known to lead to photocatalytic materials with
higher activity than that obtained by conven-
tional heating [4,26,27]. In our process, it was
necessary to add CTAB as the surface disper-
sant to make bismuth (III) nitrate pentahy-
drate evenly and stably suspended in ethanol
to form uniform suspensions.

2.2 Nanocomposites Characterization

The crystal phase of the resulting material
1s determined by powder X-ray Diffraction
(XRD) (Philips) with X’pent Pro PAN analytical
polycrystalline  diffractometer X’celerator
RTMS detector. Fourier Transformed Infrared
(FT-IR) spectra were recorded with Shimadzu
model 8900 spectrophotometer using a KBr pel-
let technique for solid samples in the range of
4000 to 400 cm™!. A scanning electron microsco-
py (SEM) model JEOL JSM-6360L, controlled
by a computer, was used to detect samples mor-
phology. The measurement of the specific sur-
face was made according to the method BET
(Brunauer, Emmet and Teller), by adsorbing
liquid nitrogen at 77.3 K, and by using a
Quantachrome ASiQwin Automated Gas Sorp-
tion.

2.3 Photocatalytic Activity

To study the adsorption of PCP on the pre-
pared nanocomposites samples, the PCP (10
mg/L) solution is magnetically stirred with
nanocomposites samples in dark for 60 min to
ensure adsorption—desorption equilibrium be-
tween the PCP and nanocomposites. Then
changes in concentration of PCP are deter-
mined by UV-Visible spectrophotometry at the
maximum wavelength of the absorption Amax =
214 nm. The photocatalytic activity of the pre-
pared nanocomposites samples were evaluated
by the decomposition of PCP. Each photocata-
lyst was mixed with PCP solution. Total vol-
ume of the aqueous solution for the photocata-
Iytic reaction was 20 mL, and the concentra-
tion of PCP was 10 mg/L, and 2.5 g/L of photo-
catalytic sample was suspended in this solu-
tion. The prepared solution was then irradiated
by UV lamp (Philips HPK brand lamp) with
125 W power, the theoretical energy of the
lamp being 47 W/m2. Cooling water jacket is
used to maintain temperature inside the reac-
tor. At given intervals of illumination, the sus-
pension was centrifuged and then filtered
through a millipore filter. The filtrates were
analyzed by UV-Visible spectrophotometry.

3. Results and Discussion
3.1 Characterization of the Photocatalysts
3.1.1 BET analysis

The specific surface area of samples was de-
termined by the Nitrogen adsorption-
desorption isotherms. The isotherms were ana-
lyzed by the BET method. The surface area of
the Mont-Na i1s 87 m2/g, which increase to 128
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Figure 1. Isotherms of the prepared samples.
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m2/g for Mont-Bi-Ti and to 129 m2/g for Mont-
TiO2. An increase in the BET surface area is
observed between the nanocomposites samples
is due essentially to an increase of the mi-
croporosity as indicated by the modification of
the shape of N2adsorption isotherm. The nitro-
gen adsorption-desorption isotherms for the
samples are presented in Figure 1. The sam-
ples show the isotherm of type IV (BDDT clas-
sification) [29]. At high relative pressure, the
isotherms of Mont-Na, Mont-TiO2 and Mont-
Bi-Ti exhibit hysteresis loops of type H3, this
indicates that the powders contained meso-
pores.

16kU X2, 080 10um 00BBVAS 43 SEI

e B s -
18kU %2, 880 10.m 0008 63 48 SEL ST
: * ¥ 7

Figure 2. SEM images of (a) Mont-Na, (b)
Mont-TiO:z and (c) Mont-Bi-Ti.

3.1.2 SEM analysis

Figure 2 shows scanning electron microsco-
py of the prepared samples, Mont-Na, Mont-
TiO2 and Mont-Bi-Ti. The morphologies of pre-
pared samples are quite similar. The shape of
montmorillonite particles does not change upon
introduction of the sensitizing material, sug-
gesting that TiOs2 and Bi2Os deposition do not
alter the montmorillonite structure. The same
observations have been made by other re-
searchers [30-33].

3.1.3 XRD analysis

X-ray powder diffraction is a useful tool to
characterize the phase structure of the materi-
als. The X-ray diffraction pattern of Mont-Na,
Mont-TiO2 and Mont-Bi-Ti are shown in Figure
3. For the purified montmorillonite, the peak at
20 = 6.9° corresponds to a basal distance doo1 of
12.8 A in agreement with what is well estab-
lished for sodic montmorillonite [25,31,32].
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Figure 3. XRD patterns of Mont-Na, Mont-
TiO2 and Mont-Bi-Ti.
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This result indicates the presence of a single
water layer in the interlayer space of montmo-
rillonite [34]. The diffraction pattern of Mont-
TiO2 shows a diffraction line doo1 at 26 = 5.05°
indicating the formation of titanium pillars as
corresponding to an increase of the basal dis-
tance to 17.48 A, while the pattern of Mont-Bi-
Ti shows a (001) peak at 26 =6.57°(d = 13.44
A) due to intercalation of polycations species of
titanium and bismuth. This change indicates
an increase in the basal spacing d (001). These
results reveal that the pillared clays samples
have good ordered layers structure with inser-
tion of titania and bismuth pillars, which caus-
es an increase in the clay basal spacing [4].
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Figure 4. FTIR spectra of a) Mont-Na, b)
Mont-TiOz and ¢) Mont-Bi-Ti.
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3.1.4 FT-IR analysis

Figure 4 shows the FT-IR spectra of the
Mont-Na, Mont-TiO2, and Mont-Bi-Ti nano-
composites, the band observed at 3625.92 cm™!
is attributed to the stretching vibrations of hy-
droxyl groups of the octahedral layer linked to
2 Al. the band around 3448 cm™! is due to the
stretching vibrations of the OH groups of wa-
ter. The observed peak band at 2364.57 cm™! is
attributed to O—H from H20 and COz adsorbed
on the surface grains while handling the sam-
ple under room atmosphere [30-35]. The ab-
sorption peak at 1631 cm™! is attributed to OH
deformation of water interlayer [30]. The in-
tense band around 1037 cm™! is due to the
stretching vibrations of Si—O characteristic of
aluminosilicates. The peak observed at 918
cm~! is due to the hydroxide (OH) deformations
linked to Al and/or Mg ions [36]. Also, the peak
in 520 and 466 cm~! are related to the stretch-
ing vibrations of tetrahedral atoms in montmo-
rillonite. The FTIR spectra reveal that the as-
prepared Mont-Na, Mont-TiO2 and Mont-Bi-Ti
samples present the same absorption bands as
the clay reference, indicating that the montmo-
rillonite structure remained almost unchanged

after treatment. This result is in good agree-
ment with previous observations [30-35].

1.2+ a)

0.0 T T T 1
0 50 100 150 200
Irradiation time (min)

12 —— Mont-TiO, b)

-=~ Mont-Bi-Ti

00 T 1 T 1
0 50 100 150 200

Irradiation time (min)

Figure 5. a) PCP photolysis and b) Adsorp-
tion of PCP with Mont-TiO2 and Mont-Bi-Ti.
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3.2 Photocatalytic Activity

Figure 5(a) illustrates the PCP photolysis.
The photolysis test without nanocomposites
showed that less than 4% of PCP was decom-
posed after 3 h of irradiation. Before each ex-
periment, the PCP and catalyst solutions were
first stirred for 1 h in the dark to reach an ad-
sorption—desorption equilibrium. Khalfaoui-
Boutoumi et al. and Dubey et al. [12,37] report-
ed that the adsorption of organic pollutants on
the surface of photocatalyst is helpful to pre-
vent the recombination of photoinduced elec-
tron and hole.

The optimum weight of catalyst is an im-
portant parameter to be investigated to avoid
ineffective excess of catalyst and to ensure the
total absorption of efficient photons. To study
the effect of catalyst loading on PCP degrada-
tion, experiments were conducted with differ-
ent catalyst loadings: 1, 1.5, and 2.5 g/LL at 10
mg/L initial PCP concentration, at solution pH
= 6.86. Figure 6 show the influence of the
Mont-TiO2 and Mont-Bi-Ti concentration on the

a)

- C=1¢g/L

0.0 T T T 1
0 50 100 150 200

Inrradiation time (min)

b)
1.2 1
- C=1g/L
- C=15¢g/L
- C=25g/L
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0 50 100 150 200

Inrradiation time (min)

Figure 6. Photocatalytic degradation of PCP,
with a) Mont-TiO2 and b) Mont-Bi-Ti, depend-
ing on catalyst concentration.

photocatalytic activity by following the reduc-
tion of PCP concentration in aqueous media.
The experimental results indicated that the ac-
tivity increased from 69 to 76% for Mont-TiOs
and 76 to 78% for Mont-Bi-Ti. This increase
might be explained by the reduction of the elec-
tron-hole pair recombination rate. The Bi ions
can play the role of electron acceptors. Hence,
photogenerated electrons and holes would be
more efficiently separated. Results indicate
clearly that the presence of both synthesized
photocatalyst and UV light irradiation is indis-
pensable for PCP degradation. The Bi ions in
the Mont-Bi-Ti may act as an electron trap or
may increase the band gap, which resulted in
the decrease in the recombination rate of pho-
togenerated electron—hole pairs under UV light
irradiation. The enhancement in photocatalytic
activity of Mont-Bi-Ti can also be due to the en-
hanced charge transfer efficiency of Mont-Bi-
Ti. The increase in surface area increases the
number of active sites, which in turn promotes
the separation efficiency of the electron—hole
pairs resulting in enhanced photocatalytic ac-
tivity (Figure 7) [38]. According to the obtained
results, the amount of catalyst was kept con-
stant at 2.5 g/L in all the rest of photocatalysis
experiments.

The pH value of the solution has a relevant
effect on the photocatalytic reaction because
the photocatalyst surface state of protonation,
its potential of zero charge, and the dissocia-
tion of PCP are all strongly pH dependent.
Surface charge promotes or inhibits coulombic
interactions during adsorption, thus favouring
inhibiting the interaction between catalyst and
pollutant, something well-known for a variety
of photocatalysts [30,39-41].

In this work, pH was varied in the range (3—
6.86) with initial PCP concentration of 10 mg/L
and 2.5 g/l of Mont-TiO2 and Mont-Bi-Ti cata-

CcB 0,
’f\ Reduction
e e g
,,,,,,,,,,,,,,,,,,,,,,,,, 0,
f
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OH+ H'
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Figure 7. Photocatalytic degradation mecha-
nism over Bi203/TiO2 composite.
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lyst load, to study its effect. As shown in Figure
8(a-b) the efficiency of the photocatalytic degra-
dation of PCP depends on the acidity of the me-
dium pH. PCP removal is better at acidic pH= 3
with a removal percentage around 84% after
200 min. As pH increases, the extent of remov-
al decreases, with a reduction up to 78% at
pH= 6.86. A similar observation has been re-
ported by Pelentridou et al. [42] on the effect of
pH on the photodegradation of the herbicide
azimsulfuron and also by Dougna et al. [37] on
phenol removal by photocatalysis. This result
can be explained by the repulsion forces be-
tween the catalyst surface charge and the
charge of pollutants molecules.

Indeed, the pHpzc of TiO2 is about 6.8 [43]
and the pKa of the pentachlorophenol is 4.75.
The presumably positively charged acidic me-
dia (pH< 6.8) and negatively charged basic me-
dia (pH > 6.8) will promote or inhibit the estab-
lishment of Coulomb electrostatic strength dur-
ing adsorption and can thus influence the inter-
action between the catalyst and the pollutant
surfaces [40].

CICs
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Irradiation time (min)
1.2+ b)
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1.0 - pH=5
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00 T T 1 1
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Figure 8. Photocatalytic degradation of PCP,
with a) Mont-TiO2 and b) Mont-Bi-Ti, de-
pending on pH variation.

It is assumed that the surface of Bi2Os/TiO:
catalyst is positively charged in acidic solution
while negatively charged in alkaline solution
[44]. Also, the pentachlorophenol is known as
an organic substance that has a negative
charge (Figure 9). Therefore, it is clear why the
highest degradation is obtained at acidic pH
compared to alkaline pH. The activity of the
catalysts may be due to the presence of a
strong electrostatic field between the surface of
the positively charged catalyst and the nega-
tively charged pollutant.

Another reason for the increase in degrada-
tion in an acidic medium is the production of
hydroxyl radicals, which were higher than in
an alkaline medium, so these radicals can in-
crease the oxidation potential. In addition, the
oxidation potential due to the recombination of
hydroxyl radicals in an acidic medium is lower
than that of an alkaline [45]. At low pH, the
adsorption of cationic organic molecules on the
photocatalyst surface increases, because the
photocatalyst surface has a positive charge,
which leads to increased adsorption of cationic
organic molecules. Therefore, the degradation
efficiency increases at low pH [24].

4. Conclusion

PCP could be effectively degraded by Mont-
TiO2 and Mont-Bi-Ti nanocomposites in aque-
ous solution under UV light. In this study, the
experimental results showed that the charac-
terization of these nanocomposites by XRD,
BET, SEM and FTIR analysis confirmed the
intercalation of TiOz2 and Bi203 in montmorillo-
nite. The results show that PCP photodegrada-
tion efficiency which was weak when photolysis
and adsorption were carried out. The photo-
catalysts Mont-TiO2 and Mont-Bi-Ti were suc-
cessfully used for photocatalytic degradation of
PCP in aqueous media, which proves the high
catalytic activity of the photocatalyst and a
better degradation obtained in acid medium
followed by the pH of the solution and photo-
catalysts concentration.

OH

Cl Cl

cl Cl

Cl

Figure 9. Chemical structure of Pentachloro-
phenol (PCP).
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