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Synthesis of novel Bi2O3–montmorillonite nanocomposite with
enhanced photocatalytic performance in dye degradation
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A B S T R A C T

Novel Bi2O3–montmorillonite nanocomposite photocatalyst was synthesized and characterized by
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction
(XRD). Effect of Bi2O3 intercalation with montmorillonite clay on photocatalytic performance of
Bi2O3–montmorillonite under visible light irradiation was systematically investigated. The results
indicate that Bi2O3–montmorillonite shows enhanced adsorption and photocatalytic performance for
Congo red (CR) removal under visible light irradiation. Higher rate of light absorption and lower rate
electron–hole pair recombination are responsible for the increase in photocatalytic efficiency. Adsorption
of CR on Bi2O3–montmorillonite follows pseudo-second-order kinetics and the adsorption isotherm
follows Freundlich isotherm. The monolayer capacity was observed to be 500 mg g�1. The maximum
percentage removal achieved upto 86.4% at pH 9 for 2 g L�1 photocatalyst dose. Photocatalytic
degradation of CR by Bi2O3–montmorillonite proceeds via advanced oxidative process.
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Introduction

Ever increasing development of dye industry causes dye
pollution. It plays important role in increasing environmental
pollution [1]. Their removal from wastewater is very difficult task
[2]. Most of the conventional water treatment methods are
ineffective for decolourization and degradation of the dyes from
the wastewater [3–5]. These methods are also cost ineffective and
sometimes partial oxidation of organic contaminants produces
more toxic secondary pollutants than parent compounds [5,6].
Advanced oxidative processes (AOP) are the best alternative to the
conventional methods for the complete and efficient degradation
of the organic pollutants from the wastewater with considerable
decrease in toxicity [6–8]. It includes set of various methods like
Fenton and Fenton-like reactions, photo-Fenton and photo-
Fenton-like reactions, ionizing radiations [9,10]. One of the AOPs
is a photocatalysis process which involves generation of hydroxyl
radicals that reacts with most of the organics and mineralizes them
into CO2, H2O and inorganic ions [11].

Semiconductor based photocatalysts received much attention for
the removal of dyes from wastewater. Out of these photocatalysts,
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TiO2 based photocatalysts are most popular [12]. These are activated
by UV light, which is only 2–3% of solar light. Therefore, researchers
have been focusing their attention to develop visible light induced
photocatalysts having a lower band gap.

Bi2O3 has a lower band gap 2.58–2.85 eV [13]. Thus, for the
excitation of electron from valence band to conduction band
requires visible light irradiations. Bi2O3 exhibits good photo-
catalytic efficiency for the removal of different dyes [14,15]. The
natural clay like montmorillonite being inexpensive and easy
availability, it is efficiently used for the removal of organic
pollutants from wastewater by adsorption. Montmorillonite is
consists of three-layered structural units, made up of two silica
tetrahedral sheets and a central alumina octahedral sheet. The
surface of montmorillonite can be used to prevent the guest
particles from aggregation [16]. Efficiency of semiconductor based
photocatalysts can be increased by incorporation into natural clays
by forming nanocomposite materials [1,17]. These nanocomposites
exhibits increasing photocatalytic efficiency due to their cation
exchange capacity, basal space, larger surface area and adsorption–
desorption property [18–20]. The intercalation of Bi2O3 with
montmorillonite clay should be promising method to enhance
photocatalytic performance of Bi2O3.

Present study involves incorporation of Bi2O3 semiconductor
with montmorillonite clay to obtain Bi2O3–montmorillonite
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nanocomposite. The resulting nanocomposites were characterized
by SEM, EDS and XRD. The objective of this study is to investigate
the photocatalytic degradation of CR in the presence of a visible
light source and nano Bi2O3–montmorillonite as composite
photocatalyst. The effect of the key operating parameters, viz.
catalyst dosage, pH, initial dye concentration and contact time in
the presence of visible light irradiation for the degradation of CR
was studied. The removal of CR occurs by photocatalysis and
adsorption.

Material and methods

All the chemicals used in the present study are of A.R. grade.
Montmorillonite K 10 was procured from Sigma–Aldrich, India.
Bismuth nitrate, cetyl trimethyl ammonium bromide (CTAB) and
CR are procured from S.D. Fine Chemicals, India and are used as
supplied without further purification.

Preparation of Congo red solution

CR is an anionic dye with molecular weight 696.68 g mol�1 (M.F.
C32H22N6O6S2Na2). Stock solution (500 mg L�1) of CR was prepared
in distilled water. The experimental solutions of required concen-
trations are prepared by diluting stock solution with distilled
water.

Synthesis of Bi2O3–montmorillonite nanocomposite

0.1 mmol Bi(NO3)3�5H2O is dissolved in 20 mL nitric acid (1.5 M)
to avoid hydrolyzation of Bi3+ ions by preventing precipitation of
BiONO3 [21–23], then 3 wt% of modified montmorillonite clay
(montmorillonite clay can be modified by insertion of CTAB to
increase the basal spacing) is added. The resulting mixture is
sonicated for 30 min to obtain uniform suspension. Then dilute
NaOH is added to this solution with continuous stirring for 30 min.
Then Bi2O3–montmorillonite nanocomposites are obtained by
successive centrifugation and dispersions in alcohol. Finally
nanocomposites are dried under vacuum and calcinated at
400 �C for 3–4 h.

Characterization of nanocomposite

The SEM images were taken using the Hitachi S-4800 (Japan)
FESEM. EDS analysis was performed by using Bruker X Flash 5030.
The XRD pattern of the samples were measured on a Brucker D
8 Advance X-ray diffractometer (Germany) using monochromat-
ized Cu Ka (l = 0.15418 nm) radiation under 40 kV and 40 mA and
scanning over the range of 10� � 2u � 60�.

Adsorption experiment

To study the adsorption of CR on Bi2O3–montmorillonite, the CR
dye solution is magnetically stirred with Bi2O3–montmorillonite in
dark for 60 min to ensure adsorption–desorption equilibrium
between the CR and Bi2O3–montmorillonite. Then changes in
concentration of CR are determined by UV–vis double beam
spectrophotometer (Systronics India model-2203) atlmax = 497 nm.
The amount of CR adsorbed on Bi2O3–montmorillonite is calculated
by Eq. (1).

qt ¼
ðCo � CtÞV

W
ð1Þ

where qt (mg g�1) is the adsorption capacity at time t; Co (mg L�1)
and Ct (mg L�1) are the initial CR concentration and the CR
concentration at time t; V (L) is the initial volume of dye solution
and W (g) is the amount of nanocomposite.
Photocatalytic experiment

Photocatalytic degradation of CR by Bi2O3–montmorillonite was
carried out in a photocatalytic reactor having a 500 W halogen lamp.
Cooling water jacket is used to maintain temperature inside the
reactor. Different nanocomposite doses are added to the 50 mL dye
solution (20–80 mg L�1) and then placed in a photocatalytic reactor.
At regular intervals, sufficient amount of sample was withdrawn and
then after centrifugation changes in the dye concentration were
determined by UV double beam spectrophotometer. The percentage
removal of CR was calculated by Eq. (2).

Percentage removal ¼ Co � Ct

Co

� �
� 100 ð2Þ

Results and discussion

SEM and EDS analysis

Nano Bi2O3 has rod shape [24]. Fig.1a shows the well dispersion
of Bi2O3 nanorods over montmorillonite clay. This proves good
combination between them and the existence of Bi2O3–montmo-
rillonite nanocomposite. Such types of crystalline nanorods are
absent in natural montmorillonite clay (Fig. 1b). Fig. 1c shows the
elemental analysis of material surface obtained by electron
dispersive X-ray spectroscopy (EDS). Fig. 1c shows that Bi2O3–

montmorillonite contains O K (45.72%), Bi K (24.68%), Na K (4.79%),
Si K (21.42%), Al K (2.78%), Mg K (0.45%) and Ca K (0.17%). Bi peaks
are absent in EDS of montmorillonite while EDS of Bi2O3–

montmorillonite micrograph shows the presence of peaks of Bi
and O proves existence of Bi2O3 in the nanocomposite.

XRD analysis

The XRD patterns of Bi2O3, montmorillonite and Bi2O3–

montmorillonite are shown in Fig. 2. The diffraction pattern of
Bi2O3 shows major peaks at 2u of 21.28�, 28.64�, 33.47� and 34.41�.
The XRD peaks matches with the reported values [25]. XRD
patterns of montmorillonite clay contain major peaks at 2u of
18.94�, 23.28�, 25.77� and 34.06�. The XRD analysis indicates that
all the diffraction peaks of Bi2O3 and` montmorillonite are present
in XRD pattern of Bi2O3–montmorillonite nanocomposite.

Adsorption study

Effect of contact time and initial dye concentration
The effect of contact time on adsorption of CR by Bi2O3,

montmorillonite and Bi2O3–montmorillonite is shown in Fig. 3. It
indicates that adsorption of CR over Bi2O3–montmorillonite is
faster than Bi2O3 and montmorillonite. The rate of adsorption is
faster for first 30 min, then it attains equilibrium. The faster
adsorption upto 30 min is due to availability of more number of
sites for adsorption. Later on the repulsion between solute and bulk
phase causes difficulties in occupying remaining sites. It results
into lowering of adsorption rate.

Fig. 4 shows the effect of initial dye concentration on adsorption
rate. It shows that as initial dye concentration increases then rate of
adsorption also increases with contact time. The amount of dye
adsorbed qt increases from 14.54 to 66.36 mg g�1 as initial dye
concentration increased from 20 mg L�1 to 80 mg L�1 with increase
in the percentage removal from 72.7 to 82.9% for 1 g L�1 adsorbent
dose.

Effect of pH
The pH of the dye solution plays significant role in photo-

catalytic degradation of the dye solution [26,27]. The effect of pH



Fig. 1. The SEM images of (a) Bi2O3–montmorillonite and (b) montmorillonite. The EDS spectra of (c) Bi2O3–montmorillonite.
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was investigated from pH 1 to 10 at 20 mg L�1 initial dye
concentration for 1 g L�1 photocatalyst dose. It was observed that
percent removal at pH 1 was 9.1%, then it increases upto 72.7% for
pH 9 and again decreases on increase in pH. As pH increases from 1
to 9% removal also increases. To find out effect of pH on percentage
removal of CR, zero point charge (ZPC) of the catalyst was
determined. The ZPC of Bi2O3–montmorillonite was found to be
9.0. At the pH lower than ZPC, surface of Bi2O3–montmorillonite
becomes positively charged. There is electrostatic attraction
between positively charged Bi2O3–montmorillonite and anions
of CR dye. Thus rate of adsorption of CR onto Bi2O3–montmoril-
lonite surface is higher pH below ZPC.

Adsorption kinetics
Adsorption kinetics gives an idea about mechanism of

adsorption. The adsorption kinetics of CR was studied with the
help of pseudo-second-order model as given by Eq. (3) [28,29].

t
qt

¼ 1
K2q2e

þ t
qe

and h ¼ K2q2e ð3Þ

where K2 is pseudo-second-order rate constant (g mg�1min�1), h
is initial rate (mg g�1min�1). The linear plot of t/qt vs t (Fig. 5) with
regression coefficient r2� 0.990 shows good agreement with
experimental qe values (Table S1; Supplementary material). This
indicates that adsorption of CR over Bi2O3–montmorillonite
belongs to pseudo-second-order kinetics.

Adsorption isotherm
The linear form of Langmuir isotherm is represented as follows

[1],

Ce

qe
¼ 1

ab
þ Ce

a
ð4Þ

where Ce is equilibrium concentration of dye, qe is amount of dye
adsorbed per unit mass of adsorbent (mg g�1), a is monolayer
coverage capacity (mg g�1), b is Langmuir isotherm constant
(L mg�1). Langmuir isotherm describes homogeneous monolayer
adsorption. Adsorption occurs at finite number of identical and
equivalent sites without any interaction between the adsorbed
molecules. Dimensionless factor or separation factor RL values
describes Langmuir adsorption isotherm whether adsorption is
favourable, unfavourable, linear or irreversible. The present study
reports value of RL lies between 0 and 1 indicates favourable
adsorption process (Table 1).

Linear form of Freundlich adsorption relationship is given as
[30],

logqe ¼ logKF þ 1
n
logCe ð5Þ



Fig. 2. XRD patterns of the montmorillonite, Bi2O3 and Bi2O3–montmorillonite.
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where KF is Freundlich isotherm constant (mg g�1) (L g�1)n related
to adsorption capacity, Ce is equilibrium concentration of dye,1/n is
a measure of adsorption density or surface heterogeneity ranges
between 0 and 1. Freundlich adsorption isotherm assumes
heterogeneous, non-ideal, reversible and multilayer adsorption.
Linear plot of log qe vs log Ce (Fig. 6) shows applicability of
Freundlich isotherm. Slope less than 1 indicates chemisorption;
more than 1 indicates co-operative adsorption while closer to
0 indicates heterogeneity. The present study reports slope values
more than 1 indicates adsorption of CR over Bi2O3–montmorillon-
ite is co-operative adsorption (Table 1).

Freundlich isotherm has higher regression coefficient (r2) and
1/n values while Langmuir isotherm has lower regression
coefficient (r2) values. Thus, Freundlich adsorption isotherm is
the most appropriate isotherm for adsorption of CR on Bi2O3–

montmorillonite.
Fig. 3. Effect of contact time on adsorption of CR on m
Photocatalytic study

Photocatalytic performance of Bi2O3, montmorillonite and
Bi2O3–montmorillonite was studied for the removal of CR
(Fig. 7). The CR dye solutions along with catalyst are placed in a
dark for 60 min to ensure adsorption–desorption equilibrium. It
was then followed by photocatalytic degradation under visible
light irradiation by considering time t = 0. The percent removal of
CR by adsorption after 60 min using Bi2O3, montmorillonite and
Bi2O3–montmorillonite are 10.2, 31.8 and 51.1%, respectively. This
indicates that Bi2O3–montmorillonite has higher adsorption
efficiency as compared to Bi2O3 and montmorillonite. It is
reasonable to believe that when more organic molecules are
adsorbed on the photocatalyst surface; the greater is the
probability of the degradation.
ontmorillonite, Bi2O3 and Bi2O3–montmorillonite.



Fig. 4. Amount of dye adsorbed qt (mg g�1) with time for different initial CR dye concentration; pH 9, Bi2O3–montmorillonite dose 1 g L�1.

Fig. 5. Second-order kinetics plots for the removal of CR at different initial dye concentrations; Bi2O3–montmorillonite dose 3 g L�1, pH 9.
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After visible light irradiation for 35 min the removal of CR via
photocatalytic degradation achieved by Bi2O3, montmorillonite
and Bi2O3–montmorillonite 55.7, 34.1 and 82.9%, respectively. This
exhibit that in the removal of CR, photocatalytic degradation was
the dominant process than adsorption.

Degradation of CR can be explained on the basis of AOP by
heterogeneous photocatalysis. AOP involves generation of
electron–hole pair. They are again generates O2

�� and �OH radicals,
respectively. These radicals are highly reactive and responsible for
oxidative degradation of CR. While photogenerated hydrogen atom
from water is responsible for reductive degradation [17]. Alcohols,
Table 1
Freundlich and Langmuir isotherm constants for adsorption of CR on Bi2O3–montmorill
contact time 30 min.

Dye concentration (mg L�1) Freundlich coefficient 

KF (L g�1) n 1/n 

20 4.3351 0.999 1.002 

40 3.6813 0.998 1.001 

60 1.4355 0.719 1.390 

80 0.6950 0.605 1.652 
like methanol and isopropanol are commonly used as scavengers
for �OH mediated degradation mechanisms [31,32]. Though direct
oxidation of small aliphatic alcohols by photogenerated holes
probably happens, it is negligible thus it is omitted. Present study
involves use of isopropanol as scavenger. Fig. 8 shows that
photodegradation of CR decreases to 59.1% in presence of i-PrOH as
compare to photodegradation carried out in aqueous medium
(86.4%). Decrease in percent removal indicates that �OH radicals
acts as predominant species in photocatalytic degradation of CR
than O2

��.
onite for different dye concentration and photocatalyst dose of 0.2–2 gL�1 at pH 9;

Langmuir coefficient

r2 a (mg g�1) b (g L�1) RL r2

0.970 23.26 0.0804 0.3834 0.983
0.923 200.00 0.0235 0.5155 0.832
0.978 500.00 0.0097 0.6321 0.929
0.980 166.67 0.0526 0.1920 0.941



Fig. 6. Freundlich plot for adsorption of CR by Bi2O3–montmorillonite.
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To confirm the stability of the high photocatalytic performance
of the Bi2O3–montmorillonite nanocomposite, the recyclability of
the Bi2O3–montmorillonite in the photocatalytic degradation of CR
under visible light irradiation were investigated. To study its
recyclability, the powdered nanocomposite was allowed to settle
by gravity after the photocatalytic degradation. The recovered
nanocomposite was then collected and reused for 2 times under
same photodegradation conditions. Fig. 9 shows removal of CR by
Bi2O3–montmorillonite after the 1st run achieved upto 86.4% after
30 min. After the 3rd run, removal of CR decreases down to 74.9%.
Loss of the recycled catalyst during sampling is responsible for the
decrease in the removal of CR. Fig. 9 shows that Bi2O3–

montmorillonite has excellent stability and does not show
significant loss in its activity after 3 cycling runs. This reflects
that Bi2O3–montmorillonite does not suffer from photo-corrosion
during degradation. This indicates the practical applicability of the
Bi2O3–montmorillonite nanocomposite for the photocatalytic
degradation of the CR dye.
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Conclusion

Bi2O3–montmorillonite nanocomposites have been successfully
synthesized by sonochemical method. The Bi2O3–montmorillonite
exhibits good photocatalytic efficiency for the photocatalytic
degradation of CR in presence of visible light irradiation.
Improvement in photocatalytic activity was observed when
Bi2O3 was incorporated with montmorillonite clay by intercalation
method. Improvement in photocatalytic activity was due to
decrease in recombination of photo electron–hole pair and
combined effect of adsorption and photocatalytic degradation.
The adsorption kinetics follows pseudo-second-order kinetics,
while adsorption isotherm follows Freundlich isotherm. The
separation factor RL in the present study reveals favourable
adsorption process. The study of photocatalytic mechanism shows
OH radicals, acts as the predominant species in photocatalytic
degradation of CR than O2

�� suggesting oxidative mineralization.
Furthermore, the novel Bi2O3–montmorillonite nanocomposites
with high mineralization efficiency, high stability and recyclability
could be the potential material for the wastewater treatment on an
industrial scale.
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