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ABSTRACT: Carboxymethyl cellulose (CMC)/bismuth ferrite (BiFeO3) nanocomposites 
with optical excitation of 490 nm were successfully prepared by impregnation method 
and were characterised by X-ray diffraction (XRD), Fourier transform infrared 
(FTIR) spectroscopy, scanning electron microscope (SEM) and UV-Vis technique. The 
photocatalytic efficiency of the composite was further evaluated by degradation of methyl 
orange (MO) at wavelength 464 nm under direct sunlight irradiation.  The incorporation of 
0.8 w/w% BiFeO3 catalyst within the CMC film had shown a remarkable removal efficiency 
of 10 ppm MO by 91.62% as compared to pristine BiFeO3 with only 0.7% removal.  
There exists efficient synergistic effect of photodegradation and adsorption of MO onto 
CMC-BiFeO3. Kinetics studies revealed that the MO removal dominantly governed by 
adsorption that obeys pseudo-second order kinetic model. The photocatalytic activity 
has high effect in acidic condition. The recycling ability of unwashed nanocomposite 
confirming that the photocatalyst was essentially stable.

Keywords: Photocatalytic degradation, carboxymethyl cellulose, bismuth ferrite, methyl 
orange, kinetic
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1. INTRODUCTION

The treatment of dye-contaminated water containing hazardous chemicals 
especially from the textile, printing and photographic industries is a growing need 
at a present time.1 Most dyes used for dyeing and printing process are synthetic in 
nature and composed of aromatic ring and azo groups (N=N bond) which are highly 
chromatic, noxious and easily decomposed into carcinogenic aromatic amine 
under deoxidisation conditions when discharged into water without appropriate 
treatment. Methyl orange (MO) dye is one of anionic dye with azo structure that 
easily absorbed by skin and accumulated in the body. The presence of azo group 
(N=N) can cause allergies on skin contact, being toxic by inhalation and ingestion, 
low biodegradability and harmful to aquatic lives.2 Therefore, the development 
of new materials for the removal of such dyes has been considered over the past 
decade.  

Various efforts to treat these harmful dyes from wastewater have been dedicated 
in fabricating efficient adsorption materials to overcome the limitation faced by 
conventional adsorbents like activated carbon, zeolite and synthetic fibres.1–3 

Thus, the search for more efficient and environmental-friendly approach to 
combine the concept of dyes adsorption and subsequently mineralise the dyes to 
be environmentally compatible is essential. To date, heterogeneous photocatalysis 
embedded adsorbent is now considered to be a promising approach to remove 
organic compound efficiently from wastewater by synergising both effects.3,4

Bismuth ferrite (BiFeO3) is a rhombohedral distorted perovskite structure of 
semiconductor. Owing to its superior photocatalytic abilities with high stability 
and narrow band gap between 2.1–2.7 eV, it is  reported as one of the prominent 
photocatalysts under visible light or direct sunlight irradiation.5 Despite this 
advantage, the separation of powdered materials from wastewater medium after 
the treatment becomes an obstacle and leads to the catalyst loss. Therefore, the 
supporting materials with adsorption properties like chitosan, cellulose, natural 
rubber, cellulose acetate and carboxymethyl cellulose were preferably chosen to 
overcome the difficulty. It is indeed behaving as an immobiliser for nanoparticles as 
they possess numerous advantages of good film-forming ability, biodegradability 
and hydrophilicity to promote the adsorption property.6,7

Carboxymethyl cellulose (CMC) is a water-soluble anionic polymer with derivative 
of carboxymethyl groups (-CH2-COONa) bonded to several hydroxyl groups on 
cellulose backbone. CMC has good solubility properties, biocompatibility, non-
allergenic, low toxicity and low cost. The presence of polar carboxyl groups makes 
the CMC soluble, chemically active, strongly hydrophilic and may increase the 
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interaction of water from dyes to the polymer composite.8–12 These advantages 
are indeed a great importance for enabling high contact between a photocatalyst 
and pollutants for better effect of photodegradation.13 Thus, this polymer has been 
chosen as a supporting polymer for the incorporation of  BiFeO3 photocatalyst with 
the advantages to provide good mechanical properties, high adsorption capacity 
and good compatibility within the system.

To the best of our knowledge, no investigation has been done on the photocatalytic 
activity on the removal of MO dye utilising CMC/BiFeO3 nanocomposites as a 
model photocatalyst. Therefore, it is great opportunity to further explore the 
performance of CMC/BiFeO3 composite film and evaluate both the adsorption 
ability and photocatalytic activity towards the removal of MO under direct sunlight 
irradiation with different parameters.

2. ExpERIMENTAl

2.1 Materials

Citric acid-1-hydrate (HmbG), carboxymethly cellulose (Sigma), methyl orange 
dye (QReC), hydrochloric acid, sodium hydroxide, bismuth nitrate pentahydrate 
(98% purity, Sigma Aldrich), iron(III) nitrate nonahydrate (98% purity, Sigma 
Aldrich) and carrageenan (Sigma) were used. All precursors were prepared using 
distilled water. 

2.2 Synthesis of BiFeO3 Nanoparticles

BiFeO3 nanoparticles was prepared using biopolymer template method as described 
in literature.4 Bismuth nitrate pentahydrate and iron(III) nonahydrate were used as 
precursors with ratio 2:1 and dissolved in 25 ml of distilled water. An amount of 
10 ml of the mixture was mixed with 40 ml 1 wt% carrageenan and adjusted to 
pH 10 under constant stirring for 2 h. The obtained product was heated overnight 
then calcined at 550° for 2 hours to form rhombohedral BiFeO3 nanoparticles.

2.3 Impregnation of BiFeO3 of CMC Membrane

An amount of 1.25 g of CMC powder was dissolved in 1.04 M of citric acid  
solution under constant stirring. Then, different amounts of BiFeO3 (0.01 g, 
0.025 g, 0.05 g, 0.075 g and 0.1 g) was added to CMC paste and continued stirring 
for 2 h to ensure the mixture was homogeneous. The mixture was then transferred 
into a petri dish and dried in the oven to obtain CMC/BiFeO3 nanocomposite film.
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2.4 Characterisation

The crystallinity of CMC/BiFeO3 film was determined by XRD analysis with a 
PANalytical X’Pert PRO θ–2θ equipped with graphited monochromatic CuKα 
radiation (λ = 1.5406 Å) at 40 kV operation. The presence of functional groups in 
CMC/BiFeO3 film was investigated using Perkin Elmer, Fourier transform near-
infrared spectroscopy (FT-NIR) spectrometer frontier universal attenuated total 
reflection (ATR) sampling accessories. The scanning range used is 600–4000 cm–1 
and resolution is 8 cm–1. SEM FEI-Quanta FEG 650 was used to study surface 
morphology of CMC/BiFeO3 nanocomposite film. The sample was coated with 
gold prior to characterisation.

pHzc was conducted utilising 40 ml 0.1 M NaNO3 buffer solution with adjusted 
pH 2 to 12 with 0.1 M NaOH and 1.0 HNO3. An amount of 0.1 g of BiFeO3 in 
0.5 g CMC (1:5 ratio) were added in 6 different conical flasks with above solutions 
and left under constant 350 rpm shaking. After 24 h, each sample were filtered 
and removed. Final adjusted pH solutions were recorded. A graph of pHzc against 
initial pH of suspension was plotted. 

2.5 photocatalytic Degradation of MO

The optimum condition of CMC/BiFeO3 nanocomposite film was investigated by 
varying different amount of catalyst dosage on CMC film as mentioned in Section 
2.3, initial concentration of MO (10 ppm, 30 ppm, 50 ppm, 70 ppm and 100 ppm) 
and pH of the solution (2, 4, 6, 8 and 10). The photocatalytic degradation was 
carried out under direct sunlight irradiation and the removal of MO was observed 
at wavelength 464 nm. The percentage removal efficiency of MO was calculated 
by using equation:

Removal efficiency (%) = (1– (Cf /Co)) × 100 % (1)

where Co corresponds to initial concentration of dye (ppm) and Cf corresponds to 
final concentration of dye (ppm).

2.6 Kinetic Study

To understand the mechanism of MO removal, the kinetic was studied by using 
three models: Langmuir Hinshelwood, pseudo first order and pseudo second order. 
The reaction was carried out under sunlight and an aliquot was collected at fixed 
time interval within 3 h. Through a batch of experiment, amount of removal at 
equilibrium, q

e
 (mg g–1) and amount of removal at time, q

t can be determined by 
using the following equations:
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q
C C V

me

o e=
-^ h  (2)

q
C C V

mo

o t=
-^ h  (3)

where Co corresponds to initial concentration of dye (ppm), Ce corresponds to 
concentration of dye at equilibrium (ppm) while Ct is concentration of dye at time 
t (ppm). V is the volume of dye solution in l and m is the mass of the catalyst or 
optimum or optimum catalyst in g. 

2.7 Reusability of CMC/BiFeO3 Nanocomposite Film

The reusability of nanocomposite film was investigated by varying the conditions 
of film after one cycle. The new cycle of degradation was conducted using washed 
catalyst and unwashed catalyst to determine the efficiency of CMC/BiFeO3 film. 
For washed catalyst, it was placed in 50 ml of distilled water and shaken at 
200 rpm for 2 h and dried at room temperature prior re-used for the next cycle, 
while unwashed film has been directly used after treatment.

3. RESUlTS AND DISCUSSION 

3.1 xRD Analysis

The X-ray diffraction (XRD) pattern of pure BiFeO3, CMC and the BiFeO3 
embedded CMC (CMC/BiFeO3) nanocomposite films were shown in Figure 1. 
As for the pure CMC, the diffraction peaks appeared at 2θ = 23.32° and 26.07° 
indicating its semi crystalline phase. Meanwhile for pristine BiFeO3, all peaks at 2θ 
values of 22.6°, 32.2°, 39.7°, 46.2°, 51.9°, 57.3° and 67.6° were indexed to (012), 
(110), (202), (024), (116), (300) and (220) planes, respectively. The reflections 
are consistent with the standard pattern of high crystallinity of rhombohedral 
phases of BiFeO3 (JCPDS01-071-2494) and in agreement with the literature.4,5 

Among these planes, (110) plane has stronger reflection that observed in CMC/
BiFeO3 nanocomposite film with the existence of low intense peak at (202), (024) 
and (300). These results indicate the successful incorporation of BiFeO3 in CMC 
membrane to form CMC/BiFeO3 composite and the peaks become broader due 
to the nanosized BiFeO3 crystal grows along the plane and distributed within the 
CMC polymer.
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Figure 1: XRD pattern of pure BiFeO3, CMC and CMC/BiFeO3 nanocomposite film.

3.2 SEM

Morphology of the prepared sample were observed using secondary electron 
image (SEI) whereas backscattered electron image (BSEI) indicating contrasts 
in composition of multiphase samples. Figures 2(a and b) represent the SEI and 
BSEI of CMC/BiFeO3 nanocomposite film, respectively, scanned at the same spot. 
From the SEI of CMC/BiFeO3, the morphology of CMC/BiFeO3 film exhibited a 
surface of CMC distributed with BiFeO3 particles. Meanwhile at the similar spot, 
BSEI of the film, shown in Figure 2(b) observed the lighter part which corresponds 
to BiFeO3 due to higher atomic number of metal whereas darker side produced 
from CMC polymer membrane. This result indicates that BiFeO3 has successfully 
loaded on CMC polymer matrices. EDX analysis mapping was carried out to 
confirm BiFeO3 particles were successful distributed in CMC membrane together 
with the spectrum and atomic weight composition as shown in Figures 2(c–e).  
The presence of C, O and Na are expected to come from the CMC membrane 
where the Bi and Fe are dedicated to BiFeO3. 
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Figure 2: Morphology of (a) SEI, (b) BSEI, (c) EDX elemental mapping of Fe, (d) EDX 
elemental mapping of Bi, and (e) EDS spectrum of CMC/BiFeO3 nanocomposite 
film.
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3.3 FTIR

Fourier transform infrared (FTIR) spectra of pure BiFeO3, CMC and CMC/BiFeO3 
were shown in Figures 3(a and b). The spectra of pure BiFeO3 in Figure 3(a) 
depicts no difference from that reported in literature and the characteristic band 
in the -OH stretching region (3441.16 cm–1) indicates the presence of symmetric 
of H2O and anti-symmetric of OH- group in BiFeO3 catalyst.4 In addition, peaks at 
1636.16 cm–1 and 1384.36 cm–1 correspond to bending vibration of H2O and trapped 
nitrates. Fundamental metal-oxygen bond of BiFeO3 is indicated by absorption at 
575 cm–1 which is attributed to Bi-O bond, and 442 cm–1 belonging to Fe-O bond 
was also detected.

Figure 3: IR spectra of (a) BiFeO3 using KBr-FTIR, and (b) CMC and CMC/BiFeO3 
nanocomposite films using ATR-FTIR.
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Meanwhile for ATR-FTIR spectra of CMC in Figure 3(b), the peaks observed 
at 3428.74 cm–1 and 2939.16 cm–1 indicated the OH stretching band and CH 
stretching from CH2 and CH3 groups. Dominant adsorption peak detected at 
1709.81 cm–1 was attributed to carboxylic group, C=O. FTIR spectrum of CMC/
BiFeO3 nanocomposite film showed similar absorption peaks to CMC spectrum, 
indicating no new bond was formed. This confirmed that only physical blending 
for metal distribution within the polymer matrices was involved in the process 
of impregnation of BiFeO3 on CMC membrane. Unfortunately, the metal-oxygen 
bond of BiFeO3 in CMC/BiFeO3 film could not be detected due to limitation of 
instrument.

3.4 photocatalytic Degradation of MO

In order to determine potential photocatalytic activity of the nanocomposite, 
the samples were conducted under direct sunlight irradiation by measuring the 
degradation of 50 ml of 10 ppm MO over several parameters (catalyst dosage, dye 
concentration, pH) within 1 h. The system was pre-conducted in dark for 60 min 
and then degradation proceeded at t = 0 under direct sunlight irradiation. Under 
dark condition, the removal efficiencies of CMC and CMC/BiFeO3 nanocomposite 
are 25.0% and 20.0% for MO, respectively as depicted in Figure 4(a). Clearly, 
control CMC exhibits much higher removal ability by adsorption than the  
CMC/BiFeO3 nanocomposite. Both samples showed rapid removal process without 
the presence of light at the initial stage (0–30 min) and the equilibrium is reached 
at 60 min. This can be attributed that MO can interact easily with the hydrophilic 
polymer contain the reactive sites, while slower diffusion of solute into the interior 
of the nanocomposites. The maximum adsorptions occur after 1 h between 20.0% 
to 25.0% of adsorption for both samples. 

Then, various catalyst dosages of BiFeO3 (0 to 100 w/w%) were introduced 
into the CMC matrices as shown in Figure 4(b) before investigated under direct 
sunlight irradiation. Control CMC film without the incorporation of BiFeO3 

catalyst (0 wt%) exhibited 32.3% removal under sunlight irradiation after 1 h. 
This can be mainly ascribed to the adsorption mechanism of the hydrophilic 
polymer. In case of pristine BiFeO3 (100 wt%) without CMC support, the removal 
rate of MO is inefficient which only 0.7% removal.  Interestingly, the presence of  
CMC/BiFeO3 nanocomposite with the different BiFeO3 dosage over CMC showed 
dominant adsorption and photocatalytic degradation towards the dye removal. The 
highest percentage removal of MO is found to be 91.62% for the lower dosage 
at 0.8(wt/wt%) of CMC/BiFeO3. It is further confirmed that CMC/BiFeO3 has 
the best photocatalytic activity not only for the removal of MO, but also to its 
degradation product, shown in Figure 5(c). Under direct sunlight, MO undergoes 



Activity of CMC/BiFeO3 Nanocomposite Film 32

obvious photodegradation in the presence of CMC/BiFeO3 since MO shows major 
absorption band at 464 nm. After 180 min, the suspension was colourless, and 
its containing MO was degraded completely in the CMC/BiFeO3-MO mixture, 
indicating that the dye chromophore structure was destroyed. Nevertheless, 
no degradation observed for MO sample treated with CMC control, shown in 
Figure 5(a), or pristine BiFeO3, as in Figure 5(b). This indicated both samples 
having low adsorption towards MO removal when applied under direct sunlight.

Figure 4: Removal efficiency of MO for (a) in the dark (0.8 wt% catalyst, pH 2 and 50 ml 
of 10 ppm MO), (b) catalyst dosage of BiFeO3 on CMC membrane, (c) initial 
concentration of MO, and (d) pH of MO. Conditions: 50 ml of 10 ppm MO,  
1 h, pH 2.
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As the amount of BiFeO3 increased from 0.8 wt% to 8 wt%, the percentage 
removal of methyl orange decreased within 1 h. Initially, the optimum quantity 
of catalyst would produce more OH and O2 radicals, therefore the number of 
active sites on surface catalyst increased and the degradation rate rose. However, 
when the concentration of catalyst exceeded the optimum value, the degradation 
rate decreased due to difficulty in mass transfer within the system. Furthermore, 
increment in catalyst dosage that render the mass transfer will cause high 
number of unsaturated sites of the composite available in the system. This will 
subsequently prevent the pollutant to reach the active site of BiFeO3 within the 
polymer support.11 As a result, the number of OH radical decreased, hence the 
efficiency of degradation reduced accordingly.

With optimum catalyst loading 0.8 (wt/wt%) on the composite, the effect of 
different initial concentration of MO which range from 10 ppm to 100 ppm 
under direct sunlight irradiation was studied and depicted in Figure 4(b). The 
result elucidates that the percentage of MO removal gradually decreased from 
91.62% to 62.77% as the dye concentration increased from 10 ppm to 100 ppm,  
respectively within 1 h. The removal efficiencies decreased when higher 
concentration of dye used within 60 min and this might be due to reduction of path 
length of photon to reach the catalyst surface. Therefore, longer time is required to 
remove higher concentration of MO efficiently.

Figure 4(c) illustrates the photocatalytic removal of dye when a series of pH level 
of MO were studied. As depicted from the plot, CMC/BiFeO3 nanocomposite film 
worked efficiently in pH 2 with the degradation of 91.96%. The variation of pH 
changed the surface charge of composite and shifted the potentials of catalytic 
reactions. MO has high effect of photodegradation by the presence of CMC/
BiFeO3 nanocomposite in acidic condition. pH variation of solution can influence 
the interaction of dye molecules onto the nanocomposite surface due to different 
surface charge attained on it at different pH. Therefore, the experiment of point of 
zero charge (PZC) was carried out and it is found that pH at PZC, pHPZC is 2.24 
(Figure 6). At this condition, possible explanation for better removal of MO is due 
to the favourable pH for adsorption and the degradation of charged pollutants (pKa 
= 3.4). The reduction on the removal above pH 2 might be due to the deprotonated 
of MO, hence reducing the electrostatic interaction between positive charge in low 
pH and negative charge from the deprotonated ion of MO. At higher pH of methyl 
orange, the removal rate shows positive effect which may be due to the presence of 
photocatalytic intermediate that was able to degrade at higher pH level. 
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(a)

(b)

(c)

Figure 5: Absorbance of MO after being treated with (a) BiFeO3 powder, (b) CMC, and 
(c) CMC/BiFeO3 for 180 min under direct sunlight.
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Figure 6: Plot of pHPZC of CMC/BiFeO3 nanocomposite.

3.5 Kinetic Study  

The rate constant and kinetics order reaction were studied using kinetics models of 
Langmuir Hinshelwood, pseudo first order, and pseudo second order. Each of the 
models’ graph were shown in the following Figure 7. The calculated parameters 
from Langmuir Hinshelwood, pseudo first order and pseudo second order models 
were summarised in Table 1.

Table 1: The calculated parameter for Langmuir Hinselwood, pseudo first and second 
order kinetic models with correlation coefficients (R2). 

Langmuir Hinshelwood Pseudo first order Pseudo second order

qe 
(mg g–1)

kLH 
(min–1) R2 qe 

(mg g–1)
k1 

(min–1) R2 qe 
(mg g–1)

k2 
(min–1) R2

65.0044 0.0102 0.7895 21.1092 0.0166 0.6277 65.3595 2.0663 × 1–5 0.9970

Based on Langmuir Hinselwood plot, the value of rate constant was obtained from 
the slope since its equation of kinetic model is expressed as in Equation 4:

ln Co/Ct = kt (4)
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The value of rate constant, kLH and correlation coefficients (R2) of Langmuir 
Hinselwood are found to be 0.0102 min–1 and 0.7895, respectively. While, pseudo 
first order, pseudo second order models were used to obtain the value calculated of 
q

e through the straight-line equation of kinetic reaction as following:

ln(q
e
−q

t
) = ln(q

e
)−k

1
t (5)

t/q
t
 = t/q

e
 + 1/k

2
q

e
2 (6)

According to the pseudo first order model, the values of rate constant and q
e
 were 

calculated from the slope and intercept from the plots. The experimental values 
did not fit with the calculated values, which means the first-order model does not 
represent the adsorption kinetic of MO on the CMC/BiFeO3. 

In contrast, the calculated values of using pseudo second order model fitted 
well with the experimental data. Therefore, this model is more likely to predict 
the behaviour over the whole experimental range of MO adsorption more than 
pseudo-first-order model. Furthermore, the R2 of 0.997 validated that adsorption 
and photodegradation of MO dye obeys pseudo second order kinetics. The results 
revealed that higher rate constant, k = 2.0663 × 10–5 min–1 were obtained using 
nanocomposite for the degradation of MO dye under sunlight irradiation. In this 
model, the surface adsorption that involves chemisorption, where the removal 
from solution is due to the physicochemical interactions between two phases.12 

From the results, the incorporation of BiFeO3 nanoparticles into CMC polymer 
resulted in a notable improvement in photocatalytic performance towards MO, 
in comparison to the photocatalytic performance of the non-composite materials. 
The enhancement can be attributed from several possible factors. The presence of 
CMC in the system shows enhancement of adsorption and further synergises with 
photodegradation effect resulted from the close contact of hydrophilic surface of 
catalyst and the pollutants. Meanwhile, the small size in nanometre level of BiFeO3 
crystal particles can benefit the catalyst to exhibit better photocatalytic activity.
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Figure 7: The linear fitting plots of the (a) Langmuir-Hinshelwood, (b) pseudo first order, 
and (c) pseudo second order kinetic models of 10 ppm MO removal by CMC/
BiFeO3 nanocomposite.
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3.6 Reusability of CMC/BiFeO3 Nanocomposite Film

Reusability of catalyst is a key feature for analysing their potential applicability 
for industrial applications and wastewater remediation. Figure 8 exhibits the 
percentage of removal for four cycles after 1 h under the irradiation. The unwashed 
CMC/BiFeO3 film showed better removal efficiency compared with the washed 
CMC/BiFeO3 composite after reusing at least up to five cycles. However, after 
four consecutive runs, the activity of degradation from both films decreased 
rapidly and it was likely due to leaching of catalyst from composite film. It can be 
noted that, further enhancement on the mechanical properties of the film should be 
investigated for better reusability. 
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Figure 8: Reusability of CMC/BiFeO3 nanocomposite film in two conditions, i.e., washed 
and unwashed after one cycle.

4. CONClUSION

The BiFeO3 incorporated CMC as photocatalyst composite had been successfully 
synthesised via facile impregnation method and its efficiency on the degradation 
of MO were investigated. The study significantly found that the degradation of 
MO was remarkably improved compared with pristine BiFeO3, which has low 
adsorption capacity on MO. Degradation of MO dye was influenced by various 
parameters such as initial dye concentration, pH and catalyst dosage. Among all the 
investigated samples, it is found that 0.8 wt/wt% of BiFeO3 on CMC film exhibited 
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highest photodegradation efficiency with fast and best efficient removal of MO. 
The dye is almost completely photodegraded when applied under the composite 
system. The system also shows positive effect towards the degradation of various 
initial concentration of MO at optimum condition. The kinetic studies revealed that 
MO degradation process obey pseudo second order kinetic model. Moreover, the 
experiment showed that unwashed composite showed better removal efficiency 
than washed composite and can be recyclable up to four consecutive cycles. 
Besides, the composite had the potential to be utilised as an efficient photocatalyst, 
to remove various organic dyes and pollutants under naturally available sunlight. 
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