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ABSTRACT

BiFeO, nanoparticles, Ag/BiFeO, nanoparticles, and Ag/BiFeO,-MWCNTs (multiwall-carbon
nanotubes) nanocomposites were successfully prepared by simple routes and investigated using
different tools to explore and reveal their chemical and physical properties. transmission electron
microscopy showed that BiFeO, nanoparticles and Ag/BiFeO, nanoparticles were homogenously
distributed on the tangled MWCNT surface. Furthermore, the addition of silver and MWCNTs to
BiFeO, nanoparticles greatly reduced the band gap of BiFeO, nanoparticles and enhanced their
efficiency for cyanide degradation under visible light irradiation. Finally, Ag/BiFeO,-MWCNTs
nanocomposites showed great photocatalytic stability for cyanide degradation in an aqueous solution

over five cycles of reuse.
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1. Introduction

Aquatic pollution by cyanide is mainly due to different
anthropogenic activities, such as pharmaceutical industry
activities, metal extraction, photography, metal finishing,
steel tempering, electroplating, coal processing and automo-
bile parts manufacturing [1]. Mainly because of its high toxic-
ity, cyanide threatens the lives of flora and fauna. [2]. Cyanide
can be found in organic and inorganic forms and is character-
ized by its very low median lethal dosage in mammals, which
ranges from 1.3 to 10 mg/kg body weight [3]. Currently, there
are many procedures that can be used to eliminate cyanide
from polluted water, such as biodegradation using fungi, bac-
teria, and algae [4]; adsorption using solid adsorbents [5,6];
coagulation [7]; precipitation [8]; Fenton oxidation [9]; hydro-
gen per oxide oxidation [10]; plasma discharge technology
[11]; and photocatalytic degradation [12-14]. Currently, pho-
tocatalytic removal of pollutants from industrial wastewater
has led to fruitful and economic benefits for both industry
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and the environment. The photocatalytic process usually
occurs via absorption of incident light on a semiconductor.
Photocatalytic degradation using semiconductors is consid-
ered to be the most promising procedure for environmental
remediation of pollutants such as cyanide due to its ease of
application, low cost, and reliability. TiO, nanoparticles have
high photocatalytic activity in the UV region and have been
used extensively for the degradation of many pollutants in
aqueous solution, including cyanide [15,16]. The TiO, photo-
catalyst is characterized by its low cost, high chemical stabil-
ity, outstanding photocatalytic activity, and nontoxic nature
[17]; however, it has many disadvantages, such as a broad
band gap energy (3.2 eV), prevent its application using visi-
ble light as well as its high electron-hole recombination rate
[18]. Doping and modification of TiO, photocatalysts with
other materials are other solutions for such problems [19-22].
BiFeQ, is another photocatalyst that has been used for photo-
catalytic degradation of many pollutants in water [23-29] due
to its low toxicity and small size. However, some limitations
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have been noted in regard to its photocatalytic efficiency due
to its large recombination and small surface area. Recently,
many studies have shown the increased photodegradation
efficiency of BiFeO, through several procedures, including
boosting the surface-to-volume ratio of the catalyst and dop-
ing transition metals, non-metals, and precious metals onto
the surface of BiFeO, [30—47]. Recently, metal doped-BiFeO,
nanocomposites have attracted significant interest due to
the extensive spectrum of their potential applications. The
presence of unique surface chemical species on the surface
of metal doped-BiFeO, heterostructures has been investi-
gated, and its photocatalytic efficiency for the degradation
of 4-chlorophenol over visible light illumination has been
studied [34]. Metal doped-BiFeO, materials have various
surface characteristics that might be able to be employed for
designing new devices with developed properties [35]. Metal
doped-BiFeO, exhibits outstanding photocatalytic efficiency
under visible light to degrade rhodamine B [36]. Doping of
BiFeO, with transition metals signifies one solution to reduce
the high recombination rate by inducing an intermediate
state. In addition, forming nanocomposites by hybridization
or coupling with other materials showed that a large surface
area and electron mobility are significant strategies to pro-
duce an efficient photocatalyst. Multiwall-carbon nanotubes
(MWCNTs) are powerful materials that can be coupled with
the BiFeO, photocatalyst due to its incredible and unique
properties. The use of carbon nanotubes (CNTs) in photo-
catalysis began directly after its discovery in 1991 by lijima
[48]. CNTs are important materials among carbon allotropes.
CNTs have a unique structure that is due to rolling a graphene
sheet into cylindrical shape. CNTs can be single-walled car-
bon nanotubes (SWCNTs) or multi-walled (MWCNTs). Due
to the electronic structure, high surface area, and adsorptive
chemical stability of CNTs, they have been used in photocat-
alytic applications [49-52]. Thus, the use of MWCNTs with
BiFeO, nanoparticles is expected to enhance the photocata-
lytic activity of BiFeO,. In a photocatalytic manner, MWCNTs
can adjust the BiFeO, band structure by generating a defect
structure that enhances its hole and electron redox energy
potential. On the other hand, MWCNTs can successfully hin-
der the recombination of the photogenerated electrons and
its hole, thereby enhancing the photocatalytic properties
[53]. Therefore, as a green, effective and non-toxic strategy
for wastewater remediation, silver doped-BiFeO, nanostruc-
ture-supported MWCNTs were prepared to form materials
with high activity for the degradation of toxic organic mate-
rials in industrial wastewater. The nanocomposites were pre-
pared under mild conditions by a simple sol-gel process with
an expected good yield and enhanced the removal of toxic
materials from water. In this regard, this project is expected
to achieve excellent remediation of industrial wastewater that
can save the environment and economy.

2. Experimental setup
2.1. Materials

All reagents were used as-received and were of analytical
grade. Bi(NO,),5H,0, Fe(NO,),9H,0, potassium hydroxide,
silver nitrate, MWCNTs, ethanol absolute were purchased
from Sigma-Aldrich and were used as-received.

2.2. Preparation of materials
2.2.1. BiFeO, nanoparticles preparation

BiFeO, nanoparticles were prepared by the hydrothermal
method according to the following: Bi(NO,),.5H,O (16 mmol),
potassium hydroxide (100 mmol) and Fe(NO,),.9H,0
(8 mmol) were dissolved in deionized H,O (60 mL), and
the resulting blend was stirred at ambient temperature for
60 min. Then, the blend was heated in a 100 mL Teflon-lined
stainless autoclave for 24 h at 403 K. After the autoclave
cooled, the produced materials were washed a number of
times with deionized H,O and ethanol and dried under a
vacuum for 8 h at 333 K.

2.2.2. Ag/BiFeO,nanoparticle (2 wt%) preparation

Ag/BiFeO, nanoparticles (2 wt%) were prepared by pho-
to-assisted deposition according to the following: 0.06 g of
silver nitrate was dissolved in 100 mL of deionized water.
Two grams of BiFeO, nanoparticles was dispersed into an
aqueous solution of silver nitrate, and the obtained blend
was exposed to a xenon lamp at 500 W for 24 h at room tem-
perature. Ag/BiFeO, nanoparticles (2 wt%) were collected
by filtration and washed a number of times with water and
ethanol; the sample was finally dried for 24 h at 353 K.

2.2.3. BiFeO,-MWCNT-4 wt% nanocomposite preparation

MWCNT (0.08 g) was dissolved in 100 mL ethanol via
sonication for 2 h. Then, 2 g of the prepared BiFeO,nanopar-
ticles was discrete in 20 mL deionized water via sonication
for 30 min. Finally, the dissolved MWCNT was added to dis-
solved BiFeO,nanoparticles, and the mixture was refluxed for
6 h. BiFeO,-MWCNT-4 wt% nanocomposites were collected
by filtration and washing a number of times with water and
ethanol; the sample was finally dried for 24 h at 373 K.

2.2.4. Preparation of 2 wt% Ag/BiFeO3-MWCNT-4 wt%
nanocomposites

BiFeO,-MWCNT-4 wt% nanocomposites were prepared
by the photo-assisted deposition method according to the
following: 0.06 g of silver nitrate was dissolved in 100 mL
of deionized water. BiFeO,-MWCNT-4 wt% nanocomposites
(2 g) were dispersed into an aqueous solution of silver
nitrate, and the obtained blend was exposed to a xenon lamp
(500 W) for 24 h at room temperature. Ag/BiFeO,-MWCNT-4
wt% nanocomposites (2 wt%) were collected by filtration
and washed a number of times with water and ethanol; the
sample was then dried for 24 h at 353 K.

2.3. Characterization techniques

The physical, chemical and morphological proper-
ties of BiFeO, nanoparticles, Ag/BiFeO, nanoparticles, and
Ag/BiFeO,-MWCNTs nanocomposites were investigated
using different characterization techniques. The nanostruc-
ture morphology and sample dimensions were investigated
using transmission electron microscopy (TEM), JEM-1230
(JEOL). Surface area analysis was performed and the tex-
tural properties were investigated using a Nova 2000 series



R.M. Mohamed, M.W. Kadi / Desalination and Water Treatment 140 (2019) 283-289 285

Chromatech apparatus at 373 K. The crystallinity of the
samples was investigated using a powder X-ray diffraction
(XRD) AXS D8 (Bruker) with Cu Ka radiation (A = 1.540 A)
at room temperature. The photoluminescence (PL) emission
spectra were investigated using a RF-5301 fluorescence spec-
trophotometer (Shimadzu). The UV-Vis diffuse reflectance
spectra (UV-Vis-DRS) were investigated using a UV-Vis-NIR
spectrophotometer, V-570, JASCO, Japan.

2.4. Photocatalytic activity

The photocatalytic activities of BiFeO, nanoparticles,
Ag/BiFeO, nanoparticles, and Ag/BiFeO,-MWCNTs nano-
composites were explored for cyanide degradation under
visible light irradiation in a horizontal cylinder annular
batch reactor according to the following steps: (1) a blue
fluorescent lamp (150 W) was applied for irradiation of the
photocatalyst, and a UV cut filter was applied to remove
UV light below 420 nm; (2) BiFeO, nanoparticles, Ag/BiFeO,
nanoparticles or Ag/BiFeO,-MWCNTs nanocomposites were
suspended in a 300 mL volume and 100 ppm concentration
potassium cyanide solution; (3) to avoid evolution of HCN
gas, an ammonia solution was used to adjust the pH to 10.5;
(4) the reaction temperature was adjusted to 298 K, and the
total reaction time was 60 min; and (5) volumetric titration
with AgNO, was used to measure the cyanide concentration
after photocatalysis using potassium iodide as an indicator.

The following equation was used to calculate the cyanide
removal efficiency, %:

Cyanide removal efficiency, % = (C - C)/C, x 100

where C is the cyanide initial concentration in the solution;
C is the remaining cyanide concentration in the solution.

3. Results and discussion
3.1. Photocatalysts characterizations

Fig. 1 shows the XRD patterns for the MWCNT, BiFeO,,
2 wt% Ag/BiFeO,, and 2 wt% Ag/BiFeO-MWCNT-4 wt%
samples. Regarding the BiFeO, diffraction pattern, the results
reveal the presence of a rhombohedral phase for BiFeO,
(JCPDS 71-2494). Regarding the Ag/BiFeO, nanoparticles
sample, the characteristic diffraction peaks of a rhombohe-
dral phase for BiFeO, (JCPDS No. 71-2494) were observed,
and there were no peaks for silver or silver oxide due to the
high distribution of silver on the surface of BiFeO,, as seen in
the TEM images or by low weight percent of decorated silver.
Regarding the MWCNTs sample, the characteristic diffrac-
tion peak of MWCNTs at approximately 23.0° corresponding
to the diffraction peak of (002) of MWCNTs (JCPDS card no.
26-1079) was present. Regarding the Ag/BiFeO,-MWCNTs
sample, the characteristic diffraction peaks of BiFeO, were
present, and no peaks for silver or MWCNT were found due
to the high distribution of MWCNT and silver.

Fig. 2 shows TEM images of BiFeO, nanoparticles (a),
Ag/BiFeO, (b), MWCNTs (c) and Ag/BiFeO,-MWCNTs nano-
composites (d), and the results reveal the irregular shapes of
BiFeO, and the irregular distribution of silver on the BiFeO,
surface, which had an average particle size of 20 and 3 nm,

as shown in Figs. 2(a) and (b), respectively. MWCNTs were
long and entangled, with an average diameter of 20 nm, as is
shown in the TEM image of Ag/BiFeO,-MWCNTs nanocom-
posite in Fig. 2(c); Fig. 2(d) shows the dispersion of BiFeO,
and silver nanoparticles on the surface of MWCNTs.

Table 1 provides the results of the surface area analysis
of the MWCNT, BiFeO,, 2 wt% Ag/BiFeO,, and 2 wt% Ag/
BiFeO,-MWCNT-4 wt% samples. The outcomes illustrated
that the surface areas were 165, 60, 50, and 100 m%/g, for the
MWCNTs, BiFeO,, 2 wt% Ag/BiFeO,, and 2 wt% Ag/BiFeO,-
MWCNT-4 wt% samples, respectively. Accordingly, it is
clear that the addition of Ag and MWCNTs to BiFeO, signifi-
cantly increased their BET surface area from 60 to 100 m?/g
as a result of the distribution of silver and BiFeO, on the
MWCNTs surface, similar to the TEM results.

The UV-Vis spectra of the MWCNT, BiFeO,, 2 wt% Ag/
BiFeO,, and 2 wt% Ag/BiFeO,-MWCNT-4 wt% samples were
found and are presented in Fig. 3, and the results showed
that absorption edges of BiFeO,, 2 wt% Ag/BiFeO,, and
2 wt% Ag/BiFeO,-MWCNT-4 wt% samples were 516.6, 579.4,
and 652.6 nm, respectively. Therefore, the BiFeO,, 2 wt%
Ag/BiFeO,, and 2 wt% Ag/BiFeO,-MWCNT-4 wt% samples
absorb in the visible region. The band gap energy values of the
BiFeO,, 2 wt% Ag/BiFeO,, and 2 wt% Ag/BiFeO-MWCNT-4
wt% samples were 2.40, 2.14, and 1.90 eV, respectively.

The PL spectra for BiFeO,, 2 wt% Ag/BiFeO,, and 2 wt%
Ag/BiFeO,-MWCNT-4 wt% samples were measured and are
presented in Fig. 4. The results showed that the peak inten-
sity of the PL spectra of the BiFeO,, 2 wt% Ag/BiFeO,, and
2 wt% Ag/BiFeO,-MWCNT-4 wt% samples was decreased in
the following sequence: BiFeO,> 2 wt% Ag/BiFeO, > 2 wt%
Ag/BiFeO,-MWCNT-4 wt%. The band gap energy of the
BiFeO,, 2 wt% Ag/BiFeO,, and 2 wt% Ag/BiFeO,-MWCNT-4

—— 2t % Ag/BiFeOMWCNT- 4 wt %
—— 2wt % AgBiFeO,

——BiFe0,

—— MWCNT

Relative intensity(a.u.)

1 1 1 I 1 | 1 T n

10 20 30 40 50 60 70
2 Theta (degrees)

T

Fig 1. XRD patterns of the MWCNT, BiFeO,, Ag/BiFeO,, and
Ag/BiFeO,-MWCNT samples.
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Fig. 2. TEM images of the BiFeO, (a), Ag-BiFeO, (b), MWCNT (c), and Ag/BiFeO,-MWCNT nanocomposite (d) samples.

Table 1

Texture parameters of the MWCNT, BiFeO,, 2 wt% Ag/BiFeO,, and 2 wt% Ag/BiFeO,-MWCNT-4 wt% samples

Sample Seer 5, micro Set Vp Vo Veso r
(m*g)  (m¥/g) (em?’/g)  (cm*g) (cm’/g)  (cm¥/g) (em¥/g)  (A)
MWCNT 165 166 63 102 0.900 0.100 0.800 35.00
BiFeO, 60 61 10 50 0.500 0.050 0.450 40.00
2 wt% Ag/BiFeO, 55 56 8 47 0.440 0.040 0.400 45.00
2 wt% Ag/BiFeO,-MWCNT-4 wt% 100 102 5 95 0.790 0.090 0.700 30.00

SBET’ .
pore of micropores, V.

mes”

pore of mesopores, , mean pore radius.

wt% samples, which had PL emission spectra of 2.19, 2.13,
and 1.89 eV, respectively, were in excellent agreement with
the values estimated from the UV-Vis spectra.

3.2. Photocatalytic performance

The performances of the MWCNT, BiFeO, 2 wt%
Ag/BiFeO,, and 2 wt% Ag/BiFeO-MWCNT-4 wt% sam-
ples for cyanide degradation under visible light were
studied. Fig. 5 shows the photocatalytic degradation
by the MWCNT, BiFeO,, 2 wt% Ag/BiFeO, and 2 wt%

BET-surface area, S, surface area derived from V|, plots, S__, surface area of micropores, S_, external surface area, V, ' total pore, V_,

Ag/BiFeO,-MWCNT-4 wt% samples, and the outcomes indi-
cate that the MWCNT sample alone has relatively no photo-
catalytic activity. Upon loading Ag with BiFeO,on MWCNT,
the photocatalytic performance was increased from 0.4% to
100% due to the drastic reduction in the BiFeO, band gap from
2.40 to 1.90 eV due to the addition of Ag and MWCNT, which
enables BiFeQ, to absorb visible light as well as reduce the
electron-hole recombination rate, as seen in the PL results.
Additionally, the effect of the dosage of the 2 wt% Ag/
BiFeO,-MWCNT-4 wt% sample on cyanide degradation was
studied. Fig. 6 shows the effect of the dosage of the 2 wt%
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Fig. 3. UV-Vis spectra of the MWCNT, BiFeO,, Ag/BiFeO,, and
Ag/BiFeO,-MWCNT samples.
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Fig. 4. PL spectra of the and

Ag/BiFeO,-MWCNT samples.

BiFeO, Ag/BiFeO,

Ag/BiFeO,-MWCNT-4 wt% sample on photocatalytic cya-
nide degradation, and the results indicate that the photo-
catalytic performance of 2 wt% Ag/BiFeO,-MWCNT-4 wt%
for cyanide degradation was increased from 70% to 100% by
increasing the dosage of the 2 wt% Ag/BiFeO-MWCNT-4
wt% photocatalyst from 0.4 to 0.8 g/L because increasing the
photocatalyst dosage usually raises the number of active sites
that are accessible to the photocatalytic reaction and increases
the photocatalytic performance. Additionally, increasing the
dosage of the 2 wt% Ag/BiFeO,-MWCNT-4 wt% nanocom-
posite photocatalyst from 0.8 to 1.6 g/L led to a reduction
of the time required to achieve 100% cyanide degradation
from 60 to 30 min. Additionally, the dosage of the 2 wt% Ag/
BiFeO,-MWCNT-4 wt% nanocomposite photocatalyst was
increased to greater than 1.6 g/L, which led to an increase in
the time required to achieve complete cyanide degradation
from 30 to 40 min, which could be explained by the delay of
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Fig. 5. Photocatalytic degradation of cyanide by the MWCNT,
BiFeO,, Ag/BiFeO3, and Ag/BiFeO3—MWCNT samples
(experimental conditions: light source, 150 W blue fluorescent
lamp; reaction time, 60 min, dosage of photocatalyst 0.8 g/L;
volume of aqueous solution, 100 mL; and cyanide concentration,
100 mg/L).
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Fig. 6. Effect of the dosage of the Ag/BiFeO,-MWCNT
nanocomposite on the photocatalytic degradation of cyanide
(experimental conditions: light source, 150 W blue fluorescent
lamp reaction time, 60 min; dosage of photocatalyst, from
0.4 to 2.0 g/L; volume of aqueous solution, 100 mL; and cyanide
concentration, 100 mg/L).

light arrival at the photocatalyst surface due to the high dos-
age of the 2 wt% Ag/BiFeO,-MWCNT-4 wt% nanocomposite
photocatalyst, which led to decreased photocatalytic activity.

Finally, the recycling and reuse of the 2 wt% Ag/BiFeO,-
MWCNT-4 wt% nanocomposite on cyanide degradation
were explored, and the results are presented in Fig. 7. The
results illustrated that the 2 wt% Ag/BiFeO,-MWCNT-4 wt%
nanocomposite photocatalyst has high stability and can be
recycled several times without losing its efficiency.
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Fig. 7. Recycle and reuse of the Ag/BiFeO-MWCNT
nanocomposite on the photocatalytic degradation of cyanide
(experimental conditions: light source, 150 W blue fluorescent
lamp; reaction time, 30 min; dosage of photocatalyst, 1.6 g/L;
volume of aqueous solution, 100 mL; and cyanide concentration,
100 mg/L).

4. Conclusions

BiFeO,, Ag/BiFeQ,, and Ag/BiFeO,-MWCNT samples were
prepared and used for cyanide degradation under visible light
irradiation. The prepared nanoparticles were investigated by
several techniques, such as TEM, XRD, UV-Vis spectra, BET
surface area analysis, and PL spectra, to investigate their phys-
ical and chemical properties. The XRD results revealed that a
Ag/BiFeO,-MWCNT nanocomposite composed of BiFeO,, Ag
and a MWCNT was distributed. The TEM results revealed that
Ag and BiFeO, were homogenously dispersed on the MWCNT
surface. The results revealed that the BET surface area of the
Ag/BiFeO,-MWCNT nanocomposite had a higher surface area
compared with that of BiFeO, nanoparticles. UV-Vis measure-
ments showed that modification of BiFeO, nanoparticles with
Ag and MWCNT enabled the absorption of light at a high
wavelength. PL analysis showed the drastic reduction in the
band gap of the BiFeO, nanoparticles upon their modification
with Ag and MWCNT, which greatly enhanced their photocat-
alytic performance. The photocatalytic activity performances
of BiFeO,, Ag/BiFeO,, and Ag/BiFeO,-MWCNT were investi-
gated for cyanide degradation under visible light irradiation,
and the findings showed that the Ag/BiFeO,-MWCNT nano-
composite had the highest performance compared with the
other nanoparticles. The Ag/BiFeO,-MWCNT nanocomposite
has great photocatalytic stability, which allowed it to be used
for cyanide degradation in aqueous solution five successive
times without losing its efficiency.
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