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Abstract

The present study involves the synthesis of neodymium-doped zinc oxide nanoparticles decked multiwalled carbon nano-
tubes (Nd-ZnO-MWCNTs) with different weight percentage compositions of Nd through the co-precipitation method.
The synthesized photocatalysts were utilized in photocatalytic removal of acid blue 40 and eosin Y dye solutions via
visible light irradiation. The influence of catalyst dose and dye concentrations on the degradation efficiency was also
studied. The catalysts were characterized using XRD, FTIR, BET surface area analysis, UV-Vis and TEM spectroscopies.
TEM revealed that the Nd-ZnO nanoparticles were well distributed on the MWCNTSs surface. XRD analysis showed that
the ZnO occurred in the wurtzite phase. The introduction of Nd and MWCNTSs reduced the band gap of ZnO from 3.2 to
2.7 eV resulting in its enhanced visible light absorption. All the modified ZnO photocatalysts degraded the dye at higher
efficiencies compared to the bare ZnO with 0.6% Nd-ZnO-MWCNTs being the most effective. The bare ZnO degraded
13% of acid blue 40 dye while 0.6% Nd-ZnO-MWCNTs exhibited 99% degradation efficiency. The synergistic effect of
Nd and MWCNTSs was identified to be responsible for the enhanced efficiency of the Nd-ZnO-MWCNTs photocatalysts.

Keywords ZnO - Photocatalytic degradation - Dyes - Visible light irradiation - Metal doping - Multiwalled carbon
nanotubes

1 Introduction volumes of wastewater pumped directly into streams, riv-

ers, and the ocean throughout the world.

The scarcity of clean and safe water is a global challenge
that the world is faced with. With water being an essen-
tial commodity for all living organisms and the running
of industries, we are faced with the challenge of having to
provide clean water while making sure our reservoirs do
not run dry [1]. Water pollution continues to be a foremost
concern because efforts being put in place to provide safe
water are struggling to meet the ever-increasing demand.
This situation is worsened by the global climate change,
continuous deterioration of water quality, and population
growth [2]. Meanwhile, there continue to be enormous

The textile industry is known to contribute significantly
to water pollution across the world [3] and organic dyes
are major sources of environmental contaminants in water.
These dyes mainly originate from textile industries during
the processing of fibers and fabrics [4]. Wastewater efflu-
ents containing dyes have an intense color that requires
treatment before their final discharge into the mainstream
water bodies. It has been reported that textile and paper
industries utilize large quantities of dyes which are known
to cause serious hazards to humans and aquatic organ-
isms [5]. When these toxic pollutants are discharged
in the streams, they cause a drastic decrease in oxygen
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concentration as they interfere with sunlight penetration
through the water body which therefore becomes harmful
to the ecosystem, particularly photosynthetic organisms
[5]. The implications of water pollution on human health
are severe aside from the effects on fish and other aquatic
organisms.

Many conventional methods of wastewater treatment
such as coagulation, adsorption, filtration, etc. have been
tested for their abilities to remove these pollutants but are
considered to be inefficient in the purification/treatment
of wastewater [6-8]. Photocatalysis, a nanotechnology-
based photochemical process, is providing a cheap solu-
tion to wastewater treatment without the need for bulky
infrastructure or a centralized system. Photocatalytic deg-
radation method can remove water pollutants with the
use of metal oxide semiconductors and solar light with
minimum waste and no secondary waste generation [9].

Metal oxide semiconductor photocatalysts such as ZnS,
Zr0,, SiO,, Zr0,, TiO,, etc. possess the ability to degrade
complex organic dyes in water. Consequently, they are
being explored to perform important roles in wastewater
treatment [8, 9]. Zinc oxide (ZnO) has been widely studied
as a photocatalyst because of its special properties such
as high crystalline structure, phase stability, excellent
optical and mechanical properties which are required of
a good photocatalyst [10]. However, the efficiency of ZnO
as a photocatalyst for the degradation of dyes in water is
affected by certain problems. These problems include its
low tendency to efficiently utilize solar energy due to its
wide band gap, small surface area, and high rate of recom-
bination of photogenerated electrons and holes.

One approach that can be used to overcome these
problems is the doping of ZnO with metals. Metal dopants
are noted to augment the photocatalytic degradation
tendencies of semiconductor photocatalysts. Doping of
semiconductors with Lanthanide ions has been identified
to minimise the rate of recombination of charge carries
though the creation of charge carrier space regions on
the metal oxide or entrapment of the excited electrons
[11]. Metal dopants are also known to decrease the band
gap of metal oxides with the subsequent improvement
in their visible light utilization [12, 13] which is a require-
ment for an efficient photocatalytic activity. For example,
neodymium (Nd) doping of TiO, has been recognised as
a feasible technique for augmenting its photocatalytic
activity where the Nd acts as an electron sink and thus
prevented the rate at which the generated electrons and
holes recombine. It was also noted to decrease the band
gap of TiO, leading to an improvement in its organic pol-
lutant removal efficiency in the visible region of the solar
spectrum [14].

Some semiconductors photocatalysts have also been
modified with multiwalled carbon nanotubes (MWCNTs)
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so as to establish the probable application of MWCNTs-
based nanocomposites in organic dyes removal in water
[15-17]. MWCNT has unique properties that enable it to be
used as a support for attachment of nanoparticles for use
in water treatment. These properties include good charge
carrier distribution and release mechanism, large surface
area and hence high adsorption properties. It also has the
ability to act as a photosensitizer [18] thereby improving
the solar energy conversion efficiency of the resultant
photocatalyst. A photocatalyst consisting of ZnO, Nd and
MWCNTs is therefore projected to be effective against the
removal of organic pollutants in wastewater.

In this work, we synthesized Nd-doped ZnO nanoparti-
cles with varied Nd weight percentage concentrations and
attached them onto functionalized MWCNTs (f-MWCNTs)
to form Nd-ZnO-MWCNTs nanocomposites. This is pro-
jected to increase the surface area of ZnO, reduce its band
gap and hence improve its visible light absorption ability
so as to enhance its photocatalytic degradation tendency.
The photocatalytic degradation ability of the catalysts was
determined by using them to degrade acid blue 40 and
eosin Y dyes in water under visible light exposure.

2 Experimental
2.1 Materials

The materials used to prepare the MWCNT-Nd-ZnO com-
posites are as follow: Polyethylene glycol (PEG), Zinc ace-
tate dihydrate [Zn(CH;COO0),-2H,0], nitric acid (HNO;),
55%, sodium hydroxide (NaOH) neodymium nitrate hexa-
hydrate (Nd(NO5);-6H,0), acid blue 40 and eosin Y dyes.
These chemicals were all procured from Sigma-Aldrich.
Multiwalled carbon nanotube (MWCNTSs) with purity >95%
was procured from Bayer Material Science AG in Germany.
All the reagents were used as received with no purifica-
tion. Preparation of the dyes stock solutions was achieved
through the dissolution of their appropriate masses in
1000 mL of deionized water. The desired concentrations
of the dye solutions (20 ppm) were prepared by dilution
of the stock solutions.

2.2 MWCNTs functionalization

The MWCNTSs were functionalized in order to ensure the
attachment of the nanoparticles onto their surfaces. The
first step in the MWCNTs functionalization was their dis-
persion in 55% HNO; through ultrasonication at 30 °C
for 30 min. The dispersed MWCNTs were then taken
through refluxing for 5 h at 100 °C in a closed system
while being stirred constantly with a magnetic stirrer. The
mixture was cooled and filtered using deionized water
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and polytetrafluoroethylene (PTFE, 0.2 um) membrane.
The functionalized MWCNTs (f-MWCNTSs) were then taken
through copious washing until the pH was reduced to
around 7. They were then oven-dried for 24 h at 100 °C
and cooled to room temperature.

2.3 Preparation of Nd-ZnO-MWCNTs
nanocomposites

The synthesis of Nd-ZnO-MWCNTs nanocomposites with
1: 0.04 ratio (ZnO: MWCNTs) and different weight per-
cent Nd dopant concentrations (0.3%, 0.6%, 1.0%, and
2.0%) was achieved through the homogenous co-pre-
cipitation method. The functionalized MWCNTSs (0.4 g)
were suspended in 100 mL deionized water in a beaker
through ultrasonication for 1 h. Calculated masses of Nd
(NO;);-6H,0 (depending on the percentage doping of
Nd) and 10 g of Zn (CH;COO0),-2H,0 were also dissolved
in deionized water (100 mL) in a separate beaker. These
solutions were also taken through 30 min of sonication
and another 30 min magnetic stirring to ensure uniform
suspension. The two solutions were then mixed and stirred
for 45 min. Approximately 2 mL of PEG was added to the
suspension under continuous magnetic stirring after
which NaOH solution (0.3 M) was added dropwise to pre-
cipitate the Nd-ZnO-MWCNTs Nanocomposites at around
pH 9.The system was stirred for an additional 1 h, filtered,
washed copiously with ethanol-deionized water mixture
followed by drying at 100 °C for 12 h. Calcination of the
samples was later performed at 400 °C for 3 h followed by
pulverization. The unmodified ZnO and the ZnO-MWCNTs
were also synthesized using the same produced but with-
out the addition of the dopant precursor.

2.4 Samples characterization

Philips PANalytical X'pert PRO X-ray diffractometer was
used to characterize the phase, crystallinity, and sizes of
the bare and modified ZnO based samples. It was oper-
ated at 40 kV using Cu-Ka radiation (A=0.15406 nm)
over a diffraction angle range of 26 =10°-80°. By using
Deby-Scherrer’s equation (Eq. 1) [19], the particle sizes
were calculated.

p=_K
h pcosb

M

In this equation, D represents the crystallite size while K,
which has a value of 0.9, is the shape factor. A with a value
of 0.15406 nm denotes the wavelength of the X-ray while
B represents the full width at half maximum (FWHM) in
20 scale, with 6 being the Bragg’s diffraction angle at the
maximum.

PerkinElmer spectrometer (Spectrum 100) was used to
record the FTIR of the samples in a 400-4000 cm™' wave-
length range using a KBr pellet. SEM on TESCAN (Vega 3
XMU) was used to analyse the surface morphology of the
pristine and modified ZnO nanocomposites. For the inter-
nal morphology and size analyses, TEM (JEOL, JEM-2100F,
120 kV) was used while the optical absorptivity of the sam-
ples was determined with the help of a Shimadzu UV-2450
UV-Vis spectrophotometer.

2.5 Photocatalytic ability assessments

The tendency of the synthesized ZnO, ZnO-MWCNTs, and
the Nd-ZnO-MWCNTs nanocomposites to degrade toxic
organic pollutants in water was tested by applying them
in the degradation of two different textile dyes (acid blue
40 and eosin Y dyes) by irradiation with visible light. This
was achieved through the dispersion of 0.2 g of the photo-
catalysts (ZnO, ZnO-MWCNTs, 0.3% Nd-ZnO-MWCNTs, 0.6%
Nd-ZnO-MWCNTs, 1.0% Nd-ZnO-MWCNTs, and 2% Nd-ZnO-
MWCNTs) in 200 mL of 20 mg/L concentrations of the acid
blue 40 and eosin Y dyes. At the initial stage, the dye-catalyst
mixtures were stirred without light exposure for 30 min with
a magnetic stirrer so as to create adsorption equilibrium
between the catalysts and the dye molecules. Thereafter,
the system was exposed to visible light produced by a full
spectrum solar simulator (Port 9600) furnished with a 150 W
ozone free xenon lamp which was fitted with a 420 nm
dichroic UV filter. The mixtures were then stirred magneti-
cally upon light exposure at room temperature for 3 h. Dur-
ing this 3 h, 5 mL aliquots of the irradiated dye solutions
were withdrawn at 30 min intervals using 0.45 um PVDF
membrane fitted disposable syringes. The dyes’ concentra-
tions in each of the withdrawn solutions were determined
with a Shimadzu spectrophotometer (UV-2450).

2.6 Effect of dye concentration and catalyst dose
on degradation efficiency

For the influence of catalyst dose, different masses of the
catalyst ranging from 0.1 to 0.7 g/L were used to degrade
100 mL of 20 mg/L dye solution. With regards to the influ-
ence of dye concentration, different concentrations of the
dye in the range of 5-60 mg/L were degraded using the opti-
mised catalyst dose. In both cases, the degradation experi-
ment followed the same procedure as described in Sect. 2.5
for 180 min.
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3 Results and discussions
3.1 XRD analysis

The XRD patterns of the photocatalysts (ZnO, ZnO-MWC-
NTs and Nd-doped ZnO-MWCNTS photocatalysts), and
the -MWCNTs are presented in Fig. 1. In Fig. Ta which
represents the XRD pattern of ZnO, the diffraction peaks
at 31.93°, 34.57°, 36.43°,47.57°, 56.75°, 62.95°, 68.11° and
69.35° correspond to (100), (002), (101), (102), (110), (103),
(112) and (201) crystalline planes of ZnO, respectively.
These indexed planes of the nanoparticles indicate that
the ZnO occurs in the wurtzite structure based on JCPDS
standard card number 01-075-0576 of ZnO [20]. Figure 1g
represents the XRD pattern of the f-MWCNTs. The diffrac-
tion peaks of the -MWCNTs occurring at 26=30.1° and
50.3° represent (002) and (100) diffractions of hexagonal
graphite structure for MWCNTs. The intensities of these
peaks in the spectra of ZnO-MWCNT and the series of Nd-
ZnO-MWCNT (Fig. 1b-f) are very low due to the low con-
tent of MWCNTs in the samples (ZnO: MWCNTSs, 1: 0.04).

002

00

Intensity (a.u)
%L

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 1 XRD spectra of (@) ZnO, (b) ZNO-MWCNTs, (c) 0.3% Nd-ZnO-
MWCNTs, (d) 0.6% Nd-ZnO-MWCNTs, (e) 1.0% Nd-ZnO-MWCNTs, (f)
2% Nd-ZnO-MWCNTs and (g) functionalized MWCNTSs
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The crystalline sizes of the samples were calculated using
the Debye-Shrerres equation as indicated in Eq. 1. The
average crystalline size of the samples was calculated to
be between 34 and 65 nm.

3.2 FTIR analysis

Figure 2 depicts the FTIR spectra of the ZnO, ZnO-MWC-
NTs and Nd-ZnO-MWCNTs composites with different
Nd concentrations. For all the samples, the broad peak
located between 3000 cm™' and 4000 cm™' is assigned to
—-OH stretching vibration as a result of water molecules
adsorbed on the surface of the nanoparticles. Figure 2a
represents the FTIR spectrum of the unmodified ZnO. The
peaks of this spectrum between 500 and 1000 cm™ rep-
resent the Zn-0 bonds vibrations. The peak situated at
1630 cm™' is attributed to —~OH bending vibration owing
to water molecules adsorbed on the surface of the nano-
particles. The spectrum of the functionalized MWCNTs
is presented in Fig. 2g. Again, the broad and sharp peak
between 3000 and 4000 cm™" is indicative of -OH groups
associated with water molecules adsorbed on the surface
of the functionalized MWCNTSs [21] while that between
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Fig.2 FTIR spectra of (@) ZnO, (b) ZNO-MWCNTs, (c) 0.3% Nd-ZnO-
MWCNTs, (d) 0.6% Nd-ZnO-MWCNTs, (e) 1.0% Nd-ZnO-MWCNTs
and (f) 2% Nd-ZnO-MWCNTs
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2750 and 3000 cm™ signifies O-H stretching vibration.
The C-C skeletal vibration and C=C bond stretching vibra-
tion of the MWCNTs are represented by the peaks around
1300 cm™" and 1669 cm™ respectively. The band between
1000 and 1300 cm™" is accredited to C-C=C asymmetric
stretching while the one at 1750 cm™ indicates C=0
stretching vibrations of the MWCNTs. The occurrence of
these bands is indicative of the fact that the MWCNTSs
were successfully functionalized with a carboxylic acid
group due to oxidation of some of the carbon atoms of
the MWCNTs.

The spectra of all the other samples (ZnO-MWCNTs and
Nd-ZnO-MWCNTs composites with different Nd concen-
trations) which are represented in Fig. 2b—f contain the
peaks of both ZnO and MWCNTs. The difference in peak
intensities of the bare ZnO and MWCNTs modified ZnO
composites proves the interaction between the MWCNTs
and the Nd-ZnO. A new peak emerges at 2340 cm™ in the
spectra of the Nd-ZnO-MWCNTs samples (Fig. 2c—f). This
peak becomes more pronounced in the 0.6%, 1.0%, and
0.2% Nd-ZnO-MWCNTs samples and it is assigned to the
presence of Nd dopant.

3.3 TEM analysis

Figure 3a—c represent the TEM image of the bare ZnO, TEM
image of 0.6% Nd-ZnO-MWCNTs composite, and EDX spec-
trum of 0.6% Nd-ZnO-MWCNTs composite respectively.

Fig.3 TEMimages of aZnO, b
0.6% Nd-ZnO-MWCNTs com-
posite, and ¢ EDX spectrum

of 0.6% Nd-ZnO-MWCNTs
composite

According to Fig. 3a, the ZnO nanoparticles are spheri-
cal and possess regular/uniform size and morphology. In
Fig. 3b, the surface of the MWCNTs is visibly and uniformly
modified with Nd-ZnO nanoparticles. This uniform distri-
bution of the ZnO nanoparticles is due to the functionali-
zation of the MWCNTs with reactive carboxylic acid groups
which enhanced the nanoparticle attachment onto the
MWCNTs. The TEM result validates that of the XRD as the
particle size obtained from TEM is also between 34 and
65 nm. Figure 3c represents the elemental conmposition
of the catalyst which was determined through EDX analy-
sis. The figure contains the expected elements (Zn, Nd, C
and O) as the main components of the nanocomposite.
The presence of these elements further confirms the suc-
cessful synthesis of the Nd-ZnO-MWCNTs composite.

3.4 BET surface area analysis

BET surface area analysis was performed to provide spe-
cific surface area evaluation of the nanoparticles. Nitrogen
adsorption—desorption isotherm was used to determine
the BET surface area, pore volume and pore size of the
catalysts (Table 1). The results show that the surface area
of ZnO was low compared to the ZnO-MWCNTs composite,
which further increased for the Nd-doped ZnO-MWCNTs.
This suggests that the MWCNTS combined with ZnO, and
incorporation of Nd in the ZnO-MWCNTs was successful.
The results indicated that the surface area, pore size and
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Table 1 BET surface area, pore-volume, pore size, band gap, and
percentage degradation after exposure to simulated solar light

Sample BET surface  Pore Pore size (A)
area (m*g)  volume
(cm/qg)

Zn0O 28.7012 0.1144 49.9322
ZnO-MWCNTs 36.5813 0.09578 40.4683
0.3% Nd-ZnO-MWCNTs  47.5432 0.2108 42.5564
0.6% Ce-ZnO-MWCNTs  47.4898 0.26464 39.3544
1.0% Ce-ZnO-MWCNTs  48.6480 0.3442 32.4785
2.0% Ce-ZnO-MWCNTs  47.4457 0.30762 36.0477

0.14
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0.10
El
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3
c 0.06
3
5 0.04 ¢
73
o
< 0.02

0.00
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Fig.4 UV-Vis spectra of (a) ZnO, (b) ZnO-MWCNTs, (c) 0.3% Nd-
ZnO-MWCNTs, (d) 0.6% Nd-ZnO-MWCNTs, (e) 1.0% Nd-ZnO-MWC-
NTs and (f) 2% Nd-ZnO-MWCNTs

pore volume of the samples were independent on Nd con-

centration in ZnO-MWCNTS host material. The surface area

of the Nd-ZnO-MWCNTs varied from 47.4457 to 48.6480
2

m</g.

3.5 Optical activity analysis

The optical activities of the photocatalysts were assessed
with UV-Vis absorption spectroscopy. The absorbance
spectra of the samples are presented in Fig. 4. According
to Fig. 4, ZnO displayed the highest light absorption in the
UV region (200-400 nm). However, upon the introduction
of MWCNTs and Nd, the UV activity of ZnO reduced while
its visible light activity increased as indicated in the modi-
fied ZnO samples (Fig. 4b—f). Thus, all the modified ZnO
samples absorb light in the visible region (400-800 nm)
with a significant increase in the visible light activity upon
the introduction of Nd. ZnO-MWCNTSs has comparatively
small absorption in the visible region due to the very low
content of MWCNTs in the samples (ZnO: MWCNTSs, 1: 0.04).
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It is worthy to note that the highest visible light activity
was displayed by 0.6% Nd-ZnO-MWCNTs sample. Sam-
ples with Nd concentration greater than 0.6% (i.e. 1.0%
Nd-ZnO-MWCNTs and 2.0% Nd-ZnO-MWCNTs) exhibited
lower visible light absorptivity compared to 0.6% Nd-ZnO-
MWCNTSs and the absorptivity decreased with increasing
Nd concentration. This observation suggests that the opti-
mum Nd concentration for efficient visible light utilization
of ZnO is 0.6%. Beyond optimum dopant concentration,
metal ions act as recombination centers for both electrons
and holes which affects the photoactivity of the catalyst
[13]. High visible light absorptivity is known to result in
corresponding higher photocatalytic activity [22], hence
0.6% Nd-ZnO-MWCNTs is anticipated to demonstrate the
highest photocatalytic activity.

The band gaps of the photocatalysts were calculated
using Kubelka—Munk equation (Eq. 2) which permits the
optical absorbance of the samples to be approximated
from their standard reflectance spectra. The obtained
Kubelka—Munk function (F(R)) was plotted against wave-
length based on Eq. 2:

(1-R

F(R) = R

()

where R is the reflectance and it is designated as
(R)=Rsample/Rreference- The plot of this analysis is shown in
Fig. 5 and the band gaps of all the catalysts are presented
in Table 1. The band gap of the bare ZnO obtained in this
study (3.20 eV) is consistent with other published works
[23]. The result revealed that ZnO experienced band gap
reduction with the introduction of -MWCNTs, and a fur-
ther consistent reduction in band gap with increasing Nd
concentration up to 0.6% Nd (the optimum dopant con-
centration). 1.0% Nd-ZnO-MWCNTs and 2.0% Nd-ZnO-
MWCNTSs) have wider band gaps compared to 0.6% Nd-
ZnO-MWCNTs, although narrower than that of pure ZnO.
This observation is consistent with that made under the
discussion on visible light absorptivity. This observation
implies that both f-MWCNTs and Nd played specific roles
in decreasing the band gap of ZnO and hence enhanc-
ing its visible light activity as there is a direct relationship
between narrow photocatalyst band gap and high visible
light activity [24].

3.6 Photocatalytic degradation test

The purpose of this study is to assess the capability of the
synthesized ZnO, Nd-ZnO, and Nd-ZnO-MWCNTs photo-
catalysts to degrade organic pollutants in water. This aim
has been achieved by applying the photocatalyst in the
degradation of acid blue 40 dye in water under simulated
solar light. The results of these analyses are shown in
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Fig. 5 Tauc plot for (a) ZnO, (b) ZNO-MWCNTSs, (c) 0.3% Nd-ZnO-MWCNTs, (d) 0.6% Nd-ZnO-MWCNTs, (e) 1.0% Nd-ZnO-MWCNTs and (f) 2%

Nd-ZnO-MWCNTs

Fig. 6A and Table 1. According to the result, all the photo-
catalysts, except the bare ZnO, degraded the dye to vari-
ous extents. The unmodified ZnO barely degraded the dye.
0.6% Nd-ZnO-MWCNTs displayed the highest degradation
efficiency by degrading the dye to 99% within 180 min of
visible light exposure. The increasing order of the efficien-
cies of the photocatalysts in the degradation of the dye
is as follows: ZnO < ZnO-MWCNTs < 0.3% Nd-ZnO < 0.3%
Nd-ZnO-MWCNTs < 0.2% Nd-ZnO-MWCNTs < 1.0% Nd-
ZnO-MWCNTs < 0.6% Nd-ZnO-MWCNTSs with their percent
degradations presented in Table 1. The trend of the deg-
radation efficiencies follows the observation made under
visible light absorption and band gap analysis where
0.6% Nd-ZnO-MWCNTs possessed the least band gap and
exhibited the highest visible light absorption; and thus,
was expected to be the catalyst to degrade the dye with
the highest efficiency. The result indicates that the intro-
duction of MWCNTs and Nd played significant roles in the
efficiency of the catalyst. Both Nd and MWCNTs decreased
the band gap of the catalyst with the subsequent improve-
ment in its visible light absorptivity. Rare earth metal
dopants are also known to reduce recombination rates of

photogenerated electrons and holes through the creation
of impurity states [25] thereby augmenting the photocata-
lytic activity of the resultant catalyst. MWCNTSs, apart from
possessing a large surface area, is known to act as a pho-
tosensitizer [26]. As a result, it enhanced the photoabsorp-
tivity and pollutant adsorption tendency of the catalyst
resulting in its improved performance. It can, therefore,
be said that the synergistic effect of both Nd and MWCNTs
caused the remarkable effectiveness of the catalyst in the
degradation of the dye.

The change in the UV-visible spectrum of the dye with
increasing light exposure time throughout the degrada-
tion process using 0.6% Nd-ZnO-MWCNTs is shown in
Fig. 6B. A steady decline in the typical absorption band of
the dye at 610 nm with increasing time is observed sug-
gesting the steady degradation of the dye with time until
180 min when it was about 99% degraded.

3.7 The kinetics of photodegradation

The kinetics of the dye degradation by the cata-
lysts was studied. To achieve this, the normalized dye
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Fig.6 A Acid blue 40 degradation efficiency of (a) ZnO, (b) ZnO-
MWCNTs, () 0.3% Nd-ZnO, (d) 0.3% Nd-ZnO-MWCNTs, (e) 0.6%
Nd-ZnO-MWCNTs, (f) 1.0% Nd-ZnO-MWCNTs and (g) 2% Nd-ZnO-
MWCNTs; and (B) Photodegradation profile of acid blue 40 using
0.6%Nd-ZnO-MWCNTs

concentration (C,/C) was plotted again time (t) using
Langmuir-Hinselwood’s first-order reaction expression
shown in Eq. 3, with K being the apparent rate constants.
C, and C represent the initial and final dye concentra-
tions respectively after degradation within time t.

CO
In e kt (3)

The result of this analysis, which is depicted in Fig. 7,
attests to the superior photocatalytic degradation capa-
bility of 0.6% Nd-ZnO-MWCNTs nanocomposite compare
to the others. This catalyst degraded the dye at a rate of
16.73 x 1073 per min. This rate is about sevenfold higher
than that of the least effective catalyst (bare ZnO) which
is 2.48 1073 per min. The performance of all the catalysts
in terms of their rate of degradation of the dye is shown
in Table 2.
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Fig. 7 Kinetics of acid blue 40 dye photodegradation of (a) ZnO, (b)
ZnO-MWCNTs, (c) 0.3% Nd-ZnO-MWCNTs, (d) 0.6% Nd-ZnO-MWC-
NTs (e) 1.0% Nd-ZnO-MWCNTs and (f) 2% Nd-ZnO-MWCNTs

3.8 Effect of catalyst dose on dye degradation

It is always necessary to determine the optimum catalyst
dose in any photolytic degradation process in order to
avoid wasting the catalyst and ensure efficient photons
absorption. The effect of catalyst dose on dye degrada-
tion was performed with catalyst masses ranging from
0.1-0.7 g/L with the results presented in Fig. 8. According
to the result, the photodegradation process increased with
increasing catalyst dose from 0.1 mg/L up to 0.4 g/L where
99% of the dye was degraded within 180 min. However,
the dye degradation efficiency decreased with catalyst
doses higher than 0.4 g/L. Thus, 0.4 g/L is the optimum
catalyst dose for effective degradation. The increase in the
mass of the catalyst resulted in a corresponding increase in
available active surface area for the dye molecules adsorp-
tion resulting in enhanced dye degradation. Beyond
0.4 g/L, the solution becomes turbid. The turbid solution
scattered the incident light, thus reduced light penetration

Table 2 Band gap, percentage degradation, and kinetics of degra-
dation after exposure to visible-light radiation for 180 min

Sample Band gap (eV) Degra- K,x 1073 (min™")
dation
(%)
Zn0O 3.20 13.0 248
ZnO-MWCNTs 3.09 49.6 493
0.3% Nd-ZnO MWCNTs 2.81 75.1 5.00
0.6% Nd-ZnO-MWC- 2.70 99.0 16.73
NTs
1.0% Nd-ZnO-MWC- 2.77 91.7 12.86
NTs
2.0% Nd-ZnO-MWC- 2.95 88.9 9.09
NTs
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Fig.9 Effect of dye concentration on degradation efficiency using
0.6% Nd-ZnO-MWCNTs

into the solution [27] leading to diminished degradation
efficiency.

3.9 Influence of initial dye concentration

The result of the analysis on the influence of the dye
concentration ranging from 5-70 mg/L on degradation
efficiency is presented in Fig. 9. A consistent decrease
in degradation efficiency was observed with increasing
dye concentration. With increasing dye concentration, a
corresponding increase of the dye molecule adsorption
on the surface of the catalyst occurs. This reduces the
available surface area of the catalyst for hydroxy radical
generation leading to the reduction in degradation effi-
ciency. Also, with increasing dye concentration, the colour

of the solution becomes deeper and hinders efficient light
penetration of the solution. The dye molecules absorb a
greater portion of the incident light and prevent it from
reaching the catalyst’s surface to encourage the genera-
tion of hydroxyl radicals [28]. This result agrees with the
observation made by Chanu et al. [29].

3.10 Degradation of eosin Y dye

The capacity of the catalyst in degrading another dye
apart from acid blue 40 was established by applying it in
the degradation of eosin Y dye as well. As can be observed
in Fig. 10, 0.6% Nd-ZnO-MWCNTs is also effective against
eosin Y dye with about 80% efficiency. This catalyst can,
therefore, be regarded as a potential effective photocata-
lyst against the degradation of a variety of organic dyes
in water.

3.11 Catalyst reusability study

One of the important parameters to be considered in
choosing an appropriate catalyst for photocatalytic appli-
cation is its reusability. Subsequently, the reusability of
0.6% Nd-ZnO-MWCNTs (the most efficient photocatalyst)
has been studied. The catalyst was recovered after each
degradation cycle through centrifugation, regenerated
with dilute HCl, washed copiously with deionized, dried
and reused for 6 successive cycles. The results, according
to Fig. 11, shows that the catalyst can be recycled and
reused for 5 consecutive times before it begins to lose its
efficiency. The first five cycles of the catalyst’s reusability
exhibit efficiencies ranging from 98 to 95% within the
180 min irradiation time. A noticeable reduction in its reus-
ability was identified after the fifth cycle resulting in 76%
degradation efficiency. The result shows that the catalyst
can be efficiently recycled and reused for 5 consecutive
times for the degradation of dyes in water.

3.12 Total organic carbon (TOC) analysis

TOC analysis of the treated water was performed to assess
the degree to which the dye (acid blue 40) was mineral-
ized since the disappearance of dye colour alone cannot
be used as a measure of its complete mineralization. The
analysis was done with 0.6% Nd-ZnO-MWCNTs using the
Fusion UV/persulfate TOC analyser at different time inter-
vals up to 4 h at the optimum conditions. The result of this
analysis (Fig. 12) revealed an appreciable level of minerali-
zation of the dye (69%) after 4 h. The result also points out
the potential conversion of the dye into other intermedi-
ate forms and signifies that degradation of the dye beyond
4 h may lead to complete mineralization.
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Fig. 10 Photodegradation
profile of Eosin Y dye using
0.6%Nd-ZnO-MWCNTs
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Fig. 11 Acid blue 40 dye photodegradation efficiency of recycled
0.6% Nd-ZnO-MWCNTs nanocomposite

3.13 Comparison of photodegradation
effectiveness of the as-synthesized 0.6%
Nd-ZnO-MWCNTs nanocomposite with other
published results

The photocatalytic degradation performance of 0.6%
Nd-ZnO-MWCNTs photocatalyst has been compared
with other published work involving ZnO based pho-
tocatalysts for the degradation of dyes in water under
visible light irradiation (Table 3). The table clearly shows
that 0.6% Nd-ZnO-MWCNTs photocatalyst is more effi-
cient than the other ZnO based photocatalysts for dyes
degradation in water.
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Fig. 12 Total organic carbon analysis of the degraded dye solution
using 0.6% Nd-ZnO-MWCNTs

3.14 Proposed photocatalytic degradation
mechanism of the Nd-ZnO-MWCNTs
Photocatalyst

The possible mechanism of photocatalysis is shown
in Fig. 13. Upon visible light irradiation, excitation of
electrons from the valence band (VB) to the conduc-
tion band (CB) of ZnO occurs leading to the creation of
holes (h*) in the VB and electrons (e7) in the conduction
band (CB). The h* in the VB oxidizes the dye molecules
and further reacts with water molecules to generate
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Table 3 Comparison of

photodegradation efficiency Catalysts Dyes E;agt(i;?n) Illumination type Efficiency (%) References
of 0.6% Nd-ZnO-MWCNTs
catalyst to other ZnO based Zr0,-ZnO Methylene blue 180 uv 97 [30]
s:g:;’;::f‘;ff;fzo;i‘ﬁ] water Zno Methylorange 120 uv 91 25]

La-ZnO Methyl orange 180 uv 85.6 [26]

GO/Zn0O Basic fuchsin 180 uv 92.5 [30]

N-ZnO Methylene blue 180 UV-Vis 98.6 [31]

Zn0O-SnS Rhodamine 180 UV-Vis 95.0 [32]

Nd-ZnO Acid blue 40 180 UV-Vis 99 Current study

Nd-ZnO EosinY 180 UV-Vis 80.0 Current study
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Fig. 13 Proposed visible-light-induced photocatalytic degradation mechanism of the dye by the Nd-doped ZnO-MWCNTs photocatalyst

hydroxyl radicals (OH). The CB electrons also react with
dissolved oxygen species to form superoxide radicals
(0,7). The OH and O, induced redox reactions, lead-
ing to the complete mineralization of the dyes. The Nd-
doped ZnO-MWCNTs composites showed better photo-
catalytic performance due to the increase in the number
of impurity energy levels between the CB and VB which
helps for the generation of more e~ — h* pairs, decrease
recombination of photogenerated holes and electrons
in ZnO.The empty orbitals of Nd acted as a sink for elec-
trons which prevented electron-hole recombination
[12] while the MWCNTs released electrons onto the CB
of the ZnO leading to the enhanced photodegradation
performance of the composite [13].

4 Conclusion

The unmodified, and Nd and MWCNTs modified ZnO
nanocomposites have been successfully synthesized
using the co-precipitation method and confirmed by
TEM, XRD, and FTIR analyses. TEM analysis showed that
the catalysts are spherical and were well distributed
on the MWCNTs. XRD analysis revealed a wurtzite crys-
talline phase of ZnO. Modification with Nd and MWC-
NTs decreased the band gap of ZnO from 3.2 to 2.7 eV
resulting it enhanced visible light absorption. 0.6% Nd
was identified to be the optimum Nd concentration
beyond which the band gap, visible light activity and
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photodegradation efficiency of the catalyst were ham-
pered. All the modified catalysts degraded the dyes
under visible light irradiation. 0.6% Nd-ZnO-MWCNTs
exhibited the highest acid blue 40 dye degradation effi-
ciency of 99% while the bare ZnO exhibited only 13%
efficiency. 0.4 g/L was identified as the optimum cata-
lyst dose for effective degradation. TOC analysis revealed
69% mineralization after 4 h indicating that degradation
beyond 4 h may lead to complete mineralization. Reus-
ability study confirms the catalyst to be stable and can
be reused for 5 consecutive times without significantly
losing its efficiency. The excellent degradation efficiency
of the catalyst is attributed mainly to the band gap
reduction with the subsequent improvement in visible
light activity due to the synergistic effects of both Nd
and MWCNTs.
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