Applied Water Science (2020) 10:40
https://doi.org/10.1007/5s13201-019-1124-4

ORIGINAL ARTICLE q

Check for
updates

Decolorization of Rhodamine B dye by using multiwalled carbon
nanotubes/Co-Ti oxides nanocomposite and Co-Ti oxides
as photocatalysts

Noor Zada' - Khalid Saeed'? - Idrees Khan'2

Received: 14 November 2019 / Accepted: 16 December 2019 / Published online: 26 December 2019
© The Author(s) 2019

Abstract

Functionalized multiwalled carbon nanotubes (F-MWCNTs)/Co-Ti oxide nanocomposites and neat Co—Ti oxide nanoparti-
cles were synthesized by chemical reduction method. The scanning electron microscopy micrographs show that the bimetallic
NPs in F-MWCNTSs/Co-Ti are present in dispersed form while the neat Co—Ti nanoparticles were found in agglomerated
form. The formation of nanocomposites and neat Co—Ti nanoparticles was also confirmed by energy-dispersive X-ray. Both
types of nanocomposites were employed as photocatalyst for the photodegradation of Rhodamine B in aqueous medium
under UV light irradiation. The photodegradation study was performed via UV-Vis spectrophotometer. The photodegradation
results show that F-MWCNTs/Co-Ti oxide NPs degraded about 93.35% dye within 150 min irradiation time while the neat
Co-Ti oxide NPs degraded about 91.76% dye within same irradiation time. The F-MWCNTs/Co-Ti can be easily removed
and recycled due to its bulky composite nature as compared to neat Co—Ti oxide NPs. The effect of dye concentration, catalyst
dosage, pH of medium and activity of recycled catalyst was also evaluated.
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Introduction

Bimetallic nanoparticles are a type of nanoparticles (NPs)
which consist of two different metals that show a combina-
tion of properties that are associated with the two constitu-
ent metals (Devi and Singh 2016). Bimetallic NPs exhibit
unique properties as compared to their pure individual
NPs. They have a wide range of magnetic, biomedical and
catalytic applications. They have a tunable optical behavior
and also play a vital role in bio-sensing (Devi et al. 2016).
Among various types of bimetallic NPs, bimetallic alloy
NPs have higher catalytic efficiency than their monome-
tallic counterparts due to strong synergy between the met-
als (Devi and Singh 2016). Different bimetallic NPs were
reported as photocatalyst for the photodegradation of organic
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pollutants such as NiO—Ag bimetallic NPs for methyl violet
(Devi et al. 2016). Metal and their oxide NPs were utilized
as good heterogeneous photocatalysts due to its chemical
stability, low corrosion and high surface area (Saeed and
Khan 2017). Among the metal oxides, TiO, is the most suit-
able photocatalyst (Riaz et al. 2012) due to its relatively
high photocatalytic efficiency, nontoxicity, long-term sta-
bility, photosensitivity, low toxicity, antimicrobial proper-
ties and low cost and thus widely employed in wastewater
treatment (Souza and Corio 2013; Koo et al. 2014). It is
chemically and biologically inert, non-corrosive, photocata-
lytically stable and has high oxidative ability (Kerkez and
Boz 2015). TiO, represents low photocatalytic activity due
to its wide band gap, high electron—hole pair recombination
rate and also its excitation only under UV light wavelength
(Benjume et al. 2012). Various approaches have been prac-
ticed to retard its charge recombining deficiency such as
depositing noble metals like Pt or Pd on TiO, surface (Saeed
et al. 2017), doping other metal such as magnesium on TiO,
surface (Avasarala et al. 2016) and combining TiO, with
other metal oxides such as ZrO, to form nanoconjugates
(Benjume et al. 2012). Nanoconjugates also called mixed
oxide composites have more efficient photocatalytic activity
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than pure substances through the generation of new active
sites, thermal stability, improved mechanical strength and
surface area of titania. The active surface area and adsorp-
tion capacity in this system are greatly increased to the dye
molecules (Smirnova et al. 2015). Various metal oxides such
as ZnO, Al,O3, MnO,, ZrO,, Ta,05 and In,0; have been
coupled with TiO, and were found to be efficiently increased
its photocatalytic activity (Benjume et al. 2012).

In the present study, cobalt-coupled titania nanoconjugate
is synthesized through chemical reduction method with and
without F-MWCNTSs. The F-MWCNTs not only increase
the surface area of bimetallic NPs (generally present in
agglomerated form), but also have the ability to store and
shuttle electrons in order to separate h*/e™ pairs (Li et al.
2013), which ultimately increase its photocatalytic activity.
F-MWCNTs are reported as support materials for the syn-
thesis of bimetallic nanoparticles (Saeed et al. 2018). These
F-MWCNTs/Co-Ti and Co-Ti NPs were used as photocata-
lyst for the photodegradation of Rhodamine B dye under
UV light irradiation in aqueous medium as a function of
irradiation time, catalyst dosage, dye concentrations and pH
of the media. The effect of recovered catalyst was also stud-
ied. The Rhodamine B dye is selected due to its solubility
in water and mainly used as colorant in food stuffs, textiles
and a well-known fluorescent water tracer. It is very harm-
ful if swallowed by human beings and animals and causes
irritation to eyes, skin and respiratory tract (Sangami and
Dharmaraj 2012). Various studies were carried out on the
degradation of Rhodamine B dye, but mostly of these studies
show long irradiation time and hard reaction conditions and
operations (Kumar and Kumar 2019; Lops et al. 2019; Xiao
et al. 2019). In our studies, RB dye was degraded in 150 min
with a very simple reaction condition and operation.

Experimental work
Chemicals and materials

CoCl,.6H,0 and TiCl, were purchased from the Merck and
BDH companies, respectively, and used as received. Ana-
lytical-grade nitric acid, sulfuric acid and sodium hydrox-
ide were purchased from Scharlau Company. The MWCNTs
were supplied by Nanomirea and manufactured by thermal
chemical vapor deposition. The diameter and length of the
CVD MWNTs were 20—40 nm and 30—40 um, respectively,
and its purity was higher than 95%. Rhodamine B dye was
supplied by Sigma-Aldrich.

Acid treatment of MWCNTs

The MWCNTs, 100 mL HNO; (6 M) and 100 mL H,SO,
(2 M) were taken in reaction flask and sonicated for
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30 min. The mixture was refluxed at 170 °C for 6 h and
then cooled with constant stirring. The acid-treated MWC-
NTs are then cooled to room temperature, separated by fil-
tration and then washed several times with distilled water
in order to remove the unreacted acids. The F-MWCNTs
are dried in oven at 110 °C and stored for further use.

Synthesis of F-MWCNTs/Co-Ti oxides and Co-Ti
oxide NPs

100 mL of 0.1 M concentration from both CoCl,.6H,0
and TiCl, solutions and 0.5 g of F-MWCNTSs were taken
in conical flask and stirred on magnetic stirrer. The mix-
ture is then basified by dropwise adding NaOH (1 M)
until pH reached 10 with constant stirring. The mixture is
then sonicated (full volume at 30 °C) for 30 min through
sonicator for complete dispersion of F-MWCNTs in the
solution. The obtained mixture was then refluxed at 70 °C
for 2 h with occasionally stirring for better dispersion of
nanotubes and deposition of NPs on F-MWCNT surface.
The final mixture was cooled, centrifuged (10,000 rpm for
30 min), washed with distilled water and dried in oven at
100 °C to get the F-MWCNTSs/Co-Ti oxide NPs. The ratio
between components in the F-MWCNTs/Co-Ti oxide NPs
is (F-MWCNTs:Co:Ti) 0.5:0.9:0.7. The same procedure
was used for the preparation of Co-Ti oxide NPs except
adding F-MWCNTs.

Photodegradation of Rhodamine B dye

The photocatalytic activity of the prepared F-MWCNTs/
Co-Ti oxides and Co-Ti oxide NPs was evaluated by using it
as photocatalysts against Rhodamine B (RB) dye. In the time
study, 0.02 g of F-MWCNTs/Co-Ti oxide NPs and 0.01 g of
Co-Ti oxide NPs are added separately to 10 mL of RB dye
(20 ppm) in 50-mL beakers and sealed with colorless cover
to permit penetration of light radiation and to stop water
evaporation. The samples were placed in dark for 30 min in
order to attain adsorption—desorption equilibrium. The solu-
tion mixture was then kept under UV light with constant stir-
ring for a given irradiation time. After specific time of UV
irradiation, the photocatalyst was separated out from the RB
dye aqueous solution by using centrifugation (10,000 rpm
for 10 min) through centrifuge machine (models 1-14). The
effect of recovered catalyst, catalyst dosage, dye concentra-
tions and pH of the media on the photodegradation of RB
was also evaluated. The general scheme of photodegradation
study is shown in Fig. 1. The photodegradation study of the
RB dye was monitored by using UV-visible spectrophotom-
eter, and the percent degradation of was calculated by the
following formula (Saeed and Khan 2017):
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Fig. 1 General scheme of pho-
todegradation of RB dye
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where C, is the initial dye concentration, C is the dye con-
centration after UV irradiation, A, shows initial absorbance
and A shows the dye absorbance after UV irradiation.

Instrumentations

The morphological study was performed by scanning elec-
tron microscopy (SEM) model no. JEOL-Jsm-5910; JEOL
Company, Japan. The energy-dispersive X-ray (EDX) study
was performed by EDX spectrometer model Inea 200, UK.
Centrifugation was performed using centrifuge machine
(Wise Spin Model: CF-10). The photodegradation study
was monitored by UV/VIS spectrophotometer (Shimadzu
160 A, Japan).

Results and discussion
Morphological and elemental composition study

The surface morphological study is very important for ana-
lyzing the surface area as it is directly related with the cata-
Iytic activity while compositional study provides informa-
tion about the particular material synthesis and its purity.

Fig.2 SEM images of a
F-MWCNTs/Co-Ti oxides and
b Co-Ti oxide NPs
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Figure 2a, b shows the SEM images of F-MWCNTs/Co-Ti
oxides and Co-Ti oxide NPs, respectively. The micrographs
presented that NPs (Fig. 2b) are mostly present in spheri-
cal shape in the form of agglomeration. The micrograph
(Fig. 2a) also illustrated that NPs are present in dispersed
form on the F-MWCNTs surface. The synthesis of F-MWC-
NTs/Co-Ti oxides and Co-Ti oxide NPs is also confirmed
by their EDX spectra. Figure 3a, b shows the EDX spectra’s
of F-MWCNTs/Co-Ti oxides and Co-Ti oxide NPs, respec-
tively. The figure shows that Co and Ti are present in large
quantity in both the photocatalysts. The presence of carbon
peak in Fig. 3a is for the FF-MWCNTs while the presence of
oxygen peak in Fig. 3a, b confirms that bimetallic NPs are
formed in their oxide form. The presence of oxygen peak in
Fig. 2a also confirms the functionalization of MWCNTs by
acid treatment, which introduces carboxyl functional group.

Photodegradation study of Rhodamine B

The prepared F-MWCNTs/Co-Ti oxides and Co-Ti oxide
NPs were used as photocatalysts for the photocatalytic deg-
radation of Rhodamine B (RB) dye under UV light irradia-
tion. Figure 4a, b shows the UV-visible spectra of RB in
an aqueous medium in the presence of F-MWCNTs/Co-Ti
oxides and Co-Ti oxide NPs, respectively, as a function of
irradiation time. The photodegradation of RB was measured
from the relative intensity of its UV—-Vis spectra, which gave
a maximum absorbance peak at 554 nm. Photodegradation
is achieved when UV light falls upon the bimetallic NPs that
results in the excitation of electrons (e”) from the valence
band of NPs to its conduction band, and creates a positive
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Fig.3 EDX spectra of a i Spectrum 1
F-MWCNTs/Co-Ti oxides and
b Co-Ti oxide NPs
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Fig.4 UV-Vis spectra of RB dye before and after UV light irradiation photodegraded by a F-MWCNTSs/Co-Ti oxide NPs and b Co-Ti oxide
NPs

hole (h") in the valence band. The conduction band e” is  property of F-MWCNTSs makes it suitable for NP support
captured and stored by the F-MWCNTs, hence reducing the ~ which increases NP catalytic activity as compared to unsup-
recombining deficiencies of the created charges, while in  ported NPs. The electron in the conduction band or stored in
the unsupported bimetallic NPs greater quantity of these =~ MWCNTs is trapped by the O, molecule to form a reactive
separated charges recombines. This e~ trapping and storing superoxide anion radical (O3), while the h* present in the
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valence band reacts with water molecule and forms hydroxyl
radicals (OH). These radicals created are highly reactive
toward photodegradation of dye [Saeed and Khan 2017; Li
et al. 2013). The proposed mechanism is easily understood
from Fig. 5. The following steps summarize the mechanism:

CNTs/NPs — CNTs (e7) + NPs (h™)
CNTs(e7) + O, — CNTs + 'O
NPs (h*) + OH™ — NPs + 'OH
Dye + 'OH — degradable products

Dye + 'O; — degradable products

Figure 6a shows the comparison of the %degradation of
RB dye in the presence of F-MWCNTSs/Co-Ti oxides and
Co-Ti oxide NPs, respectively. The results show that with
increasing irradiation time the photodegradation of dye also

Fig.5 General proposed mecha-
nism for CR dye photodegrada-
tion

.02-

increases. From the result, it is clear that at initial irradia-
tion time of 25 min the F-MWCNTs/Co-Ti oxides degraded
about 34.61% dye which increases to 52.4, 69.11, 84.18,
90.24 and 93.35% as irradiation time increased to 50, 75,
100, 125 and 150 min, respectively. Similarly, the Co-Ti
oxide NPs degraded about 28.86, 46.54, 66.43, 81.89, 87.64
and 91.76% within irradiation time of 25, 50, 75, 100, 125
and 150 min. The results show that F-MWCNTs/Co-Ti
oxides degraded the dye more rapidly than Co—Ti oxide NPs.
Figure 6b shows a plot of InCo/C versus irradiation time,
representing a linear relationship, which indicates pseudo-
first-order kinetics. The values of correlation coefficient (R?)
are also represented in Fig. 6b.

The used catalyst is washed many times with excess of
distilled water in order to remove the adsorbed dye and used
as photocatalysts under the same experimental conditions
for evaluating its recycled efficiency. Figure 7a, b shows
the UV-visible spectra of RB in an aqueous medium in the
presence of recycled F-MWCNTs/Co-Ti oxides and Co-Ti
oxide NPs, respectively, as a function of irradiation time.
The results revealed that the recovered F-MWCNTSs/Co-Ti
oxides degraded more dye than the recovered Co-Ti oxide

Degradable products

UV-Light
source

RIS diye

Degradable products
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Fig.6 a Comparison of %degradation of RB dye by F-MWCNTSs/Co-Ti oxides and Co-Ti oxide NPs and b kinetics study
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Fig.7 UV-Vis spectra of RB dye under UV light irradiation in the presence of recovered a A-MWCNTSs/Co-Ti oxide NPs and b Co-Ti oxide

NPs

NPs like the original photocatalysts. Figure 8a shows the
comparison of the %degradation of RB dye photodegraded
by original and recovered F-MWCNTs/Co-Ti oxide NPs.
The results show that the original F-MWCNTs/Co-Ti oxides
degraded less dye than recovered F-MWCNTSs/Co-Ti oxides
within each irradiation time. Within 25 min irradiation time,
the fresh F-MWCNTs/Co-Ti oxides degraded 34.61% while
the recovered degraded 12.7%. Within the maximum irradia-
tion time of 150 min, the fresh F-MWCNTs/Co-Ti oxides
degraded about 93.35% dye while the recovered degraded
about 66% dye. Figure 8b shows the comparison of %deg-
radation of RB dye photodegraded by original and recov-
ered Co-Ti oxide NPs. The results data confirmed that the
original Co-Ti oxide NPs degraded 28.86% dye within
25 min irradiation time while the recovered Co-Ti oxide
NPs degraded about 9.32% dye; by increasing irradiation
time to 150 min the original photocatalyst degraded about
91.76% dye while the recovered degraded about 62.97% dye.
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Effect of the photocatalyst amount

Catalyst amount plays a vital role in dye degradation
because different amounts of catalyst provide a different
number of active sites. The effect of photocatalyst dosage
on photocatalysis of RB was also monitored by loading
different dosages/amounts of F-MWCNTs/Ag—Co oxide
NPs (0.08, 0.13, 0.18, 0.23 and 0.28 g) and Ag—Co oxide
NPs (0.02, 0.07, 0.12, 0.17 and 0.22 g) under constant
irradiation time of 100 min and 20 ppm dye concentra-
tion. Figure 9a, b shows the UV-visible spectra of RB
dye before and after UV light irradiation in an aqueous
medium photodegraded by different amounts of F-MWC-
NTs/Co-Ti oxides and Co-Ti oxide NPs, respectively.
The result shows that as photocatalyst amount increases,
photodegradation of dye also increases. Figure 10 shows
the comparison of the %degradation of RB dye photode-
graded by F-MWCNTs/Co-Ti oxides and Co-Ti oxide
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Fig.9 UV-Vis spectra of RB dye under UV light irradiation at different amounts of a A-MWCNTSs/Co-Ti oxides and b Co-Ti oxide NPs

100 NPs. Figure 10 confirms that the F-MWCNTs/Co-Ti
oxides degraded more dye than Co-Ti oxide NPs. The
e results confirmed that 0.08 g of F-MWCNTs/Ag—Co
Tg’ oxide NPs degrades about 72.64% dye, which increases to
E 60 90.01% by increasing to the maximum dosage of 0.28 g.
g 0 Similarly, 0.02 g of Ag—Co oxide NPs degraded 69.85%
§ dye while increasing catalyst dosage to 0.22 g photodeg-
& 2 —¢—F-MWCNTS/Co-TiNPs —ii=Co-Ti NPs radation of RB dye increases to 88.38%. The results show
that increasing catalyst up to certain limit rate of deg-
o radation increases and then increasing catalyst amount

0 0.02 0.07 0.12 0.17 0.22

beyond that limit levels off the photodegradation rate.
The reason for this phenomenon is that increasing cata-

. ) ) ) lyst amount increases quantity of photons adsorbed which
Fig. 10 %Degradation comparison of RB dye by different amounts of .
A-MWCNTS/Co_Ti oxides and CoTi oxide NPs consequently enhances the photodegradation rates. On the
other, further increase in catalyst dosage beyond the limit
increases solution opacity leading to decrease in photon
penetration, hence decreasing photodecomposition rate
(Reza et al. 2017).

Catalyst amount (g)

Pigllase ¢l ay .
e e O) Springer



40 Page80of10

Applied Water Science (2020) 10:40

Effect of initial dye concentration

As industries discharge dyes at various concentrations, the
effect of initial RB dye concentration on the photodegra-
dation rate was evaluated by studying the RB photodegra-
dation in different dye concentrations (10, 15, 20, 25 and
30 ppm) keeping irradiation time (100 min) and catalyst
amount (0.02 g of FFMWCNTs/Co-Ti oxide NPs and 0.01 g
of Co-Ti oxide NPs) constant. The effect of the initial RB
dye concentration on the photodegradation rate is shown in
Fig. 11, which shows the comparison of %degradation of RB
dye by constant amount of F-MWCNTs/Co-Ti oxides and
Co-Ti oxide NPs. The results show that the maximum dye
degradation was occurred in the lower initial dye concentra-
tion. Results data revealed that in the presence of F-MWC-
NTs/Co-Ti oxide NPs at 10 ppm, a maximum degradation of
92.79% was achieved while increasing concentration to 15,

95
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Fig. 11 Comparison of %degradation of RB dye at different initial
dye concentrations at constant amount of A-MWCNTSs/Co-Ti oxides
and Co-Ti oxide NPs
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20, 25 and 30 ppm, photodegradation decreases in ascend-
ing order of 87.26, 84.18, 81.5 and 80.7%, respectively. This
decrease in dye degradation occurs at higher initial dye con-
centration because more and more dye molecules will be
adsorbed on photocatalyst surface and significant amount
of UV light will be absorbed by the dye molecules rather
than the photocatalyst; consequently, light penetration to NP
surface decreases. Due to this phenomenon, generation of
hydroxyl radicals decreases as the active sites were occupied
by dyes, and hence, photodegradation rate decreases (Reza
et al. 2017). Similarly, Co-Ti oxide NPs degraded about
90.99% dye at 10 ppm which also decreases to 84.83, 81.89,
80.71 and 79.91% by increasing initial dye concentration to
15, 20, 25 and 30 ppm, respectively.

Effect of pH of the medium

Various industries discharge their effluents at different
pHs, and therefore, it is necessary to study the effect of pH
on the degradation of organic dyes. Figure 12a, b shows
the UV-visible spectra of RB dye before and after UV
light irradiation photodegraded by F-MWCNTs/Co-Ti
oxides and Co-Ti oxide NPs, respectively. The effect of pH
was studied by preparing the dye solution in different pH
media and studying under constant initial dye concentra-
tion (20 ppm) irradiation time (100 min) and catalyst dos-
age (0.02 g of FF-MWCNTs/Co-Ti oxide NPs and 0.01 g of
Co-Ti oxide NPs). Figure 13 shows the comparison of the
%degradation of RB dye photodegraded by F-MWCNTs/
Co-Ti oxides and Co-Ti oxide NPs in different pH media.
The result shows that pH has a low effect on the photodeg-
radation rate on RB dye; however, greater degradation is
achieved at higher pH. This higher photodegradation rate
in the basic medium may be attributed to the enhanced
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Fig. 12 UV-Vis spectra of RB dye under UV light irradiation in the presence of A-MWCNTs/Co-Ti oxides and Co-Ti oxide NPs in different

pH media
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formation of hydroxyl radicals which is a strong oxidizing
species (Saeed et al. 2016). The results show that at pH 3
the F-MWCNTs/Co-Ti oxides degraded 82.38%, which
increases up to 88.16% by increasing pH to 11. Similarly,
the Co-Ti oxide NPs degraded about 81.16% dye at pH
3, which increases to 81.5, 81.89, 83.7 and 84.83% by
increasing pH of the media to 5, 7, 9 and 11, respectively.

Conclusion

F-MWCNTs increase the photocatalytic activity of bime-
tallic NPs because of its ability to trap and store the
conduction band electron and hence reduce the recom-
bining deficiencies of the separated charges. Acid treat-
ment of MWCNTSs improves its dispersive properties as
well as strengthens its interaction with metal NPs. The
F-MWCNT-supported Co-Ti oxides were found more
effective in the degradation of RB dye as compared to
unsupported NPs in aqueous media due to high surface
area of the well-dispersed NPs on F-MWCNTs and the
synergistic effect between bimetallic NPs and F-MWC-
NTs. The increase in the rate of photodegradation with
increasing photocatalysts dosage up to certain limit is due
to the availability of more active sites. The photodegra-
dation rate was found higher in basic medium due to the
generation of more hydroxyl radicals in the basic medium.
The faster photodegradation rate at low initial dye con-
centration is due to small quantity of dye molecules and
easy penetration of UV light. The recycled photocatalysts
also significantly degraded AR dye but show less activity
as compared to fresh catalyst due to the blocking of its
active sites.
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