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ABSTRACT

Herein, NiO and Co,0,, NiCo,0,, and NiCo,0,/multi-walled carbon nanotubes nanocomposite
were synthesized by the hydrothermal method and characterized by scanning electron micros-
copy, energy dispersive spectroscopy, and X-ray diffraction. The photocatalytic activity of the syn-
thesized materials was evaluated by Reactive Red 120 dye degradation. The photocatalytic activity
of NiO and Co,O, was enhanced not only by the formation of NiCo,O,, but also by its interaction
with the functionalized multiwall carbon nanotubes support. The response surface methodology
(RSM) was used to obtain the optimum parameters, including catalyst dosage, initial dye concen-
tration, and pH on the dye degradation and reduction in total organic compounds (TOC). The dye
removal and TOC reduction under optimum conditions (catalyst dose of 0.01 g, pH of 3, and dye

concentration of 20 ppm) were 88.9% and 48.7%, respectively.
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1. Introduction

The increasing global population with limited water
sources has led to the need for the development of new
technologies to treat industrial and domestic effluents. It
is estimated that over 50% of pollutants entering the water
sources are organic contaminants. According to recent
reports, over 0.7 million tons of dyestuffs are produced
and consumed in different industries, including textile,
paper, leather, foods, and cosmetics. The textile industry

* Corresponding author.

alone uses some 21-377 m® of water for every ton of textile
products during the dyeing and finishing processes, with
more than 280,000 tons of textile dyes being discharged
into water [1-12]. Since synthetic dyes are a severe hazard
to the environment, human health, and marine life, in the
last decade, researches have been focused on the devel-
opment of technologies capable of the treatment of these
organic pollutants [13].

Traditionally, the dye treatment methods are catego-
rized in physical, biological, and chemical processes [14-18].
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Physical methods merely transfer the contaminants from
one medium to another, requiring an additional treatment
method for purification of the second media [19]. Most of the
physical treatment processes are also challenging to control
and are costly in large-scale applications [20]. Furthermore,
dye production industries place a great emphasis on the
production of complex dyestuffs with lasting properties
that result in dyes that are poorly biodegradable [21].

Semiconductor photocatalysis has been used as an
advanced oxidation process for the degradation of dye pol-
lutants. The excited electrons and positive holes can initiate
reduction and oxidation reactions, respectively. Eventually,
oxidizing agents such as hydroxyl radicals are formed
to attack the dye molecules to degrade them quickly and
non-selectively [22-24]. The photocatalytic degradation
process has many substantial advantages, the most signifi-
cant one being its capability for complete mineralization of
the dye pollutant to species such as water, oxygen, carbon
dioxide, and mineral acids [1,2,13].

A composite material prepared from two different metal
oxides often shows improved photocatalytic activity for dif-
ferent applications [25]. Nickel oxide is a transition metal
with a broad bandgap of 3.6-4.0 eV, which makes it suitable
for various applications [26-29]. Numerous studies have
focused on the synthesis of NiO composites, including NiO-
TiO, [30], NiO-ZnO [31], NiO-5nO, [32], and NiO-Bi,O, [33]
for photocatalytic degradation of organic dye pollutants.
Co,0, which is a p-type transition metal, has only received
limited attention in photocatalytic applications [34-37] and
only a few studies have reported the photocatalytic perfor-
mance of Co,0, composites in dye degradation including
Co0,0,-Zn0O [38], C0,0,-Cu,O [39], and Co,0,-Ag,S [40].

Carbon materials are known as appropriate electron
acceptor supports that can strongly suppress the electron—
hole recombination [41]. Among the carbon materials,
multi-walled carbon nanotubes (MWCNTs) have desirable
physical, electrical, chemical, and thermal characteristics
[42,43]. Many attempts have recently been made to synthe-
size carbon nanotube (CNT)-supported composites, includ-
ing TiO,/MWCNTs [44-47], ZnO/CNTs [48], and CeO,/CNTs
[49] that have pointed to enhanced photocatalytic activity
in the presence of CNTs.

A literature review indicated that photocatalytic dye
degradation was not investigated by Ni-Co-CNT nano-
composite in detail. Herein, NiCo,0O, nanocomposite on
functionalized MWCNT was synthesized as a novel photo-
catalyst. Reactive Red 120 (RR120) was chosen as a dye model.
Reactive dyes are the most important in the textile indus-
try for dyeing cotton. Their annual production is estimated
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Fig. 1. Molecular structure of RR120 dye.

to more than 120,000 tons [50]. RR120 is a typical reactive
azo anionic dye, potentially carcinogenic, mutagenic, and
allergenic on exposed organisms because of its metabolites
(e.g., aromatic amines). RR120 is more stable and has lower
biodegradability in aqueous solutions than other types of
dyes [51]. The photocatalytic activity of NiCo,O,/MWCNT
under UV irradiation for degradation of Reactive Red 120
was compared with those NiCo,0,, NiO, and pure Co,O,.
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2. Materials and methods
2.1. Materials

Reactive Red 120 was obtained from Ciba and used with-
out further purification. The molecular structure of RR120 is
shown in Fig. 1. Urea which was used as the oxidizing agent,
the precursor salts Co(NO,),:6H,0 and Ni(NO,),-6H,O, and
ethanol were obtained from Merck (Germany). H,SO, (95%—
98%) and HNO, (65%) were also obtained from Merck and
used to functionalize the MWCNT surface. The initial pH of
dye solutions was adjusted to the desired values by H,SO,
(95%-98%), and NaOH (=299%) purchased from Merck.

2.2. Characterization tests

Fourier transform infrared spectroscopy (FTIR) using
a Perkin-Elmer spectrophotometer (lambda 25 — the USA)
was used to determine the functional groups present on the
surface of MWCNTs. The crystalline phases of the synthe-
sized nanoparticles were analyzed by examining their X-ray
diffraction (XRD) patterns recorded by X'Pert PRO MPD
instrument from PANalytical Company (Netherlands) with
Cu Ka radiation (A = 1.5406 A). Scanning electron micros-
copy (SEM) was performed using a LEO 1455VP (USA) to
determine the morphology of the synthesized nanostruc-
tures. Energy dispersive spectroscopic (EDS) analysis was
performed by a Tescan Vega instrument (Czech Republic)
to evaluate the chemical composition of NiCo,0,/MWCNT
nanocomposite to demonstrate that the expected elements
were anchored on the surface of MWCNT. Moreover, the
bandgap energy of nanoparticles was determined using
diffuse reflectance spectroscopy (DRS) analysis using an
Avaspec 2048 TEC instrument (Netherlands) equipped with
an AvaLamp DH-S setup.

2.3. Catalyst preparations

The NiO nanoparticles were prepared by simple
hydrothermal precipitation method followed by calcina-
tion. One millimole of Ni(NO,),-6H,O and 0.3 g of urea was
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dispersed in 40 mL of a solution containing a volume ratio
of deionized water to ethanol of 1-4. The mixture was then
placed into an autoclave and was heated at 80°C for 14 h.
The mixture was subsequently centrifuged and washed
several times. The precipitant was then dried in an oven at
60°C. The resulting solid was then calcined at 400°C using a
temperature ramp of 2°C/min and maintained at that tem-
perature for 3 h. The Co,O, nanoparticles were synthesized
using a similar procedure as that used for the synthesis of
NiO. For the synthesis of NiCo,0O, nanoparticles, 1 mmol of
precursor salts with 2:1 molar ratio of Co(NO,), to Ni(NO,),
and 0.3 g of urea was dispersed in 40 mL of a solution con-
taining a volume ratio of deionized water to ethanol of 1-4.
The subsequent preparation steps were similar to those
described for NiO synthesis. Pristine CNT surface is quite
inert, requiring it to undergo treatments to create defects
and active sites for metal particles to be anchored on its
surface. Oxidation by strong acids is an effective strategy
to create carboxylic (-COOH) and hydroxylic (-OH) func-
tional groups on the external surface of CNTs [52]. For the
synthesis of NiCO,0,/MWCNT composite, the MWCNTs
were first functionalized using the methodology described
in the literature [52]. This methodology is as follows: 1 g of
pristine MWCNTs and 100 mL of the acid mixture (75 mL
of H,SO, 97% with 25 mL HNO, 65%) were mixed, and
the suspension was heated in a flask under constant agi-
tation at 50°C for 8 h. The mixture was then allowed to
cool to room temperature. The mixture was subsequently
filtered and washed several times until obtaining a neu-
tral pH. Finally, the filtered residue was dried at 100°C.
The functionalized MWCNT hereafter is named f-MWCNT.

The f-MWCNTs (6 mg) was dispersed and sonicated in
5 mL of ethanol, and the resulting suspension was added
to the precursor solution. The black suspension was fur-
ther sonicated and transferred into an autoclave and heated
at 80°C for 14 h. After washing and centrifuging, the black
precipitate was dried at 60°C and subsequently calcined at
400°C with a temperature ramp of 2°C/min and maintained
at that temperature for 3 h.

2.4. Dye degradation

The degradation of RR120 in an aqueous solution under
UV radiation was performed in a batch photoreactor. The
source of UV radiation (UV-C) was a Philips (Netherlands)
UV-lamp (9 W) placed in the center of the reaction vessel.
The external surface of the reactor was completely covered
by aluminum foils to maximize irradiation in the reaction
media. At the beginning of each experiment, 500 mL of a
solution with a specified dye concentration was mixed
with a specified amount of photocatalyst. The effect of pH
on the photodegradation of RR120 was investigated in the
pH range 3-11. The solution pH was adjusted by adding
0.1 M H,SO, or 0.1 M NaOH solutions to reach the desired
pH value prior to irradiation. During the reaction, the solu-
tion containing the photocatalyst particles was well agi-
tated inside the reactor. The suspension was first stirred
for 30 min in darkness to ensure the adsorption-desorption
equilibrium of the dye molecules on the catalyst surface. At
different time intervals, a 10 mL sample was taken from the
solution media. The photocatalyst particles were separated

from the sample by centrifuging. The dye concentration
was measured using a UV-vis spectrophotometer (Perkin-
Elmer) from the optical absorption peak of RR120 at 536 nm.
The percent dye removal was calculated as follows:

Dye removal (%) = {(A()At)} %100 1)
AO

where A and A, are the initial and the measured dye absorp-
tions, respectively. The total organic carbon (TOC) of the
solution was measured by a Shimadzu TOC analyzer (Japan).
To determine the optimum operating conditions, TOC, and
dye removal were determined by varying the following three
factors with their corresponding ranges; catalyst dosage
(0.02-0.06 g/L), initial dye concentration (20-40 ppm), and
pH (3-11), using central composite design (CCD) by Design
Expert software.

3. Results and discussion
3.1. Catalyst characterizations

In order to confirm the presence of different functional
groups on the MWCNT surface resulting from acid treat-
ment, FTIR spectra of both pristine MWCNT and function-
alized MWCNT were obtained and are presented in Fig. 2.
The functionalized MWCNT spectrum showed some wide
and sharp characteristic peaks were attributed to oxy-
gen-containing groups, while these peaks were relatively
weak in the spectrum for pristine MWCNT. The peaks
located at 3,436 and 1,651 cm™ were assigned to hydroxyl
and carbonyl groups, respectively, and they were more
dominant for functionalized MWCNT. As expected, acid
treatment had led to -COOH groups on the CNT sur-
faces [53,54]. The peaks around 3,400 cm™ can also appear
due to the adsorption of atmospheric moisture on the
CNT surface [52,55]. The characteristic peak appearing at
1,634 cm™! illustrates the absorbance of double band C=C
in the pristine CNT spectrum.

The functionalized MWCNT spectrum did not pos-
sess the C=C characteristic peak but contained a new peak
at 1,651 cm™ that was due to the oxidation of double band
carbon during acid treatment that led to the formation of
carboxyl group [56,57]. The peak appearing at 1,384 cm™ is
associated with C-C vibration band [58]. In both pristine
and oxidized CNT spectra, the peak around 2,921 cm™ indi-
cated the presence of -CH bond on the CNT surfaces, indi-
cating some structural defects having remained on the CNT
surface during the manufacturing process [57].

Fig. 3 demonstrates the surface morphology, shape, and
size of NiO, Co,0,, NiCo,0,, and NiCo,0,/MWCNT nano-
composite obtained by SEM analysis. The micrograph pre-
sented in Fig. 3b appears to indicate the flower-like formation
of Co,0, nanoparticles. Comparison of Figs. 3a—c indicates
that the shape of NiO and Co,0, particles do not appear
to have changed for NiCo,0, nanocomposite. The micro-
graph of NiCo,O,/MWCNT presented in Fig. 3d confirms
the direct surface connection between CNT and NiCo,0,.

EDS analysis was performed to confirm the presence of
different elements and approximate their composition in
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NiCo,0,/MWCNT nanocomposite. EDS results indicated
the presence of elements C, O, Co, and Ni. The quantitative
analyses in terms of weight percentages for each element
are reported in Fig. 4, confirming a good agreement with
expected values.

Crystalline structure, phase purity, and average crystal-
line size were obtained by XRD analysis. The XRD patterns
for NiO, Co,0,, NiCo,0,, and NiCo,O,/MWCNT nanopar-
ticles are presented in Fig. 5. The XRD pattern of synthe-
sized NiO exhibited five characteristic diffraction peaks,
which were located at 20 of 37.3°, 43.4°, 63°, 75.6°, and
79.6° that are related to (111), (200), (220), (311), and (222)
planes, respectively. The NiO pattern is matched with ICCD
card 01-075-0197 that belongs to NiO in cubic crystalline
structure with a lattice parameter of 4.17 A.

The XRD pattern of synthesized Co,O, exhibited peaks
located at 20 of 19°, 31°, 36°, 38°, 44°, 55°, 59°, 65°, and 78°,
corresponding to planes (111), (220), (311), (222), (400),
(422), (511), (440), and (622), respectively, which is matched
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1°1 C 3.06 12.09
_ [0) 4.88 13.53
. Co 47.26 38.11
_ Ni 44.81 36.27
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Fig. 4. Elemental composition of NiCo,0,/MWCNT nano-
composite from EDS analysis.

-NiO ——NiCoO-CNT
NiCoO CoO

£l

&

2z

(3]

g

K|

T LY U
10 20 30 40 50 60 70

2 theta (degree)

Fig. 5. XRD patterns of NiO, Co,0, NiCo,0O

O, ,0,, and NiCo,0,/
MWCNT.

with ICCD card 01-076-1802 for Co,O, in cubic crystalline
structure with a lattice parameter of 8.072 A. The NiCo,O,
pattern is matched with ICCD card 01-073-1702, belonging
to NiCo,O, in cubic form and lattice parameter of 8.114 A.
The characteristic peaks which were observed in NiCo,O,
XRD pattern at 20 of 19°, 31.1°, 36.7°, 44.43°, 49.14°, and
64.94° correspond to planes (111), (220), (311), (400), (331),
and (440), respectively.

The XRD pattern for NiCo,O,/MWCNT nanocompos-
ite exhibited characteristic diffraction peaks at 20 of 18.78°,
31.07°, 36.56°, 44.33°, 59.07°, and 64.68°. Because of the low
quantity of MWCNT in the composite (less than 3 wt.%),
as confirmed by EDS analysis, MWCNT peaks were not
detected by XRD analysis. However, the NiCo,0O,/MWCNT
pattern was in a better agreement with NiCo,0, pattern
card 01-073-1702 as compared with the XRD pattern of syn-
thesized NiCo,0,. Moreover, the XRD pattern of NiCo,0O,/
MWCNT shows a noticeably higher crystallinity compared
with that for synthesized NiCo,O,. The plates and lat-
tice parameter for both samples, however, were the same.
It could, therefore, be concluded that carbon nanotubes
materials had provided suitable locations for crystalline
structure formation and growth.

The average crystalline size, d, of NiO, Co.,O,, NiCo,0O

3Ty 274
and NiCo,0/MWCNT was estimated by Scherrer’s
equation as follows:

g K\
BCos6

2

where B is the full width of the observed diffraction peak
at its half maximum intensity (FWHM), K is the shape fac-
tor (typically taking the value of 0.9), O is the Bragg angle,
and A is the wavelength of the X-ray source (0.154 nm for
Cu Ko radiation) [59-62]. The average crystalline sizes
calculated by Scherrer’s equation are reported in Table 1.
NiCo,0,/MWCNT nanocomposite had the smallest crys-
talline size. The sharper peaks in NiCo,0O,/MWCNT XRD
pattern as compared with NiCo,0, confirmed a more
proper crystalline formation of NiCo,0, on MWCNT
support. In a highly crystalline structure, the number of
defects (which can be the recombination sites) are lower in
NiCo,0,/MWCNT, making it a more efficient photocatalyst
as compared with NiO, Co,O,, and NiCo,O, [3].

The bandgap is a significant parameter in determining
the optical properties of semiconductor materials that is
generally determined from the UV-Vis DRS [28]. Tauc plot
is widely used to estimate the bandgap (E ) from the optical
absorption spectrum using the following equations [28,63]:

Y
ohv = A(hv -E,) 3)
4
v =he 1,240 (4)
Y

where A is a material constant and vy is 1/2 for direct or 2
for indirect transitions. The hv is the photoenergy that is
calculated by Eq. (4). The a is substituted by Kubelka—
Munk function expressed in Eq. (5):
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Table 3
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Significance of each parameter in dye removal and TOC reduction models

A B C AB AC BC B2 2
Dye removal% 0.0230 <0.0001 <0.0001 0.0320 - 0.0368 0.0517 <0.0001
TOC reduction% 0.0324 <0.0001 0.0020 0.0507 0.0852 0.0004 0.0001 0.0001

A: Catalyst dosage, B: initial dye concentration, and C: pH

=R ®)

where R is the reflectance of an infinitely thick specimen.
K and S are the absorption and scattering coefficients,
respectively [27,64]. By extrapolating the linear region of
the (F(R)-hv)"Y vs. hv plot to F(R) = 0, the bandgap (Eg) is
obtained [65]. The bandgap of all NiO, Co,0,, NiCo,0O,,
and NiCo,0,/MWCNT nanoparticles was evaluated from
the above extrapolation as presented in Fig. 6. The opti-
cal band gap for NiO was found to be 3.45 eV, which is in
good agreement with the 3.5-4 eV range reported in the
literature [6,9,13]. The bandgap energy for Co,O, nanoparti-
cles was determined to be 2.1 eV, which is within the range
of 1.48-2.19 eV previously reported [34,40]. The Tauc plot
for NiCo,0, nanocomposite indicated the band gaps of 1.7
and 3.2 eV associated with Co,0, and NiO, respectively,
indicating a shift of 0.25 and 0.4 eV to lower bandgap ener-
gies for NiO and Co,O,, respectively, in comparison with
pure NiO and Co,O, nanoparticles. The shift to lower band-
gap energies was probably due to the interactions between
the semiconductors and the formation of NiCo,O, structure
[66]. It seems that the formation of NiCo,0, nanocompos-
ites has changed the position of valance and conduction
bands to reduce the band gaps and improve the optical
properties. The bandgap energies of NiCo,O,/MWCNT

nanocomposite were found to be about 1.7 and 3.1 eV for
Co,0, and NiO, respectively, indicating a slight improve-
ment in the band gap for NiO that could be due to surface
interactions between NiCo,0, and MWCNT as evident
from SEM micrographs (Fig. 3).

3.2. Photocatalytic performance

Six experiments were performed using 500 mL an initial
solution containing 30 ppm of RR120 with a pH of 4.86 to
evaluate and compare the photocatalytic activity of 0.01 g
NiO, Co,0,, NiCo,0,, or NiCo,0,/MWCNT. The percent-
age of dye removals were measured up to 180 min from the
start of each experiment, and the results were presented in
Fig. 7. The dye removal under UV irradiation without any
catalysts reached a maximum of 5.8% after 180 min irradia-
tion indicating that RR120 was highly stable in the absence
of any photocatalyst. In four other experiments, 0.01 g of
different photocatalysts, including NiO, Co,0,, NiCo,O,,
and NiCo,O,/MWCNT were added to the initial solution,
and experiments were performed under UV irradiation.
The dye removal after 180 min was 32.16%, 11.15%, 49%,
and 67% for NiO, Co,0,, NiCo,0O,, and NiCo,0,/MWCNT,
respectively. According to these results, the photocatalytic
activity of NiCo,0O, was higher compared with those for
pure NiO and Co,0O,. Furthermore, the photocatalytic per-
formance of NiCo,0,/MWCNT was considerably better
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Fig. 6. Tauc plots for NiO, Co,0,, NiCo,0,, and NiCo,0,/MWCNT.
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500 mL of RR120 solution with an initial concentration of 30 ppm and natural pH of 4.86 and the adsorption ability of 0.01 g NiCo,O,/
MWCNT in 500 mL of the same solution were evaluated under dark condition. (Note: each experiment has been repeated three times).

than NiCo,0,. This improvement could be due to the inter-
actions of NiCo,O, with MWCNT support, as was evident
from DRS analysis that the bandgap energies of NiCo,0,/
MWCNT nanocomposite decreased slightly in compari-
son with pure NiO and Co,O, nanoparticles and NiCo,O,
composite. One further experiment was performed using
0.01 g of NiCo,0,/MWCNT without any UV irradiation to
illustrate that the observed dye removal was the result of
photocatalytic activity and not simple adsorption.

Twenty experiments were performed using CCD with
the above three factors and percentage TOC reduction and
dye removal as target functions to investigate the effect of
important operating parameters including catalyst dos-
age, initial dye concentration, and pH on dye removal and
TOC reduction by NiCo,0,/MWCNT. The levels used for
the above factors for each experiment, and the responses for
each target function are given in Table 2.

The target functions were modeled with second-order
polynomials by RSM as follows:

Dye removal percentage = +140.42626 — 657.87500
x catalyst dosage + 0.26112 x dye concentration
—16.81155 x pH + 32.26250 x catalyst dosage
x dye concentration + 0.078094 x dye concentration
x pH —0.05419 x dye concentration® +0.91520 x pH* (6)

TOC reduction percentage = +52.37992 — 956.75000
x catalyst dosage + 3.94550 x dye concentration
—17.07391 x pH + 27.25000 x catalyst dosage
xdye concentration + 58.75000 x catalyst dosage
x pH +0.15375 x dye concentration x pH —0.11181
xdye concentration® +0.72617 x pH” @)

The good accuracy of both models is illustrated in
Figs. 8 and 9 in terms of parity plots comparing the actual
percentage of dye removal and TOC reduction, respec-
tively, against the predicted values during the photocata-
lytic degradation of RR120 by NiCo,0,/MWCNT. Table 3
indicates the significance of each term in the models. Based
on p < 0.0001, the most significant terms for dye removal
are initial dye concentration and the first and second-order
effects of pH, while the most important parameter on TOC
reduction is the initial dye concentration.

Fig. 10 shows the three-dimensional and contour plots
illustrating the effect of independent factors on dependent
variables and the interactions of different factors. Fig. 10
demonstrates that the efficiency of dye removal decreases
by increasing initial dye concentration. This is commonly
observed for photocatalytic dye removal since, under a
fixed amount of photocatalyst and the same intensity of
UV irradiation, the concentration of degradation agents,
namely OH*, O;*, and h*, remains constant and insufficient
for a high pollutant concentration [67]. Furthermore, for
a high dye concentration, the path for a photon to reach
the photocatalyst surface is noticeably increased, resulting
in lower availability of photons for photocatalytic reac-
tions, thus resulting in a decrease in TOC and dye removal
[68]. Since more intermediate products are also generated
during the photocatalytic process in a high dye concentra-
tion, a competition may exist between the intermediates
and dye molecules to access the limited active sites on the
photocatalyst surface [69]. Fig. 10 indicates that both TOC
reduction and dye removal are weak functions of catalyst
dosage and only slightly increase with increasing catalyst
dosage.

pH has a strong influence on photocatalytic activity.
Fig. 10 indicates how TOC reduction and dye removal change
with pH in the range of 3 to 11. For pH < 7, the photocatalytic
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Table 1
Average crystalline sizes according to Scherrer’s equation

Sample Maximum intensity FWHM Average crystalline
peak (20 degrees) (20 degrees) size (nm)

NiO 43.38 0.21 80.49

Co,0, 36.94 0.41 40.45

NiCo,0, 36.6 0.35 47.9

NiCo,0,/MWCNT 36.5 0.5 32.3

activity increases with decreasing pH. This observation can
be explained in terms of the point of zero charges (PZC).
The photocatalyst surface would become positively charged
under acidic conditions allowing for the anionic mole-
cules of RR120 to be adsorbed on the catalyst surface,
thus enhancing the photocatalytic degradation improves.

In the alkali region, on the other hand, both dye removal
and TOC reduction increased as pH was increased to 11.
The probable reason for this observation can be explained
in terms of reaction 8 in which holes react with hydroxide
anions and produce hydroxide radicals that are strong oxi-
dizing agents [70-73].

h!, + OH —OH" @)
The optimum conditions obtained from CCD were pH

of 3, initial dye concentration of 20 mg/L, and 0.01 g dosage
of NiCo,0,/MWCNT nanocomposite. The corresponding

percentages for dye degradation and TOC reduction
under the optimum conditions were 89.8% and 48.7%,
respectively.

4. Conclusions

In this work, NiO, Co,0, NiCo,0, and NiCo,0,/
MWCNT were synthesized, characterized, and used as
photocatalysts for RR120 dye degradation and mineraliza-
tion. The experimental tests showed that the photocatalytic
activity of NiCo,0,/MWCNT was higher than NiO, Co,0O,,
and NiCo,O,. The effects of catalyst dosage, initial dye
concentration, and pH on photocatalytic dye degradation
using NiCo,0,/MWCNT were investigated by a CCD anal-
ysis. The optimum conditions were found to be initial dye
concentration of 20 mg/L, pH of 3, and catalyst dosage of
0.01 g that resulted in 89.8% dye removal and 48.7% TOC
reduction after 180 min of UV irradiation.

Table 2
Experimental design and the responses based on experiments proposed by CCD for photocatalytic degradation of
RR120 by NiCo,0,/MWCNT
Run Factor 1 A: catalyst Factor 2 B: initial dye Factor 3 C: Response 1 dye Response 2 TOC
dosage (g) concentration (ppm) pH removal % reduction %
1 0.03 20 3 91.0 43.7
2 0.02 20 7 62.0 21.0
3 0.02 30 7 53.7 21.2
4 0.02 30 7 60.6 25.0
5 0.01 40 3 51.0 8.0
6 0.03 40 11 54.0 20.0
7 0.02 30 7 58.2 22.0
8 0.01 40 11 45.1 7.0
9 0.03 30 7 58.2 28.0
10 0.02 30 3 71.0 39.6
11 0.01 30 7 53.0 15.0
12 0.03 40 3 67.9 13.0
13 0.02 30 11 69.4 32.0
14 0.02 30 7 60.0 30.0
15 0.02 30 7 60.0 26.5
16 0.02 30 7 56.7 23.0
17 0.01 20 3 93.0 51.0
18 0.01 20 11 68.6 24.0
19 0.02 40 7 40.0 5.0
20 0.03 20 11 70.6 27.5
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