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ABSTRACT

Nickel oxide nanoparticles supported activated carbon (NSAC) photocatalyst was success-
fully prepared using a cost-effective microwave irradiation method. The earned UV light-
sensitive NSAC composites were characterized using powder X-ray diffraction, Fourier
transform infrared spectroscopy, High-resolution scanning electron microscope with energy-
dispersive X-ray analysis, X-ray photoelectron spectroscopy, and Brunauer-Emmett-Teller
surface area analyzer. Optical properties of NSAC composites were investigated using UV-
Vis diffuse reflectance spectroscopy and photoluminescence spectroscopy, which exposed
prolonged light absorption in UV light region and hold better charge separation capability,
respectively, as compared to pure NiO. The photocatalytic activity was tested by the degra-
dation of textile dye waste water (TDW) under UV light irradiation. Chemical oxygen
demand of TDW was calibrated before and after the photocatalysis experiment under UV
light to evaluate the mineralization of wastewater. The results demonstrated that NSAC
composites showed imposing photocatalytic enrichment over pure NiO. The coordinated
blending of the oxygen vacant sites, structural defects of NiO along with electron transmis-
sion capacity, and presence of surface oxygen on AC has led to the lasting light absorption,
delayed charge recombination, and sustenance, which favor the enrichment of the photocat-
alytic activity of NSAC.

Keywords: Photocatalytic degradation; NiO nanoparticles; Activated carbon; Synergy effect

1. Introduction

Textile industries are one of the groups of indus-
tries stimulating intense water pollution. The textile
wastewaters consist of diverse chemical products,

*Corresponding author.

marked levels of organic compounds and they have
precarious pH, high chemical oxygen demand (COD),
reduced biological demand, and immense colorization
[1]. Textile wastewaters are highly injurious to natural
areas and can be very dangerous to the environmental
life. The high organic matter content results in deple-
tion of dissolved oxygen, which has an adverse effect
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on the marine ecological system and the whole
ecosystem [2].

The textile effluent is defined by the high COD.
The textile industries are creating constant efforts to
reduce the COD level, by innumerable methods, such
as hydrolysis in a basic medium, chemical processes,
membrane filtration, biological treatment, and foam
flotation [3-5]. Eventhough these methods were inade-
quate for the highly toxic textile wastewaters [6].the
advanced oxidation processes like photocatalysis,
Fenton, and photo-Fenton have been employed in the
handling of textile wastewater [7-9].

Amidst numerous treatment processes employed
to treat the textile dyeing effluents, heterogeneous
photocatalysis emerges as the best, because it is a cost-
effective treatment process [10-13]. In the previous
decade, many metal oxide semiconductors like TiO,,
ZnO, and NiO were used as heterogeneous photocata-
lysts. NiO is a p-type semitransparent semiconductor,
with a wide band gap between (3.6 eV) valence band
(3.1eV) and conduction band (-0.5V) with a weak
absorption bands in the visible region that makes it
applicable for photocatalytic processes [14-19].

NiO was used for the degradation of crystal violet,
4-chlorophenol, 2,4-dichlorophenol, in the photocata-
lytic degradation of Congo red dye from aqueous
solutions, and in the photocatalytic bleaching of rose
bengal [20-22]. But, due to its limitation factor of high
percentage of electron-hole recombination, and practi-
cal difficulties, exploration is still going on for NiO
composite material [23].

New investigations have shown that the photocata-
lytic efficiency of TiO, and ZnO increased to a large
extent, when it was supported by the activated carbon
[24]. Activated carbon (AC) support gives rise to a
cheaper and effective waste water treatment [25]. The
dominant influence of AC would be its high adsorp-
tion capability, which can aid to enrich the organic
substrate around the catalyst, stimulate the pollutant
transfer process, and thus increase the photocatalytic
efficiency [26-29]. It can also increase the life time of
electron-hole pairs and promote the target reactions
[30]. The mode of synergistic effect of adsorption by
AC and photocatalytic decomposition by TiO, and
ZnO has been studied in the degradation of several
types of organic pollutants [31-34].

In the present work, we focused on the preparation
and characterization of pure NiO and NiO- supported
activated carbon (NSAC) composite catalysts by
microwave combustion synthesis. There are many
methods available to impregnate NiO onto the carbon
surface, but solution combustion synthesis is a pro-
ductive method for the fabrication of NiO onto the
carbon support [35]. Also, the microwave-assisted
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combustion synthesis is environment friendly, rapid,
and cost-effective, and the resultant NiO nanoparticles
are pure [36].

The influence of carbon support on NiO photocata-
lytic efficiency was investigated from the degradation
of textile dyeing waste water under UV light irradia-
tion. The as-prepared novel NSAC exhibited extended
UV light absorption and greater adsorptivity of textile
dye and enhanced photocatalytic activity than pure
NiO.

Prior to this study, there has been no attempt
made to prepare nickel oxide-supported AC by micro-
wave combustion synthesis, and also no literature is
found on the use of NSAC for the degradation of tex-
tile dyeing waste water.

2. Materials and methods
2.1. Preparation of NSAC

NSAC was prepared by using the following proce-
dure. An AC prepared from rice husk by two-stage,
two-step activation process was employed as a sup-
port material [37].

Nickel nitrate hexahydrate and urea of analar grade
(Merck, India) were used as the precursors for the syn-
thesis of NSAC. Stoichiometric amounts of nickel
nitrate hexahydrate and urea were dissolved sepa-
rately in 10 mL of distilled water. Liquefied urea was
added to aqueous nickel nitrate hexahydrate solution.
To this mixture, 1 g of AC was added, and stirred for
5h. The mixture obtained was heated in a microwave
(2.45 GHz, 750 W) for 10 min. The product was washed
with distilled water, and dried in a hot air oven at
100°C for 1h and is labeled as NSAC. Five samples of
NSAC were prepared with varying the NiO loading
from 10 to 50%. The samples were labeled as NSAC1,
NSAC2, NSAC3, NSAC4, and NSAC5. The pure NiO
was also prepared by using the same procedure, with-
out adding the carbon base for comparison purpose.

2.2. Characterization of NSAC

The crystallinity of AC and NSAC was analyzed by
using a Philips X'pert X-ray diffractometer for 26 values
ranging from 10 to 80° using Cu Ka radiation at A=
1.540 A. A Perkin-Elmer infrared spectrometer was uti-
lized for analyzing the functional groups on the surface
of the samples in the spectral range of 4,000-400 cm™ .
Morphological analysis and energy-dispersive X-ray
analysis were done using a Jeol JSM6360 high-resolu-
tion scanning electron microscope. Diffused reflectance
spectroscopy on powder samples were carried out in a
Cary100 UV-Visible spectrophotometer to estimate the
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band gap energy of the samples as reported in [38]. The
photoluminescence properties of the nanostructures
were recorded by using a Varian Cary Eclipse Fluores-
cence spectrophotometer. The specific surface area and
porosity were evaluated from the surface area and a
porosity analyzer (ASAP 2020 V3.00H, Micromeritics
Instrument Corp., Norcross, GA).

2.3. Photocatalytic reactor setup and the degradation
procedure

The photocatalytic degradation of textile dyeing
waste water (TDW) obtained from the dyeing indus-
try, Tiruppur, Tamilnadu, India was carried out in a
multi-lamp photocatalytic reactor. The reactor contains
the low-pressure mercury lamps (8/8 W) emitting 365
nm UV radiation, which is sufficient for the photocata-
lytic degradation of TDW. The TDW was taken in
glass reactor tubes, which can hold 100 mL of the dye
solution. The procedure to study the photocatalytic
degradation study is of the following sequence. The
mineralization of TDW was obtained by measuring
the decrease of COD of the waste water. COD of TDW
was determined before and after the photocatalytic
treatment with a standard dichromate method using a
COD digester. The known initial COD of the TDW
was taken and to it known weight of NSAC or pure
NiO were added. It was kept in dark for 12 h to reach
the adsorption equilibrium, and the resultant COD
was calculated. This solution was taken in the photo-
catalytic reactor and UV irradiation was supplied for
2h. At regular interval of 20min, equal aliquot was
removed from the reactor tube, centrifuged, and the
COD was estimated to measure the extent of TDW
degradation. The percentage of COD removal was cal-
culated from the formula,

% removal of COD (mg/L) = (initial COD - final COD/initial COD)
x 100

(eY)

Indian pollution control board standard has fixed that
the let-out TDW from the textile industries into the
river bodies must have only 250mg/L COD, and
hence the photocatalytic degradation of TDW was car-
ried out using NSAC to degrade it to 250 mg/L COD.

3. Results and discussion
3.1. X-ray diffraction analysis

The AC and NSAC samples were analyzed by
X-ray diffraction (XRD) in the range of 26 between 10°
and 80°. The corresponding XRD pattern of the AC

P. Suresh et al. | Desalination and Water Treatment 57 (2016) 3766-3781

and NSAC (1-5) are shown in Fig. 1. The existence of
peaks at 20 angles 44.51°, 51.85°, and 76.36° are
accounted for the presence Ni and they correspond to
(111), (200), and (220) planes, respectively (JCPDS
4-850, Face-centered cubic phase). While the peaks at
20 angles 37.24°, 43.27°, 62.85°, 75.43°, and 79.48" can
be indexed as (1 1 1), 200), 220), B311), and
(2 2 2) crystal planes of NiO, respectively. These
planes of NiO are then linked with d-spacing stan-
dards of 2.40, 2.08, 1.47, and 1.24 Ao, appropriately. The
results obtained from the characteristic diffraction
peaks are in good agreement with the standard NiO
data (JCPDS file No. 4-835) having cubic phase.

In AC, two peaks at 26 angles of 23° and 29° corre-
spond to the presence of silica in the carbon matrix.
AC showed a broad peak at 260 angle of 22°, which
accounts for the presence of mineral SiO,, and a small
peak at 26 angle of 44° was obtained for (0 1 0) plane
of graphitic structure [39]. The presence of portion of
silica was also identified for all the NSAC samples by
the EDX analysis. This implies that silica which is one
of the main constituent of the precursor is not
expelled completely from carbon matrix even at high
temperature that is liberated during microwave
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Fig. 1. XRD patterns of (a) AC, (b) NSAC1, (c) NSAC2, (d)
NSAC3, (e) NSAC4 and (f) NSAC5.
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irradiation. The intensity of the graphitic peak at 44°
decreased drastically in NSAC, which may be due to
the NiO nanostructures formation on the AC matrix.
The existence of graphite in AC will play a decisive
role in the growth mechanism of NSAC.

The crystallite size of NSAC samples was esti-
mated by using Scherer’s equation [40].

0.94
L =
PcosO

()

where 1 is the X-ray wavelength 6, Bragg diffraction
angle and p, peak width at full-width half-maximum.
Among the peaks, we selected the strongest peak (200)
at 260 =43.27° to calculate the crystallite size. The esti-
mated crystallite sizes of NSAC (1-5) samples are
2791, 21.32, 17.96, 15.77, and 13.67 nm, respectively. It
was observed that the crystallite size decreases with
an increase in NiO loading.

The growth of NiO and Ni nanoparticles on the
surface of AC is possible due to appropriate growth
mechanism. The main assistance is the exorbitant
amount of heat liberated within a short duration of
time due to microwave irradiation. The growth mech-
anism may involve three steps, such as combustion
synthesis of NiO, carbothermal reduction of NiO to
Ni-rich vapors/ions, and re-oxidation of Ni-rich
vapors/ions to NiO nanoparticles [41]. The combus-
tion synthesis that could have taken place inside the
microwave oven is enumerated as follows [42]:

Ni(NOs), - 6HOyq) + CO(NHz)Z(S) + Oy
— NiO(S) + 8H20(g> T +C02(g) T +N2(g) T +2N02(g> T

In combustion process, nickel nitrate hexahydrate
acts as an oxidizing agent and urea is the fuel
employed. The sustenance of high temperature in a
combustion synthesis leads to confined heating of
reactant mixture, higher discharge rate of gas evolve-
ment, and limited interparticle coercion. These factors
play a decisive role in the formation of NiO nanoparti-
cles on the surface of AC. Further, carbothermal
reduction of NiO to Ni-rich vapor/ions takes place.
Ma et al. [43] have studied the carbothermal reduction
of ZnO into Zn-rich vapors in the presence of carbon/
graphite at 900°C temperature. Carbon/graphite in AC
and enormous amount of heat present in the micro-
wave oven becomes favorable for the carbothermal
reduction of ZnO into Zn-rich vapors/ions. Cheng
et al. [44] have also found that Ni-rich vapors/ions
could be reduced to nanosized Ni particles with amor-
phous carbon as reducing agent at 500°C. Titirici et al.
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[45] reported that the nickel nitrate could be decom-
posed to nickel oxide at 300°C and metal Ni at 500°C.
Sharma et al. [46] displayed that micron-sized NiO
particles could be reduced by natural graphite at
950°C. Hattori et al. [47] exhibited that amorphous car-
bon plays an important role in the prevention of the
Ni nanoparticles from aggregation and oxidation,
because surface-active sites for oxidation of the metal-
lic Ni particles are terminated by carbon atoms. So a
part of the Ni-rich vapors/ ions are reduced to Ni
nanoparticles and the rest is further reoxidized to NiO
nanoparticles by CO/CO,, which are abundantly pres-
ent within the microwave oven. Thus, NiO and Ni
nanoparticles are incorporated onto AC matrix.

3.2. Fourier transform infrared (FT-IR) analysis

The infrared spectra of the prepared materials AC
and NSAC (1-5) are shown in Fig. 2. The presence of
a weak band at 3,753 cm ™! can be referred to the con-
fined O-H groups in the prepared samples. A broad
peak at 3,427 cm ™' is due to the stretching vibration of
hydroxyl groups of H,O and the H-OH bending

S

3@ %/
E 3753 % G 4054

E

=

E (©) 2368 = 1064

37153 9T 2925
T

T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig. 2. Fourier transform infrared (FT-IR) spectra of (a)
AC, (b) NSAC1, (c) NSAC2, (d) NSAC3, (e) NSAC4 and (f)
NSACS.
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vibration emerge at 1,615 cm™ ! [48,49]. FTIR results
show an escalation in the concentration of hydroxyl
groups on the surface of NSAC samples, which foster
not only the capturing of electrons to strengthen the
separation ability of electrons-holes, and also the
inception of the surface free radicals to increase
the photocatalytic degradation efficiency [50].

In AC, a sharp, intense band at 2,925 cm ! is attrib-
uted to the asymmetric C-H stretching vibrations of
alkanes. However, in NSAC (1-5) samples, the inten-
sity of these two bands has diminished exceptionally.
This is an indication that the microwave generates the
high temperature, which leads to the partial loss of
the particular functional groups in NSAC.

A band near 2,368 cm ™' is due to the C=C vibration
of the alkyne groups. The band at 1,569cm™' is
assigned to the C=C vibrations of alkenes and aro-
matic functional groups. This band is profound in
NSAC samples, which may be due to the increase in
the concentration of the corresponding functional
groups. A band at around 1,438-1,412 cm s assigned
to the in-plane deformation of CH, group. This band
intensity has increased considerably for NSAC sam-
ples. The peak at 1,064 cm ™" is resulted from the over-
lap of several bands, including the absorption due to
the vibration modes of CH,OH and the C-O stretch-
ing vibration coupled to the C-O bending mode of cell
carbohydrates [51]. All the samples show an important
band at 1,045cm™" corresponding to Si-O-Si stretch-
ing, and this may be due to the presence of silica in
the carbon matrix. The absorption band at 545cm™" in
NSAC samples indicates the presence of in-plane
vibration of hydrogen-bonded hydroxyl group [52].
The NSAC (1-5) samples show strong band at 420
cm™ ! equivalent to the stretching vibration of Ni-O. It
implies that the NiO nanospheres are successfully
anchored onto the carbon support [53].

3.3. Morphology of pure NiO and NSAC

HR-SEM micrographs of pure NiO and NSAC
(1-5) are shown in Fig. 3(a—f). HR-SEM images show
that the nanoparticles are spherical and they are
agglomerated. Since the samples are prepared by com-
bustion synthesis in a microwave burning, indepen-
dent, homogenous growth of nanostructures are not
feasible. The production of nanoparticles cannot be
guarded in a combustion synthesis, due to the libera-
tion of high amount of heat, and this always produces
particles with differing sizes. As a consequence, the
HR-SEM images of pure NiO show that the particle
sizes range from 15 to 60 nm, and for NSAC samples,
it ranges from 18 to 130nm. Fig. 3(a) displays the
presence of NiO nanoparticles on the walls and within
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pores of the activated carbon. In Fig. 3(b), NiO nano-
sphere-like structures are present on the walls of the
pores, and on the surface of the carbon support, but
they are sparsely distributed, due to the lesser loading
of NiO. Fig. 3(c) reveals the increase in NiO loading,
on the carbon support. Fig. 3(d) shows the presence of
more and larger sized NiO on the surface of the car-
bon support, and they are of bigger nanospheres.
Fig. 3(e) unfolds the enormous amount of NiO nano-
spheres uniformly distributed on the carbon support.
Fig. 3(f) displays the clusters of pure NiO nanosphere-
like structure, which are agglomerated to a certain
extent.

The elemental analysis of NSAC (1-5) samples is
characterized by a X-ray energy-dispersive spectrome-
ter (EDX). Fig. 4(a—e) depicts the EDX patterns of the
NSAC samples. On careful investigation, the samples
contain only the elements of C, O, Si, and Ni. The
weight percentage of Ni shows a steady increase from
NSAC1 to NSAC5, which is in coherence with NiO
loading onto to the carbon support. On the other
hand, the weight percentage of C decreases from
NSAC1 to NSAC5. The existence of silica in all the
samples indicates that the silica is not fully removed
from the carbon support even at high temperature lib-
erated in microwave heating.

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis
has been executed to find out the possible NiO struc-
ture on the carbon support in NSAC. The XPS spectra
of NSAC is illustrated in Fig. 5(a), which indicated the
existence of carbon, oxygen, silica, and nickel on the
carbon matrix and this is in good agreement with the
EDX results.

Fig. 5(b) shows the profile of Ni 2p electron, a dou-
blet of the Ni 2p3,, and 2p,,» peaks from the Ni**
states, which are at 855.1 and 873.3 eV, respectively, as
well as their corresponding shake-up resonances at
861.1 and 880 eV. These peaks are assigned to oxidized
nickel in a dispersed phase [54], and they confirm the
presence of Ni** in NSAC [55-59]. But, there is a shift
of the Ni 2p;,, and 2p;,, peaks to the higher energy
in NSAC, which is assigned to the anchoring of Ni
into the carbon matrix, and the resultant formation of
NiO. It also results in the charge transfer from Ni*" to
the carbon matrix.

Fig. 5(c) shows the Ols core-level spectra of NSAC.
Deconvolution of the Ols peak gives two components
at 531 and 532.9eV. The peak at 531 eV implies the
adsorbed oxygen on the vacancy sites of NiO samples,
and it is associated with the O™ sublattice, and further
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Fig. 3. HR-SEM images of (a) NSAC1, (b) NSAC2, (c) NSAC3, (d) NSAC4, (e) NSACS5 and (f) pure NiO.

it corresponds to the carbonyl oxygen atoms [60]. The
peak at 532.9 eV affirms the presence of carbonyl oxy-
gen atoms in esters, amides, and anhydrides, as well
as oxygen atoms in hydroxyls or ethers [61]. Addition-
ally, it signifies NiO lattice oxygen deficiency, and the
surface-bonded O-H or O, [62]. Besides, the binding
energy of O 1s region showed an increase up to 532.9
eV for NSAC as compared to 530.97 eV for pure NiO,
as reported in the literature [63]. The increase in the
binding energy may be due to the capture of Ni on
carbon surface and the surface interaction between C
at Ni atoms [64].

The high-resolution XPS spectra of the C 1s region
is exhibited in Fig. 5(d), and the peak at 284.1eV
match the sp® carbon bonding in graphitic carbon. The
peak at 289 eV is attributed to the carbonyl, quinine
groups, lactone, or ester groups [65]. Moreover, an
extra peak at high binding energy at about 294 eV is
attributed to = — 7* transitions [66]. It can also be
referred to C=C-O surface group [67-69]. Thus, the
existence of NiO on the carbon matrix is confirmed by
XPS studies.

3.5. Optical studies
3.5.1. Diffuse reflectance spectroscopy studies

The diffuse reflectance spectra of pure NiO and
NSAC (1-5) samples in the range of 200-800 nm were
investigated to establish the optical absorption proper-
ties of the photocatalyst samples. The results are
shown in Fig. 6, which show the presence of broad
absorption bands in the range of 200-300 nm
(6.2-4.1 eV). The bands of NSAC (1-5) were of higher
energy, when compared to pure NiO. The NSAC (1-5)
samples displays higher optical absorption; this is due
to addition of intermediate energy bands in NSAC
(1-5), and these intermediate energy levels decrease
the effective band gap of the NiO and make it more
receptive in the UV region of the electromagnetic
spectrum. Fig. 7 presents UV/VIS reflectance spectra
of AC and NSAC (1-5) displaying the optical proper-
ties of the samples.

The reflectance spectra were analyzed using a
modified Kubelka—-Munk function F(R), estimated
from the following equation [70]:
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F(R) = (1 —R)*/2R ®3)

F(R) is the Kubelka—Munk function, where R is the
reflectance. A graph was plotted between [F(R)hwv]* and
hv, and the intercept value obtained corresponds to the
band gap energy. The band gaps of pure NiO, and
NSAC (1-5) were evaluated by using the modified
Kubelka-Munk function as shown in Fig. 8. The calcu-
lated band gaps for pure NiO, AC, and NSAC (1-5)
are 3.52, 4.13, 3.45, 3.43, 3.36, 3.43, and 3.42 eV, respec-
tively. The diffuse reflectance spectra results clearly
show that the samples are probable photocatalyst,
which can perform efficiently under UV radiation.

3.5.2. Photoluminescence studies

The photoluminescence (PL) spectra of NSAC (1-5)
and pure NiO excited at 330 nm at room temperature
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are shown in Fig. 9. NSAC samples show an intense
PL peak at around 433nm (2.86eV) and two broad
peaks at 459nm (2.70eV) and 485nm (2.56eV),
whereas the pure NiO show a strong peak at 361 nm
(3.43 eV). In NiO crystal structure, the Ni**ions fill the
tetrahedral sites coordinated by four oxygen atoms.
Due to the microwave synthesis of NiO nanostruc-
tures, structural distortion could have been taken
place in the crystal structure. This structural irregular-
ity in NiO give rise to the intra-band gap or the
energy levels between the valence and conduction
band, and they give rise to the defect emissions. The
intra-bands are formed, due to the fast evaporation,
partial oxidation, and rapid crystallization that happen
during the microwave heating. These PL peaks dis-
tinctly manifest that these bands are not because of
the band gap emission, but they are the consequence
of structural defects, such as oxygen vacancies. The
oxygen vacancies on the surface of NiO samples
would favor the O, adsorption, and consecutive pro-
duction of O, radical groups, which brings about the
oxidation of organic materials [71]. Thus, NSAC sam-
ples with structural defects and oxygen vacancies on
their surface would be the potential photocatalysts for
the degradation of textile effluents.

3.6. BET analysis

The porous structure of NSAC (1-5) was studied
by using nitrogen adsorption at 77K, and compared
with the AC. The nitrogen isotherms of AC and NSAC
(1-5) samples are plotted in Fig. 10(a—f). The surface
area parameters are reported in Table 1. The pore
diameter (Dp) for the AC is 1.89 nm, while the average
pore diameter for the NSAC is 3.71 nm. It can be seen
from Table 1 that the surface area of the AC is much
larger than the NSAC, implying that NiO loading onto
carbon matrix reduces the porosity and makes it less
porous material. Similarly, the pore volume of the
NSAC (1-5) samples is smaller than the AC.

The isotherm of AC, and NSAC (1-5), carry a
round knee at relative pressure of 0.05<P/Po<0.15,
thus indicating the presence of wider micropores.
They also exhibit hysteresis loop, corresponding to the
mesopore structure behavior of Type-IV isotherm.
Thus, the AC and NSAC (1-5) samples are a blend of
Type-1 and Type-IV isotherms as defined by IUPAC
classification. AC uptake of nitrogen adsorption
reached as high as 136.63 cm®/g, whereas lowest nitro-
gen adsorption of 33.47cm’/g was obtained for
NSACS5. The specific BET surface area of the sample
decreased from 446.44 to 36.92m?/g with an increase
in NiO loading.



P. Suresh et al. | Desalination and Water Treatment 57 (2016) 3766-3781 3773

(a) iz (b) Ni 2p
A &
Ul / z o
|[|'M"’ i : 5
N
3 \J e R/\
O II
\/ / =
1 |
\/ /
l&' - I |'J |
@ ] =
= |L4\"'\,L.WFL'\-—I\—~¢_J ) /
« hod
2z o 200 00 600 $00 1000 120 £50 860 $70 880 890
=
£ [](e) O-Is || (d) C-1s
,/ b A
540 535 530 525 520 515 295 290 285 280 275 270

Binding Energy (eV)

Fig. 5. XPS spectra of NSAC5 a) Wide spectra, b) Ni-2p, ¢) O-1s and d) C-1s.

Absorbance (a.u)
f
% Reflectance

T
200 300 400 500 600 700 800
Wave length (nm)

Wave length (nm)
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Fig. 8. Kubelka-Munk plots of (a) pure NiO, (b) AC, (c) NSAC1, (d) NSAC2, (e) NSACS3, (f) NSAC4 and (g) NSAC5.
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3.7. Photocatalytic activity

An initial study of the photocatalytic degradation
of TDW (850 mg/L COD) with NSAC (1-5) catalysts is
carried out and their photocatalytic ability is deter-
mined from their COD removal efficiency of the TDW
under UV light irradiation. COD removal confirms the
destruction of the organic materials in the TDW and
the color reduction [64]. The percentage of COD
removal obtained for NSAC (1-5) samples are: 35.7,
40.3, 46.1, 54.5, 61.3, and 70.1%, respectively, for 120
min irradiation. The NSAC5 catalyst was found to be
the most efficient one. Hence, NSAC5 is studied for
the various experimental parameters and its photode-
gradability efficiency is tested with pure NiO.

The COD removal of TDW using AC, NSACS5, and
pure NiO are studied by changing the amount of the
catalyst form 50 to 1,000 mg. Fig. 11 illustrates the
COD removal efficiency of AC, NSAC5, and pure
NiO. The results show a linear increase in the photo-
degradation efficiency with an increase in the catalyst
amount.

The photocatalytic efficiency of NiO is lower than
that of NSACS. In the photocatalytic degradation of
TDW by NiO, an electron in an electron-filled valence
band (VB) is excited by UV irradiation to a vacant
conduction band (CB), leaving a positive hole in the
VB. These electrons and positive holes drive the
reduction and oxidation, respectively, of the com-
pounds adsorbed on the surface of a photocatalyst.
Bai et al. [63] attributed the NiO photocatalytic oxida-
tion of toluene to the lattice oxygen on the surface of
NiO. Pan et al. [72] highlighted the hierarchical and
porous surface structures as a reason for the NiO pho-
tocatalytic degradation of acetaldehyde. Hameed et al.
[73] emphasized electron-hole pair recombination
inhibition in NiO-ZnO composite by charge transfer
process, which has led to the photocatalytic degrada-
tion of MO. Song and Gao [74] studied the surface
area of hollow NiO in their photocatalytic degradation
of acid red 1 pollutant. Shang et al. [75] highlighted
that the specific surface area, crystallinity, exposed fac-
ets, surface hydroxylation, surface defects, and surface
adsorbability affect the photocatalytic activity of NiO.
The oxygen vacant sites capture an excess electron,
and as a result, this electron experiences a kind of
attractive Madelung potential, which stabilizes them
in the oxygen vacant site. The capturing of excess elec-
trons increases its life span, which benefit the reaction
of adsorbed molecules and its decay endows the
increased photocatalytic activity.

The photocatalytic activity of AC is lower than that
of pure NiO. But, AC is a semiconductor, and it favors
the photocatalytic activity [76]. Gala et al. [77] studied
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Table 1
Surface area parameters of AC and NSAC (1-5) samples
Sample NiO loading (%) Sper® (m?/g) Viotal” (cm?/g) Dy (nm)
AC 0 446.44 00.21 01.89
NSAC1 10 281.51 00.18 02.56
NSAC2 20 147.18 00.13 03.53
NSAC3 30 96.24 00.09 03.74
NSAC4 40 83.63 00.07 03.34
NSAC5 50 36.92 00.05 05.41
“BET surface area.
PTotal pore volume.
“Pore diameter.
75 The COD removal efficiency is extremely enhanced
& NSACS A in NSACS5, due to the carbon support. The presence of
gl —e— NiO L AC as a support can act as a powerful electron trans-
] B 2 d mission site, since it displays immense electrical con-
- B i e ductivity, and large electron storage capacity, because
S 457 e A of great specific surface area. Accordingly, the AC as
3 e e~ /.// support performed two important roles as an acceptor
g 30 P - and transporter of propagated electrons of NiO and
e /// /,/'/ o forcefully contained the charge recombination [79,80].
© / Y g Additionally, due to the strong synergy between AC
sl g e e and NiO nanoparticles, the flow of propagated elec-
: - A trons amidst the AC and conduction band of NiO is
04— i i . i increased. NiO is a good electron donor, and carbon
0 200 400 600 800 1000

Catalyst loading (mg/L)

Fig. 11. Effect of catalyst loading on the photocatalytic deg-
radation of TDW in the presence of AC, NSAC5 and NiO.

the E; values of the activated carbons to prove them
as the semiconductor materials with photoactivity in
the presence of UV radiation. He also established a
clear relationship between Eg values and the percent-
age of surface oxygen. Boehm [78] reported that when
the photons from UV light falls on AC, it generates
electron-hole pairs, due to the promotion of electrons
from the valence band to the conduction band. The
electrons advance throughout the sp® hybridized lay-
ers, and reach the molecules of the absorbed species
and oxygen molecules. The electrons in turn reduce
the adsorbed O, to set the superoxide radicals (.O;),
which further reacts with the water molecule and initi-
ates the generation of oxidizing radical groups that
eventually degrades the organic matter. Besides the
presence of adsorbed oxygen on AC surface that
shuns the recombination of the electron with the posi-
tive hole, it also favors the interaction between the
water molecule and the positive hole and thus
expanding the capacity of the photocatalytic process.

materials are relatively good electron acceptors, the
synergistic effect between these components effectively
reduce the recombination leading to the increased
charge carrier separation. The coordinated blending of
the oxygen vacant sites, structural defects of NiO
along with electron transmission capacity, and pres-
ence of surface oxygen on AC lead to lasting light
absorption, delayed charge recombination, and suste-
nance which favor the enrichment of the photocata-
lytic activity of NSAC5 [81]. Gala et al. [77] studied
the synergetic effect of W-supported activated carbon
and discovered that the activated carbon with the
higher percentage of surface oxygen, ester/anhydride
groups, and carbon atoms with sp® hybridization
would enhance the synergic activity of the activated
carbon. Ahamad et al. have elaborately studied the
role of CNT as support in ZnO-doped Cu system
[64,82]. Kalid et al. [83] studied the synergetic effect of
Fe and graphene on the photocatalytic efficiency of
TiOs.

The pH of the medium plays a vital role in the
photocatalytic degradation processes of TDW, because
pH affects the production of hydroxyl radical, which
is a powerful oxidizing agent [84]. In order to deter-
mine the optimum pH, the pH of the solution was
varied from 2.0 to 12 by adding appropriate amount
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of NaOH or H,S50, solutions. The results are pre-
sented in Fig. 12. It is observed that the maximum
COD removal is possible in acidic medium, and 100%
COD removal is obtained at pH 2 for NSAC5. How-
ever, NiO showed only 76% of COD removal at pH 2.
And, the final pH after photo catalytic treatment is
7.25, which is a proof that the TDW was successfully
degraded by the NSAC and the treated water can be
the released into the water bodies. Hence, on the basis
of results obtained pH 2 is chosen to be the optimum
pH for photodegradation.

The point of zero charge (pHZPC) of NiO and
NSACS5 are 7.85 and 8.90, respectively. The surface of
the catalyst carries a net positive charge, when pH of
the solution is below pHZPC, it would accelerate the
adsorption of the negatively charged dyes molecules
[85]. Similarly, when the medium becomes basic,
hydroxide ions are easily adsorbed on the catalyst sur-
face. Ion dipole hostility between the negatively
charged catalyst surface and the negative charged dye
molecules is reasonable at pH higher than the pHZPC
[86]. This is the reason why TDW is showing lower
photocatalytic degradation at higher alkalinity. Baransi
et al. [87] observed similarly that at high pH, the
forces of repulsion between the negatively charged
TiO, catalyst surface and the organic species are
increased, which results in a very low adsorption.
Moreover, low degradation rate at higher pH is attrib-
uted to the fact that when the concentration of OH™
ion is higher in the solution, it prevents the penetra-
tion of UV light to reach the catalyst surface. Further-
more, high pH favours the formation of carbonate
ions, which are effective scavengers of OH™ ions, and
can reduce the COD removal rate [88].

100 L} —m— NSACS
N\ ®— Pure NiO
90 - N
\\
g 80 \ \\\
g 70 N \
LY
5 60 b e ~
3 N
.
50 + \\"x_‘ “\\\
Hoee -5
40 = =
—e
30 I I T T T U
2 4 6 8 10 12

pH

Fig. 12. Effect of pH on the photocatalytic degradation of
TDW in the presence of NSAC5 and NiO.
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The factors that contribute the photocatalytic deg-
radation at low pH are discussed as follows. The posi-
tive holes are considered as the major oxidation
species at low pH. The lower pH produces more H"
that could be adsorbed on the surface of NSAC5, thus
making the catalyst positively charged. Positively
charged NSAC5 particles assist the shift of photo-
induced electrons, which could react with the
adsorbed O, to produce (.O;) (e~ +Op, —.0;5). In
addition, positively charged NSAC particles could also
inhibit the recombination of electrons and holes, gen-
erating more hydroxyl radical (OH") through the reac-
tion between the holes and water. Both the radical
ions .O; and OH. are strong oxidants, and could be
responsible for the enhanced degradation of TDW
[89]. Recently, Yoon and Lee [90] reported the adsorp-
tion onto TiO, at low pH, and the enhancement of
electron-hole separation, which favor more positive
holes to oxidize. Bayarri et al. [91] reported that at
low pH values, the degradation takes place mainly
through the reaction of adsorbed compounds with the
photo-generated holes.

A Kkinetic study of the photocatalytic degradation
of TDW for NiO and NSACS5 is also carried out. In
order to obtain the kinetics of the photocatalytic deg-
radation, the COD removal vs. irradiation time is plot-
ted, which shows the formation of straight lines and
indicate the zero-order reaction (Fig. 13). Zero-order
reaction indicates that the rate is independent of the
reactant concentration, i.e., the amount of dye mole-
cule reacted is proportional to the time, the surface of
NSAC reaches large amount of coverage by the TDW
molecules, and the surface is fully saturated by the
TDW molecules. Thus, the rate of the reaction does

900
=—Dark—= UV light
N —=— NiO
—e— NSACS
7504 N\ Tm
—_— \‘\\\ \h\-"'»
5 \ -
E} E S
E 600 4 \cm__ S,
T‘; \“x._‘ .
% \"“x..‘\ T .
A 450 o8 e -
o . b
] L
.
300 e
“H\.\‘\
-
T 1 L] T 1 L T
20 0 20 40 60 80 100 120 140
Time (min)

Fig. 13. Kinetic of TDW photocatalytic degradation for
NSACS5 and NiO.
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Fig. 14. Synergy mechanism on the surface of NSAC.

not depend anymore on the degree of coverage [92].
Mansouri et al. [93] reported the zero-order kinetics in
the treatment of aqueous organics in the presence of
TiO,, Guerra et al. [79] investigated the zero-order
kinetics in the degradation of reactive dyes in the
presence of ZnO, and Foletto et al. [94] exposed zero-
order kinetics in the use of ZnAl,O, under sunlight.
The rate constant for NiO and NSAC5 was 3.39 and
5.00 (mL™"' S7™"), respectively. The rate of photocatalytic
degradation of NSAC5 is double than that of pure
NiO. The synergy mechanism on the surface of
NSACS is depicted in Fig. 14. AC with a wide surface
area, high porosity, and various functional groups
favors the preferential absorption of TDW on its sur-
face and pores. As a consequence, the TDW molecules
are further shifted to NiO surface, and degraded at a
faster rate. The synergy effect between the carbon sup-
port and NiO is responsible for the enhancement in
the photocatalytic efficiency of NSAC.

4. Conclusion

In summary, NiO nanospheres-supported activated
carbon (NSAC) is successfully synthesized by micro-
wave-assisted combustion synthesis with simple inor-
ganic salts as raw materials. The XRD and XPS results
confirm the presence of NiO on the carbon support.
The uniform loading of NiO nanospheres on the car-
bon surface is revealed by HR-SEM images. The band

gaps of the NSAC samples are in the range of 3.36—
3.45eV. NSAC samples are used for the photocatalytic
degradation studies of TDW. Due to the synergetic
effect, NSAC efficiency is higher than the pure NiO in
effective and faster degradation of TDW.
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