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Abstract

In this study, the degradation of phenolic compauwds performed in the presence of pure and
Cu doped nickel oxide (Cu-NiO) nanocatalysts. A wkémical method was utilized for the
catalyst preparation. The crystallinity and phaseendetermined using X-ray diffraction, optical
properties were analyzed by UV-Vis spectroscopy andrphology was analyzed by a
transmission electron microscope. Fourier transfanfrared spectroscopy confirms the
formation of pure NiO and the existence of copperdoped nanocatalyst samples. Cu-NiO
nanocatalyst samples showed a reduction in averggtallite size as compared to pure NiO
sample, where it was 24.0, 22.8 and 19.03 nm far-R@O and 4Cu-NiO, respectively. The
average particle size as determined by using traitasroe electron microscopy were about 28.0,
26.6 and 22.8 nm for NiO, 2Cu-NiO and 4Cu-NiO, exgjvely. In addition, the energy bandgap
values were found to be 3.26, 3.64 and 3.87 eVufutoped NiO, 2Cu-NiO and 4Cu-NiO,
respectively. Comparative study of the photocatalgerformance of Cu-NiO and pure NiO
were systematically performed at various reactiome$ and Cu doping ratios (2-4 wt. %).
Different molar concentrations of phenol were atsmsidered for this study. The obtained
results showed that the Cu-NiO nanocatalyst exddhbihe highest phenol degradation efficiency
as compared to their undoped counterpart. Thismahie first reported and successfully used in
efficient removal of phenol from real industriafleént. The nanocatalyst efficiency for phenol
removal was tested in real leather industrial waater effluent which could remove about

85.7% within 150 min.
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1. Introduction

Water pollution is a serious problem to the wholerld; therefore, much effort has been
given for water purification and pollutants remo{&i3]. In the last few decades contaminations
due to phenolic compounds in the industrial wastemvaere reported to be high [4]. Phenolic
compounds were identified as hazardous pollutantee environment and human beings. Even
its contamination existing in few ppm levels refeesevere carcinogenic to humans and other
living species [5-7]. Therefore, removing of pheaa@ompounds from industrial wastewater is
necessary and interesting. Many studies reporteghotodecomposition of phenol compounds
using semiconductor nanoparticles (NPs) as a dtidyl1]. In addition, different methods such
as microwave enhanced advance oxidation processytat oxidation [12-15], catalytic
oxidation [16], ultrasonic degradation [17], sonectical degradation [18], photocatalytic
degradation [19-22], photo-Fenton degradation pl@ioton [23], photoelectrocatalytic

degradation [24], photodecolorization [25] andagdton [26] have been utilized.

Ba-Abbadet al. prepared TiQ NPs via the sol-gel method and tested for degi@uaif
chlorophenols (2-chlorophenol (2-CP), 2,4,6-tricbfthenol (2,4,6-TCP) and 2,4-dichlorophenol
(2,4-DCP)). The degradation ratio was about 9%r@892% for 2-CP, 2,4-DCP, and 2,4,6-TCP,
respectively, at 50 mg/L, 90 min. of irradiatiorv[2When the initial concentration was greater
than 50 mg/L, the degradation ratio and rate comglé.,) was decreased [27]. In addition,
Wang et al. synthesized carbon-incorporated mesoporous NiQ/Th@brid shells, using
polystyrene nanospheres as templates and testddagtivity by the degradation of organic
pollutant (Rhodamine B, Methylene Blue, and Phenlaijially, the calcination temperature of
catalysts was controlled at 500, 600, 700, 80090 C. Among these, the catalyst calcinated

at 800°C reported as the highest photocatalytic activitgler irradiation of visible light. The



initial concentration of organic pollutes (Methy&eBlue or Rhodamine B) and phenol was 2x10
> and 10 mg/L, respectively. Degradation ratio wasua 98, 94 and 88% for Methylene blue,
Rhodamine B and phenol at 75, 100 and 150 minpeaely. Stability of materials had
confirmed by running 6 successive cycles and itgtbexcellent photoactivity end of th& 6
cycle [28]. A comparison study of advanced oxidatjgrocesses (photolysis and UV(®3,
ozone and its combination, Fenton and photocatlygas reported, it also includes optimum
oxidant/pollutant ratio, pH influence, stoichiometcoefficient and kinetic constant. Among all
these tested processes, it was found that the loosr processes are ozonation, none of the
ozone combinations @MH,0,, Os/UV/H,0, and Q/UV) degradation rate. While, in case of UV
processes (photocatalysis, UV and UY), the degradation rate of UV{B, was almost 5-
times higher than UV and photocatalysis alone, ¢femeagent was the faster degradation. In
comparison, Fenton degradation was 40-times higtar UV and photocatalysis and 5-times

higher than ozonation [29].

Carbon/nitrogen-doped Ti(porous nanocrystalline photocatalyst with theiplrisize of 35-
40 nm was reported for phenol degradation. Degadatatio was about 64 and 57% for
photocatalysts C/N-doped Ti@nd TiQ, respectively, at 60 min. of UV irradiation. Thatdl
amount of phenol degraded was about 87% at iriadiaf 90 and 150 min, this was due to the
accumulation of C@on surfaces of C/N-doped Ti(@30]. Sharma and Lee have reported on
TiO2/NIO/RGO nanocomposite as a photocatalyst, whicls synthesized by in-situ sol-gel
process. They have achieved 88.4% of photodegoedasing 100 mg/L 0-chlorophenol at pH-
6.5, 8 h of visible light irradiation and with tlaeldition of 0.01% kKlO,. The photocatalyst was
stable after 4 successive cycles and it retaindugh degradation ratio [31NiFe,O,/multi-

walled carbon nanotubes (N#&&/MWNT) were prepared by the single step hydrothérma



process. It's also showing the magnetically redyielaand high photocatalytic property [32].
Labiadhet al. synthesized Cu doped ZnS quantum dots via a hHyeinoial method with an
average diameter of 2.9 nm. B/Cu:ZnS was the highest photocatalytic activityntiaO./ZnS
nanocomposites, which showed higher photoactivétygsmance towards the pollutant salicylic
acid [33]. NiO supported on clinoptilolite nanopelgs (20-44 nm) showed high photocatalytic
activity of cotrimaxazole pharmaceutical capsulé][Moreover, Hayatt al. have reported on
cubic NiO nanoparticles with average crystalliteesis about 6-10 nm, synthesized by sol-gel
method. It has been utilized for phenol degradagios they attain high degradation efficiency of
about 97% under UV laser irradiation and initiahcentration of phenol solution was 100 mg/L

[35].

To best of our knowledge, this is the first time @aped NiO as nanocatalyst is used for
photodegradation of phenol. The synthesized Cu di®&fi® nanocatalyst has been utilized for
phenol degradation. Detailed structural and mompiiohl studies were performed to deeply

understand the photodegradation process and meahani

2. Materials and methods

2.1. Materials

Phenol (99%) was procured from Sigma-Aldrich. Thericals were stored at 21 °C, and stock
preparations were prepared when it is needed. Notkeride hexahydrate (NigbH,O), copper
sulfate pentahydrate (Cu%6H,0) and sodium hydroxide (NaOH) were also procuneonf
Sigma Aldrich and were used without further puation. Ultrapure deionized water was used as

the reaction medium in all the synthesis steps.



2.2. Nanocatalysts synthesis

Nickel oxide NPs was synthesized by a wet chemiwathod. NiC}.6H,O (2.37 g in 100 mL
distilled water) was stirred for 30 min. Then Na@Hy in 100 mlwas used to adjust the pH 10.
Later green precipitate was obtained, washed wighlldd water and ethanol to remove any
impurities. The precipitate was dried in an over6@fC for 14 h for the removal of hydroxyl
radicals and subjected to an appropriate temperatuobtain the final product [36]. A similar
method was adopted to prepare the doped NPs efargipie addition of CuS£6H,O (2 wt. %
(0.063 g) and 4 wt. % (0.127 g) along with Ni®BH,O during the synthesis process. Obtained

0, 2, and 4Cu-NiO samples were labeled as NiO, B{@y-and 4Cu-NiO.

2.3. Catalytic degradation of phenol

Photocatalytic reactions were performed using Helmeiti-lamp photo reactor chamber
installed with 150 W high-pressure UV lamp operas¢®54 nm wavelength. The degradation
experiment was done using 100 mL of aqueous phsaiotions with an initial concentration of
0.3 (2.82 g), 0.4 mol/L (3.76 g) and 0.5 mol/L (¢)rand 0.25 g of prepared nanocatalyst (NiO,
Cu doped NiO). For each experimental run, the pheslation was saturated by bubbling for

10 min. before the addition of catalysts (before #dlaldition of catalysts). In each run, after the
mixture of 0.25 g of catalysts in 100 mL of aqueptsnol solutions was reposed at dark for 30
min., the light was turned on to initiate the delgtgon process. A UV- Visible spectrometer was
used to determine the concentration of phenol mwoluafter the photocatalytic degradation

experiment was conducted for different time intés\(8 and 5 h).



3. Results and discussion

3.1. X-Ray diffraction analysis

The XRD patterns of NiO, 2Cu-NiO, and 4Cu-NiO al®wn in Fig. 1. The peaks ab of
37.57, 43.60, 63.10, 75.57 and 79.@2e related to pure NiO and corresponded to ((200),
(220), (311) and (222) planes [37]. In the cas€ofdoped NiO, the position of the peak was
slightly shifted to lower angles (37.01, 43.05,682.75.28 and 79.2Y[36]. All these diffraction
peaks were in accordance to that of the standarckrspn (card No. 01-073-1523, 01-078-0646
and 01-078- 0648) of NiO [36]. From the XRD anadysi is identified that the prepared samples
were in a cubic phase. The average crystallite gizbe NiO nanoparticles was estimated from
the full width half maximum (FWHM) and the peak pims according to the Scherrer formula
[38]. Average crystallite size for pure, 2Cu-NiOda#Cu-NiO was about 24.0, 22.8 and 19.03

nm, respectively [39]. Since the Cu doping is w lmount, it could not be detected by XRD.

3.2. Transmittance electron microscopy and energyispersive X-ray spectroscopy analyses
Transmittance electron microscopy (TEM) image fo®Ns shown in Fig. Sla, where it shows
spherical agglomerated nanoparticles [40]. The g@ndispersive X-ray spectroscopy (EDS)
spectrum (Fig. S1b) identifies the presence of Nl &. The presence of C as an impurity is
from the system. Figs. 2a and 2b depict the TEMragiaphs for 2Cu-NiO and 4Cu-NiO. For
2Cu-NiO, it shows that the nanopatrticles have spalklike form with a diameter in the range of
20-35 nm including large agglomerates. In the cdgBCu-NiO, dense, agglomerated particles in
the range of 19-33 nm were seen with few well-fadetarticles as shown in the inset of Fig. 2b.
In the present case, the observation of some lageparticles may be attributed to the fact that
the high surface energy and tension making Cu doNeéd NPs have a tendency to
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agglomeration [41, 42]. The selective area electliffraction (SAED) patterns of 2Cu-NiO and
4Cu-NiO are shown in Figs. 2c and 2d, indicate pudycrystalline nature of prepared
nanomaterials. The strong electron diffraction sicgn be assigned to (111), (200), (220), (311)
and (222) planes, as a result, the HR-TEM and SAR&lyses confirm the crystalline nature of
synthesized pure and Cu doped NiO NPs with cubigctre. Figure 2e and 2f confirms the
presence of Cu in the doped samples. Moreover avitincrease in the percentage of Cu doping
the intensity of Cu peak in EDS increased. The ayerparticle size as determined by using
TEM data were found to be about 28.0, 26.6 and B2n8for NiO, 2Cu-NiO and 4Cu-NiO,
respectively. The results clearly show that the mgarticle size estimated by TEM is in good

agreement with the average crystallite size detexthfrom the XRD data.

3.3. Ultraviolet—visible spectroscopy analysis

Ultraviolet-visible (UV-Vis) absorption spectra ag-synthesized NiO, 2Cu-NiO, and 4Cu-NiO
are shown in Fig. S2a. The absorption peaks weserebd at 380, 340 and 320 nm respectively
for these samples. The results clearly indicatdua Bhift in the absorption spectra with the
increase in Cu content which could be attributetheoquantum size effect. The band gap was
calculated from the absorption edge wavelengthdayguthe following equation [41-43]. As we
know, the more precise method for the calculatibbamd gap energy is using of Kubelka-Munk

equation and the resulted Tauc plots that are gesriiin more details in literature [44-47].

1240
Ey= )

Bandgap results, average crystallite size caladldte Debye-Scherrer and the particles size

determined by TEM analysis are listed in Table 1.



3.4. Fourier Transform Infrared spectroscopy

Fig. S2b highlights the FTIR spectra of NiO, 2Ci@GNand 4Cu-NiO in the range of 4000-400
cm™. The broad absorption band observed at 3500 @onresponds to O-H bond stretching
vibration of the interlayer water molecules and roygl groups [48-50]. The nanocrystalline
nature of the synthesized nanoparticles is evittent the broadness of the absorption band. The
CO, vibration bond due to the presence of air was efeseat 2380 ci[51] . The band at 1643
cm™ due to O-H bending vibrations is also observeddped NiO NPs [52]. In the wavenumber
region of 1050-1200 cifh) the observed peaks may be attributed to the preseihcarbonates.
The intensity of these peaks was found to increagk the increase in Cu doping. The
prominent peak was observed at 531'cmvhich indicates the Ni-O stretching mode [39, 53,

54]. While 644 crit denotes the vibration due to the Cu-O stretchamp55, 56].

3.5. Phenol degradation

The phenol degradation using pure NiO and Cu ddge& nanocatalysts under pH 10 and
different phenol concentrations (0.3, 0.4 and O0d¥/la), UV light exposure time (3 and 5 h), a
constant amount of oxygen dissolved and respetiMeVis spectra are discussed. The phenol
degradation experiments were conducted in UV pleatdor chamber with initial passing o O
into the phenol solution to enhance the phenol atiggron [57, 58]. Based on Petret al.
findings, phenol degradation was slow in absenc@xpfere we conducted the experiment in
presence of @and phenol UV absorption peak wavelength has ebddan 210 to 230 nm. The

respective phenol solutions, two peaks wavelengtre about 200 and 210 nm [41].

The UV absorption spectra of different phenol comicgions in the absence of catalysts with

two different reaction times are shown in Fig. 83vas found that phenol has been left intact



under oxygen (@ in the absence of catalyst by observing two isgeand broad maximum
absorption peaks at 210 and 270 nm. Pett@l. reported the initial peak positions wavelength
of phenol solutions were 200 and 270 nm respegtiegld in the absence of the catalyst,

oxidation of phenol was very slow [41].

The effect of catalysts at two different duraticarsd different phenol concentrations were
studied by adding 0.25 g of catalysts in 50 mL bémol aqueous solutions. From the UV-Vis
spectra shown in Fig. S3, it clearly is seen thegnol degradation proceeded substantially after
exposure to oxygen in the presence of a cataly#t (u-doped NiO), reduction in phenol
concentration through oxidation reaction, suppodedradation curve was observed a reduction
in the intensity of phenol broad peak at 210 an@ 8. The phenol degradation (%) was

calculated from equation (2) [8, 59]:

Co _Ct

Phenol degradedation (%) =

%100 (2)

Where G and G denote the phenol initial concentration and aettm

At the end of 3 h reaction time, the degradatiditiehcy was about 22.05, 30.56 and 46.31%
achieved for 0.3, 0.4 and 0.5 mol/L, respectiv&lihile the phenol degradation efficiency was
about 44.96, 40.80 and 64.05% for 5 h reaction fione0.3, 0.4 and 0.5 mol/L, respectively.
Using NiO as nanocatalysts, the highest degradafficiency was 46.00 and 64.05% in the

cases of 3 and 5 h, respectively, for 0.5 mole/L.

UV-Vis curves with respect to phenol concentratdod, 0.4 and 0.5 mol/L and the addition of
nanocatalysts doped 2Cu-NiO and 4 Cu-NiO are shiowkig. 3 (for pure NiO it is shown in

Fig. S4). The 2Cu-NiO has accelerated the oxidatée of phenol, compared to pristine NiO.
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This might be due to the physical structure ofd¢hlyst, NiO has its absorption wavelength in
the UV region. The observed phenol degradatiomieficy was 49.61, 37.55 and 30.00% for 3 h
for 0.3, 0.4 and 0.5 mol/L, respectively. In theation of 5 h, the phenol degradation efficiency
was 58.77, 75.2, and 72.04%, respectively for 0.8,and 0.5 mol/L. It has been reported that
the low photoactivity arises, which was becausstnfctural imperfections in the pristine NPs
generate trap sites, results decrease the levaeotrons and holes. In metal-doped NPs, doped
ions result as charge trapping sites and reducesttmbination rate which leads to enhance the
photoreactivity [4]. Rengaraj and Li reported omanralization of 2, 4, 6 trichlorophenol under
UV illumination, with Ag-doped TiQ as a catalyst. They found the degradation was Ithare

95% in 120 min. [60].

On the other hand, 4Cu-NiO has not acceleratedostidation rate of phenol as much as
compared to NiO and 2Cu-NiO. The photodegradatfGoiency was 66.38, 47.20 and 23.15%
(3 h) and 66.83, 46.56 and 56.70% (5 h) for 0.3,&hd 0.5 mol/L, respectively. It's clearly
observed, doped catalyst showing higher phenoladiegt efficiency comparatively than NiO, at
5 h reaction time. The nanocatalyst photocatabgitvity increases with respect to the bandgap.
The higher degradation of phenol was using 2Cu-NioPed samples which has a bandgap of
3.64 eV [61]. These were renowned, optical propsriof Cu doped NIO have effects on
photoreactivity with respect to the light absorptiefficiency [62]. Here all the cases
photoreactivity of Cu doped NiO samples correspandephenol degradation efficiency has
comparably improved than pristine NiO. This mayaises due to increased photogeneration,
the rate of charge transfer betweerfGlectrons and NiO conduction or valence band [63].
Burns et al. carried out an investigation on Nd-doped Fi@ed for photodegradation of 2-

chlorophenol under UV irradiation. Their result sisothat degradation time has been reduced,
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due to the difference between ionic radii of Ti@d Nd*. Active sites and photoabsorption of
the catalyst were two imperative needs, which iwedlin the photodegradation of pollutants
[64]. The 2Cu-NiO catalyst showed improved perfoncgthan undoped degradation rate. When
the Cu doping content was reached 4 wt.%, the phtdtytic activity was not improved as such

compared to 2Cu-NiO [65].

3.6. Photocatalytic activity of phenol

The efficiency of phenol degradation as a funcidrvaries the experimental parameters was
shown in Figs. 4 and 5. In the comparison studyplaftocatalytic activityyvia wet chemical
prepared materials consents to settle on that @rgefhe use of copper in all the cases.
Photocatalytic efficiency has been observed fompheegradation using undoped NiO, 2Cu-
NiO, and 4Cu-NiO as nanocatalyst at the 3 h oftreadime was shown in Fig. 4. In that
different doping wt. % of Cu, it is observed undogeistine NiO material shown 46.31% in 0.5
mol/L. Thus 2Cu-NiO and 4Cu-NiO were shown highegmhdation efficiency of about 49.61
and 66.38 % at 0.3 mol/L of phenol concentratioaspectively. The concentrations of phenol
were lower, and it may also affect the phenol déatian. Obviously, it shows higher phenol
concentration with respect to the lower concerdgratf phenol. These results are matched with
the published reports [66]. It has recommended ttatinitial concentration of phenol directly
influence both degradation and conversion rate h@npl in the range of 0.1-1 g/L. When it
exceeds 1 g/L, catalysts relative activity has el@sed. It takes a long time to degrade when the

phenol concentration was much higher [67].
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The photodegradation efficiency versus time plopleénol has been done for different phenol
concentrations during 5 h reaction time as showfkigh 5. The observed maximum phenol
degradation efficiencies were about 64.05% for &i@® at 0.5 mol/L. In the case of doped
samples, 75.2 and 66.83% were observed to be highgb degradation efficiency for 2Cu-NiO
at 0.4 m/L and 4Cu-NiO at 0.3 m/L. The highest ddgtion efficiency was noticed in 0.4 mol/L
and 0.3 mol/L, which was lower than 0.5 mol/L camication of phenol [66]. The photocatalytic
activity was improved for doped material when cormgato the undoped material after 3 h and
5 h reaction of duration time [61].

High dosage affects the degradation rate becaiseeiiuced light penetration [68]. The
degradation efficiency of phenol has higher for loencentrations, which was observed in 2Cu-
NiO, while 4Cu-NiO has shown higher degradationcefhcy in 0.3 mol/L [66]. It's been
concluded oxidation of phenol in the absence dilgat takes a very long time [41].

In order to study the comparison of different cgdhlactivity and chemical process, it was
necessary to know the kinetics study. Earlier,asdeers including Gondat al. and Judiet al.
have described the kinetics of photocatalytic degtian of phenol by Langmuir-Hinshelwood
equation. It directly relates to the degradatide 8 and the concentration of phenol (C), which

was expressed as follows [59, 69-71].

dc kKC

"TTa TI1+kC (3)

Here, C is the phenol concentration at irradiatione ‘t’, k represents the reaction rate
constant which normally depends on various experiadleparameters such as the quantity of

photocatalyst, photonic efficiency, incident laseergy, and K is adsorption constant of phenol

13



on the surface of the catalyst. When the initisdmp#l concentrations were low enough, equation

(3) simplified as following pseudo-first-order kiies and equation was followed as:

—InE = Koppt 4)

Where apparent first-order rate constargppk(min.'l) corresponds to the photocatalysis

% vs.t. It will give the straight
0

photodegradation rate.afs can be determined by plottingin
line, and the slope is apparent rate constapt Ke and his co-workers applied the equation 4,
when they studied phenol concentrations were 1Q tog60 mg/L [69]. Hayat et al. have varied
initial phenol concentration from 50 mg/L to 250 /in@nd they used equation (4) [35]. Here in
this work, initial phenol concentrations were vdrieom 1.41 g/L to 2.35 g/L. Equation 4 was

applicable for low concentrations and therefore semcerned the method to the following

pseudo- first order kinetics.

The effects of phenol initial concentrations on #g, values acquired in the degradation
with respect to different concentrations of phenghin 180 min. and 300 min. were shown in
Figs. 6 and 7 respectively. In the reports of Ladtbal. mentioned the least squares regression

values (f) for the degradation rate constant of phenol ptattdysis (f> 0.9372) recommend a

reasonably good fit betweerin% vs.t [72].
0

First order rate constant and the regression @iefti have been determined from the plot.
First order rate constant and regression coeffisjamhich were directly related to varying the
initial phenol conc. and Cu doped NiO has been shiowTable 2. The obtained values were

higher than 0.9372 [72].

Fig. 7 shows the plot —In (KC,) vs. t with respect to the 5 h of reaction irrdidia time. From

the —In (G/C,) versus time plot, one can calculate thgyliKate constant. First order rate constant

14



and respective regression coefficient for 3 andrédction time were shown in Table 2. In Fig. 7
and Table 2 clearly demonstrates in all the casesidped has higher i, values than pristine
NiO. From Table 2, it was clearly displayed at legiitial phenol concentrationls, values of

doped samples was also observed to be lower.

Fig. 8 shows the comparative histogram of Cu dopergus degradation efficiency of phenol
with respect to 0.3, 0.4 and 0.5 m/L of phenol @ntiation for 3 and 5 h of irradiation reaction
times, respectively. In the case of 3 h of irradiatreaction time, maximum phenol degradation
efficiency was 66.38 and 47.20% observed for 4C0;Nioth the cases of 0.3 and 0.4 mol/L. In
the case of 0.5 mol/L phenol concentration, maxindegradation efficiency 46.31% was seen
in undoped NiO samples. While for 5 h reaction timaximum phenol degradation efficiency
was about 66.83, 75.2 and 72.04% as seen in NiQ;NiO and 4Cu-NiO samples on phenol
concentrations of 0.3, 0.4 and 0.5 mol/L, respetyiv

Therefore, when a high amount of Ciions were doped, they can entrap the photo induced
electrons to form Cuions. Sincep0(CU*/Cu)=0.16 V (vs NHE), whilepO(CU/*/Cu")=0.25 V
(vs NHE). Formed Cuions can detain the photoinduced holes and gen@dt [73]. As a
result, short-circuiting forms and both photoindidicelectrons and holes were consumed.
Consequently, these were reduced the photocatalgticity. Therefore, Yangt al. have also
reported optimum Cu content (1.0%) at which thed@ped TiQ. To separate effectively the
photoinduced electron-hole pair 1% Cu content whiesgjaate, compared to higher Cu contents
and achieved the best photocatalytic performansk Here in this study, we have also observed
the best photocatalytic activity at 2Cu-NiO compli@ 4Cu-NiO.

The Kyppapparent rate constant of different concentratafrighenols for NiO were 0.00136,

0.00203 and 0.00346 minfor 2Cu-NiO were 0.00382, 0.00266, and 0.00206 mior 4Cu-

15



NiO were 0.00603, 0.00353 and 0.00144 Tfar 0.3, 0.4 and 0.5 mol/L, respectively, in 3 h
irradiation time. In case of 5 h irradiation tim&,p, values were 0.00198, 0.00175 and 0.00342
min™ for for NiO, 0.00296, 0.0047 and 0.00425 thifor 2Cu-NiO and 0.00365, 0.00209 and
0.00276 min’ for 2Cu-NiO, respectively, 0.3, 0.4 and 0.5 mol/L.

Table 3 shows a comparison of NiO, 2Cu-NiO, and -NBD with its respective phenol
degradation efficiencies. It is clearly shown Cypidg and phenol concentration has a significant
role in an increasing the phenol degradation efficy. High initial phenol concentrations

required long degradation time.

3.7. Mechanism of degradation

The bulk quantity of species including.®®@ hy,', *OH was engrossed for the photocatalytic
process. Cu doping helps to prevent the recombimatf photogenerated electron-hole pairs
which leads to decrease the photodegradation efiigi [74-76]. Two different reaction times

and different ratios of doped samples were explanedn endeavor to reveal the mechanism

photocatalytic process [77, 78].

As prepared Cu doped nanocatalysts show a posffeet on the photocatalytic activity of
phenol degradation. The possible mechanistic plegi@diation of phenol by Cu doped NiO
nanocatalysts was shown in Fig. 9. Photocatalyttvity reaction occurs only at highly
activation UV irradiation incident on catalysts. eTlelectrons were ascended up from lower
energy (valence band) to higher energy (conduchiand) while leaving in the rear charge
separation as results of positively charged hoBag#. these electrons and holes recombine
quickly, it leads to suppressing the photoactiotyhe catalyst. It will be overcome by means of

transition metal doping. Thus, Cu doping extendhtlharvesting both UV and visible regions,
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first. In second Cu species acts as electron sgave results at the contact region of the
semiconductor-metal Schottky barrier formed, whaslsists the charge separation and enhance
the photoactivity performances. The efficient sapan of photoinduced electron-hole pairs was
possible due to induced energy levels by impuripidg. Since Cti ion was less than that of
Ni?*, doping of Cu induces oxygen vacancies, which astactive sites for water dissociation on
the surface of NiO and also capture the holes $tram recombination of electron-hole pairs.
The Cd*ion was superior to £n its competent of trapping electror@it* + e~ < Cu*). The
electrons trapped in GUsites can transfer to the adsorbegvia an oxidation proces€g* +

0, & Cu** + 0;) and produces superoxide radical anion)(CMeanwhile, the holes in the
valence band of NiO react with immanenfGHmolecules to produce highly reactive hydroxyl
radicals {OH) [74]. The highly reactive hydroxyl radicals asdperoxide radical anion lead to
degradation of phenol. The increase in separatiorlextron-hole pairs, results increase in

production of @ and*OH by Cu increases the photoactivity of Cu dope@ [i5, 79, 80].

3.8. Leather industries phenol real effluents

In order to determine the photocatalytic activifyas prepared nanocatalyst, the samples were
tested with leather industries real effluents, Whiave major phenol content obtained from
leather industry in karai, puliankanu (Sipcot) aanipet. Fig. 10 illustrates the absorption
spectrum of the real effluent with the inset dapiptthe picture of the leather industries real
effluent sample. These nanocatalysts showed pes#isults and high photocatalytic activity on
real effluents, which has been taken from leathdustries. The observed phenol degradation
UV-Vis spectra were shown in Fig. 11. From the $@edegradation efficiency has calculated,

these were about 81.53 and 86.15% for 25 mg anth¢@f catalyst, respectively, utilized for
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degradation of real phenol effluents, which obsérae 150 min. The comparison of UV-Vis
degradation spectra of leather industry wastew@tad effluents) and phenol are shown in Fig.
S5. The maximum degradation of real effluents isitegs was shown in the form of the

histogram as inset.

4. Conclusions

Cu doped NiO nanocatalysts have been successfulbpaped and applied for phenol
photodegradation. The nanocatalysts were charaetedy XRD, UV-Vis spectroscopy, IR
spectroscopy, and transmission electron microscdgee average crystallite sizes were 24, 22
and 19 nm for undoped NiO, 2Cu-NiO, and 4Cu-NiGpextively, and match with the particle
size of TEM. Energy bandgaps were found to be 3% and 3.87 eV for undoped NiO, 2Cu-
NiO and 4Cu-NiO, respectively. Under UV radiatioor 180 min., 4Cu-NiO nanocatalysts
showed degradation efficiency of 66.36 and 47.0f%.3 and 0.4 mol/L, respectively. After
300 min. of UV radiation, the maximum degradatificeency was 66.83 % in 0.3 mol/L (4Cu-
NiO), 75.20 and 72.04 % observed in 0.4 and 0.5Im@Cu-NiO). The maximum amount of

phenol (75.2 %) was removed at 300 min.
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List of Tables:

Table 1.Average crystallite size, interplanar distancejdatparameters and bandgap of NiO

and doped samples as listed below.

Sample Average Interplanar Lattice Average Bandgap
name crystallite size distance  parameters  particle (eV)
from XRD (nm) (nm) (nm) size from
TEM (nm)
NiO 24 0.2442 0.488 28.0 3.26
2Cu-NiO 22.8 0.2241 0.448 26.6 3.64
4Cu-NiO 19.03 0.2125 0.425 22.8 3.87
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Table 2. Kinetic constant and regression coefficients ofnahalegradation for 3 and 5 h with

respect to different concentrations of phenol amdocatalyst.

3h 5h
Samples
K app (Min.™) R Kapp(min.™ R
NiO (0.3 mol/L) 0.00136 0.9919 0.00198 0.9971
NiO (0.4 mol/L) 0.00203 0.9659 0.00175 0.9801
NiO (0.5 mol/L) 0.00346 0.9765 0.00342 0.9961
2Cu-NiO (0.3 mol/L) 0.00382 0.9888 0.00296 0.9887
2Cu-NiO (0.4 mol/L) 0.00266 0.9887 0.0047 0.9777
2Cu-NiO (0.5 mol/L) 0.00200 0.9889 0.00425 0.9875
4Cu-NiO (0.3 mol/L) 0.00603 0.9955 0.00365 0.9813
4Cu-NiO (0.4 mol/L) 0.00353 0.9825 0.00209 0.9648
4Cu-NiO (0.5 mol/L) 0.00144 0.9768 0.00276 0.9624
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Table 3.Photocatalytic activity of undoped and doped No®ghotodegradation of phenol

Sample 3h 5h
NiO (0.3 mol/L) 22.05 44.96
NiO (0.4 mol/L) 30.56 46.82
NiO (0.5 mol/L) 26.31 34.05
2Cu-NiO (0.3 mol/L) 49.61 58.77
2Cu-NiO (0.4 mol/L) 37.55 47.56
2Cu-NiO (0.5 mol/L) 25.03 41.39
4Cu-NiO (0.3 mol/L) 66.38 75.23
4Cu-NiO (0.4 mol/L) 47.20 66.83
4Cu-NiO (0.5 mol/L) 23.15 56.70
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List of Figures:
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4Cu-NiO in different phenol concentrations (0.3},@.5 mole/L) for 3 h and 5 h.
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Fig. 4. Plot of photodegradation versus irradiation tioe @.3, 0.4 and 0.5 mol/L of phenol

concentrations at 3 h (a) NiO, (b) 2Cu-NiO and4Cu-NiO.
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Fig. 6. Plot of -In(G/C,) versus time for the optimization of nanocatalysis3 h (a) NiO, (b)

2Cu-NiO, and (c) 4Cu-NiO.
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Fig. 7. Plot of -In(G/C,) versus time for the optimization of nanocatalyfsts5 h (a) NiO, (b)

2Cu-NiO and (c) 4Cu-NiO.
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Fig. 9. Schematic diagram for phenol photodegradation ar@sim by nanocatalysts.
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photograph of théeather industries real effluent sample.
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Photocatalytic performance of a novel semiconductor nanocatalyst:

Copper doped nickel oxide for phenol degradation

Anita Sagadevan Ethiraj »?*, Prateek Uttam 2, Varunkumar K. 2 Kwok Feng Chong?,

GomaaA. M. Ali 3

Highlights:
e Cu-NiO nanocatalysts showed a particles size in the range of 22 to 26 nm
» Nanocatalysts showed an energy bandgap in the range of 3.64-3.87 eV
* Cu-NiO nanocataysts utilized for phenolic compounds degradation
» The maximum degradation efficiency was 75.2% observed in 0.4 mole/L
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