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Copper oxide (Cu0, 10-90 wt%) was loaded onto carbon nanotubes (CNTs) by electrosynthesis method. The cat-
alysts (CuO/CNT) were characterized by XRD, nitrogen adsorption-desorption, ESR, FTIR, Raman, and XPS spec-
troscopy. The results indicated that a lower amount of CuO was dispersed well on the CNT, while higher loading
was agglomerated, producing large-size crystallites, hence resulting in lower specific surface area. Adsorption
studies revealed that the isotherms are fitted well with the Langmuir model. Moreover, the n value that was
obtained from Freundlich model indicated that adsorption process is chemisorption. Photodegradation of

'éf,}gf‘éﬁ p-chloroaniline (PCA) under visible light irradiation demonstrated that the 50 wt% CuO/CNT catalyst gave the
Adsorption highest degradation (97%). It was concluded that C—N moieties of PCA were chemisorbed on the catalyst prior
Visible-light-responsive to photodegradation, while the Cu—O—C bonds, surface defects and oxygen vacancies were the main active
Photodegradation site in enhancing the subsequent photodegradation. The kinetics of photodegradation were correlated with

p-Chloroaniline pseudo-first-order model, verifying the surface reaction was the controlling step. Remarkable mineralization re-

sults of PCA were attained by TOC (89.1%) and BODs (50.7%). It was also evidenced that the catalyst has a good

potential toward degradation of various endocrine disruption compounds.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

p-Chloroanilines (PCAs) are common water pollutants which are
used as intermediates in the plastics, defense, paint, printing, pesticide,
and pharmaceutical industries, as ensured by its existence in sludge, ag-
ricultural soil and industrial effluent [1-4]. Thus, various treatment
technologies have been reported to eliminate this persistent organic
pollutant from such wastes, based on different processes and reagents
[4-8]. However, their uses are limited by several disadvantages such
as high material and operational cost, the production of secondary
wastes, as well as their time-consuming natures.

Over the past three decades, advanced oxidation processes (AOPs)
have gained increasing attention as promising benign environmental
processes for the elimination of organic or inorganic contaminants in
water and wastewater [9]. However, incomplete mineralization and
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non-selective target pollutants, as well as inappropriate operating con-
ditions have prompted their combination with other AOPs such as
photocatalysis, the addition of H,O, or membrane technologies [10].
In fact, heterogeneous photocatalytic degradation is a popular and an
economical process that converts the pollutants to the less harmful
final products, which are carbon dioxide and water [11]. Besides TiO5,
there are many photocatalysts or a hybridization of two that have
been reported, including SnO,, ZnO-CeO, Fe,05-TiO,, ZnS, ZnO-MSN,
and AgO-TiO, [12-16]. The use of mesoporous materials such as silica,
zeolite and alumina as supports for TiO is also among the efforts to
lower the band gap, as well as to suppress the fast electron-hole recom-
bination rate [17-19].

Recently, the unique properties such as excellent electron conduc-
tivity, superior mechanical and thermal stability, high surface area and
well-defined hollow interiors have encouraged many researchers to
use carbon nanotube (CNT) as photocatalyst [20]. The loading of CNTs
onto metal oxides such as ZnO, TiO,, Fe304, and Al,0s is able to alter
the physicochemical properties of the catalysts, and enhance the photo-
catalytic degradation of organic pollutants [21]. However, the investiga-
tions generally focus on the low CNT amounts, which is below 20%. The


http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2017.12.052&domain=pdf
https://doi.org/10.1016/j.powtec.2017.12.052
mailto:aishahaj@utm.my
https://doi.org/10.1016/j.powtec.2017.12.052
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec

N.F. Khusnun et al. / Powder Technology 327 (2018) 170-178 171

high cost and dark color of CNTs are most probably the main constraints
to use high amounts of CNT photocatalyst. Nevertheless, due to the high
demand of CNTs, particularly for other commercial applications, a large-
scale production is developed by various synthetic methods, and a cost-
effective production from wastes has become a popular route nowadays
[22]. A large-scale production has been defined as the production of
10,000 tons of CNTs per annum [23]. Hence, for those reasons, in addi-
tion of the fewer work on the use of high CNT loading amounts in
photocatalysts, we report herein for the first time the effect of a full
range of CNT contents and their photocatalytic activity. A narrow-
band-gap CuO (1.2-1.5 eV) was coupled with CNTs in order to alter
the electronic band gap of the hybrid catalysts and shift the absorption
spectrum toward the visible light region [24]. The catalysts were charac-
terized by XRD, N, adsorption-desorption, ESR, FTIR, Raman and XPS.
The detailed adsorption-photocatalytic performance in the degradation
of p-chloroaniline (PCA), kinetic studies, and the mechanism of degra-
dation are also discussed. In fact, there have been only a few reports
on the degradation of PCA via basic AOPs, including the use of ozone,
photoinduced iron (III), and persulfate activated with zero-valent iron
[6,25,26]. The outcomes from this report are believed could contribute
to the design of superior CNT-based catalysts for numerous use.

2. Experimental
2.1. Material

All chemicals used in this study were analytical grade and were used
without further purification. Only tetraethylammonium perchlorate
(TEAP) was prepared by previous reported method [27].

2.2. Synthesis of catalysts

The CuO/CNT catalysts were synthesized by electrolysis preparation
method in accordance with the procedure that was described in previ-
ous study [28]. The only difference is the amount of copper content on
the CNT which are in the range of 10 to 90%. The as-synthesized cata-
lysts were ready to be used for further analysis and testing.

2.3. Characterization

X-ray diffraction (XRD) patterns were collected to detect the crystal-
linity of the catalyst by X-ray diffractometer executed on a Bruker
Advance D8 X-ray equipped with a Cu-Ka characteristic radiation source
at 2 theta angle ranging from 20° to 80° with a step size of 1°min~"'. The
morphology structure of catalyst was characterized by Transmission Elec-
tron microscopy (TEM) using JEOL JEM-2100F microscope. The samples
were ultrasonically dispersed in acetone and deposited on an amorphous
and porous carbon grid. Nitrogen physisorption at 77 K using a SA 3100
Beckman Coulter Surface Analyzer was performed to determine the struc-
tural properties (i.e., specific surface area, pore volume, and pore diame-
ter). In order to confirm the functional group of CuO/CNT, Fourier
transform infrared (FTIR) spectra were recorded using a Perkin Elmer
Spectrum GX FTIR spectrometer in the range of 4000-400 cm™ ! using a
KBr pellet method. The electronic structure of the catalyst were identified
by JEOL JES-FA100 Electron Spinning Resonance (ESR) spectrometer. X-
ray photoelectron spectroscopy (XPS) conducted on a Kratos Ultra spec-
trometer equipped with a Mg K « radiation source (10 mA, 15 kV) in
the range of 0-800 eV were used to investigate the Cu state. Raman spec-
tra were conducted on a Jobin Yvon Horiba HR800 spectrometer using a
532 nm line of Nd ion laser as excitation source at room temperature.

2.4. Photodegradation of PCA
The degradation performance of PCA by all catalysts were conducted

under similar condition with previous research [28]. However, in this
study, the reaction was performed for only 3 h under visible light (VL)

irradiation using a batch reactor fixed with a metal halide lamp (4
x 400 W; 400 nm emission). After irradiation for varying periods of
time, aliquots of the solution were taken and centrifuged in a Beckman
Coulter Microfuge 16 centrifuge at 14000 rpm for 10 min. The amount of
PCA remaining in solution was determined by UV-vis spectroscopy
using an Agilent Technology Cary 60 UV-Vis spectrophotometer. The
maximum adsorption peak at 239 nm was used to measure the PCA
degradation. The regeneration of the catalyst toward PCA degradation
was carried out by a repeated experiment over 50 wt% CuO/CNT to
study its stability. After each reaction, the solution were centrifuged,
and the separated catalyst was calcined before it to be used in the sub-
sequent reactions. Moreover, the samples before and after reaction
were then analyzed for total organic carbon (TOC) content on TOC
Shimadzu Vp, spectrophotometer, while biological oxygen demand
(BODs) determinations were carried out according to the Standard
Methods (5120) by the OxiTop® procedure.

3. Results and discussion
3.1. Structural properties of catalyst

Fig. 1A shows the wide-angle XRD pattern of electrosynthesized
CuO, while CNT and copper (0-90 wt%)-loaded CNT (CuO/CNT)
catalysts in the range of 26 = 20-80° are shown in Fig. 1B. The
electrosynthesized CuO nanoparticles showed characteristic peaks for
the pure monoclinic structure of CuO (JCPDS 48-1548) at 32.5°, 35.5°,
38.7°,48.8°,53.4°,58.2°, 61.5°, 65.8°, 67.9°, 72.4°, and 75.11°, which
corresponded to (110), (002), (111), (202), (020), (202), (113), (311),
(113), (311), and (222) planes, respectively [26,29]. The CNT showed
two main peaks at 26 = 25.7° (002) and 42.9° (100), attributed to the
structural ordering of CNTs [30]. The introduction of copper notably de-
creased the intensity of these peaks, and diffraction peaks correspond-
ing to the CuO increased with the increasing Cu loading. No peaks
corresponding to CNT were observed in the 90 wt% CuO/CNT; this
may be due to the highest amount of CuO covering the diminutive
amount of CNT [31]. The crystallite size of CuO was estimated using
the Scherrer equation based on the most intense peak at 35.5° and the
values are listed in Table 1. It was seen that the crystallite size of the
CuO was larger than the CuO in the CuO/CNT catalyst, suggesting the lat-
ter was well dispersed on the CNT surface [32].

Next, further investigation on morphology of the 50 wt% CuO/CNT
catalyst was examined by TEM and the images are shown in Fig. 1C
and D. It could be seen from Fig. 1C that the tube-shaped materials is
confirmed to be CNT and the dark regions with the crystallite size
<20 nm are CuO nanoparticles. The lattice d-spacing of nanocrystals
were examined and as shown in Fig. 1D, the region marked by white
lines with a value of 0.242 nm should be the (1 1 1) plane of the CuO
structure [33]. While, the area marked by black line with a d-spacing
of 0.4 nm could be indexed as the (0 0 2) plane of CNT [20].

Nitrogen adsorption-desorption isotherms and the corresponding
pore size distribution plots of all catalysts are shown in Fig. S1, while
their thorough structural properties are tabulated in Table 1. An inset
figure in Fig. S1A shows the pristine CNT possessed a type II isotherm
with no hysteresis loop (IUPAC classification); this seems to be due to
its smooth inner walls [34,35], while both CuO and CuO/CNT catalysts
showed a type IV profile and H3 hysteresis loops (Fig. S1A/a-c),
representing the characteristics of mesoporous materials with slit-
shaped pores of non-uniform size and/or shape [36]. Although the iso-
therm types are quite similar, their pore structures are somewhat differ-
ent. For the catalyst with a larger amount of CNTs (Fig. S1A/a-b), a sharp
increase in nitrogen uptake was observed at relative pressure P/Po =
0.6-0.99, demonstrating that the 10 wt% and 50 wt% CuO/CNT have
larger interparticle pores than the others [37]. This was clarified by
their pore size distribution, which was analyzed by the NLDFT method
shown in Fig. S1B and its enlarged version in Fig. S1C. It was seen that
almost all the larger pores (>10 nm) in the CNT were decreased
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Fig. 1. XRD pattern for (A) CuO and (B) synthesized catalyst; TEM images of 50 wt% CuO/CNT catalyst at (C) low magnification and (D) high magnification.

considerably by the introduction of CuO (Fig. S1B), and the smaller pores
were blocked progressively by the increasing amount of CuO. A similar
trend was observed with the decrease in total pore volume and surface
area, as listed in Table 1. This result was in match with the XRD result,
where the higher the amount of CuO, the larger the crystallite size of
the CuO covering the surface of CNT, thus reduced its crystallinity.

3.2. Chemical properties

To verify the interaction between copper and CNT, the CuO/CNT cata-
lysts were then examined by FTIR spectroscopy, and the spectra in the re-
gion of 4000-400 cm™ ! are shown in Fig. 2A. All catalysts exhibited five
main bands at 3432, 2919, 1595, 1095-1030, and 536 cm ™!, which are at-
tributed to O—H stretching, C—H stretching, C=C cyclic alkene vibration,
C—C and C—O vibration from TEAP, and Cu—O vibration, respectively
[38]. Magnification of the band at 536 cm™' (Fig. 2B) showed that its in-
tensity decreased considerably when >50 wt% of CNT was introduced,
signifying that the structure of the CuO/CNT catalysts was extremely
perturbed by the large amount of the CNT. For detailed investigation,
the band at 536 cm ™! was plotted by Gaussian curve fitting. As seen in
Fig. S2, the band is fitted to four bands at 582, 536, 480, and 430 cm™ .
The first three bands are due to the monoclinic phase, and can be assigned
to the Cu—aO stretching vibration along the (101) direction [33,39], while,
the bands at 480 and 430 cm™ ! can be also assigned to the Au and Bu
modes of Cu—O vibrations, respectively [40]. Notably, a new band arose
at 512 cm™ ' when CNT was hybridized with CuO, verifying that both
interacted to form Cu—O—C bonds [28]. For a detailed comparison, the
intensities of those bands are summarized in Fig. 2C. It was seen that gen-
erally all the bands in pristine CuO become more pronounced by the in-
troduction of 10 wt% of CNT, with the emergence of the new band of
Cu—O0—¢C, indicating the CuO had now interacted with the CNT [41].

Table 1
Structural properties of the catalysts.

Catalysts Surface area Pore Pore size Crystallite size®
(Sger) volume (nm) (nm)

Cu0 2.54 0.01 7.32 26.5

90 wt’% CuO/CNT 5.86 0.03 6.08 19.9

50 wt% CuO/CNT 64.4 0.11 5.09 17.9

10 wt% CuO/CNT 176 0.21 6.08 15.9

CNT 181 0.79 524 -

@ Calculated by Scherer equation.

This is also an evidence of the successful formation of the CuO-CNT nano-
composite through electrostatic interactions. The 50 wt% CuO/CNT pos-
sessed the highest intensity of Cu-O-C band, demonstrating its high
potential as photocatalyst among the others [28], while all the CuO
bands weakened when the CNT became dominant.

Next, ESR spectroscopy was used to clarify the electronic structure of
the catalysts with unpaired electrons (Fig. 3A). Pure CNT showed a
g-value = 2.01 (inset figure), which is similar with the result obtained
by other studies [42]. Its strong ESR signal indicated the presence of de-
fect sites, as well as abundant unpaired electrons, which arose from de-
fects or open tips in the lattice of nanotube [43]. The g-value of the pure
CuO was found to be 1.88, indicating its electron-deficient state, but hy-
bridization with CNT shifted its ESR resonance to 2.00 which reflected
the decreasing internal magnetic field in the vicinity of the ordered
state, denoting charge compensation by the new species [44]. The
shift in the g-value could be associated with the change in the environ-
ment of Cu?*, or with other obscuring factors, such as spin state, coor-
dination geometry and nature of the donors [45]. In addition, the
broad ESR signal clearly indicates the presence of a large number of de-
fects in the CuO including Cu™ or oxygen vacancies (V,). The signal in-
tensity of both pristine CNT and CuO was obviously decreased due to
hybridization, particularly for the former, which signified the main re-
duction of defect sites occurred on the CNT backbones [46]. This result
supported the FTIR and XRD data, confirming the perturbation of the
CNT structure by the introduction of CuO or vice versa.

Raman spectra were then used to determine the microstructural
characteristics of the modified CNTs. As seen in Fig. 3B, two common
bands for CNT were observed at 1352 cm™! (D band) and 1580 cm ™!
(G band), which are associated to the structural defects/disordered of
sp? domain and the Epg-vibration mode of sp® hybridized carbon-
based materials, respectively [47]. Commonly, the intensity ratio (R =
Ip / Ig) value of the D-band to G-band is considered for evaluating the
structure alterations of the CNT. As exhibited in Fig. 3B, the calculated
Rvalue increased from 1.27 for pristine CNT to 1.47 for 10 wt% CuO/CNT,
which is related to the fact that introduction of CuO onto the CNT causes
significant surface structural defects [48]. However, further addition of
CuO to 50 wt%, decreased the R value, this most probably due to the
Cu—C interaction that led to fewer structural defects. However, larger
amounts of CuO gave no peaks for both bands, indicating the diminutive
amount of CNT in the catalyst. These results are also in agreement with
the FTIR data, particularly where the 50 wt% CuO/CNT possessed the
greatest number of Cu-O-C bonds.
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Fig. 2. FTIR spectra at the range of (A) 4000-400 cm ™~ (B) 800-400 cm ™! (C) intensities of deconvoluted peak at range 800-400 cm ™.

The 50 wt% CuO/CNT was also analyzed by XPS in order to determine
its chemical properties and the spectra are shown in Fig. 3C. The binding
energies at around 935.4 and 962.31 eV are corresponds to Cu 2p>? and
Cu 2p'/? peaks, respectively. In addition, there are two peaks at 942.0
and 952.7 eV, indicating the Cu?* species of CuO [49]. Another peaks
were detected at 933.1 and 952.7 eV which belongs to Cu 2p'7?, signify-
ing the existence of reduced copper species Cu™, which prove the pres-
ence of C-O-Cu™ defect or V, as discovered in the FTIR and ESR data.

3.3. Performance activities

3.3.1. Adsorption equilibrium and kinetics studies

Generally, the adsorptions were performed for each catalyst under
dark condition prior to photocatalytic reaction. The isotherms and ad-
sorption parameters (Gmax Ki, K, n, and R?) of the catalysts for adsorp-
tion of PCA are displayed in Fig. 4A and Table 2, respectively. All
catalyst equilibrium times were achieved at 120 min and the adsorption
percentage toward 10 mg L~ ! PCA were 7.69, 4.93, 2.59, 1.41 and
0.95 mg g~ ! when using CNT, 10 wt% ‘CuO/CNT, 50 wt% CuO/CNT,
90 wt% CuO/CNT, and CuO, respectively. It was seen that the higher
amount of CNT offered a higher adsorption percentage, undoubtedly
due to its inherently larger surface area. The fitting of the data to the lin-
ear plots of Langmuir (Fig. S3/A-E) and Freundlich (Fig. S3/F-]) models

resulted in the highest R? of the former model (0.97-0.99), signifying a
monolayer adsorption, in which there is no transmigration of the adsor-
bate on the surface plane [36]. Moreover, due to higher R? (0.92-0.97) of
latter isotherms, it also could be considered in explaining the nature
and mechanism of the adsorption due to their parameter values.
The heterogeneity factor (n) is used to identify the adsorption, i.e.
whether it is linear (n = 1), a chemical process (n < 1) or a physical
process (n > 1). The n values that were obtained in this study are 0.46,
0.61, 0.53, 0.44, and 0.77 for CNT, 10, 50, 90 wt% CuO/CNT and CuO,
respectively. These values are clarified as a chemisorption process,
most probably associated with the attraction of the PCA toward the
hydroxyl and carboxyl groups and/or m-1t bonds on the CuO/CNT [21].
The adsorption kinetics were carried out to examine the adsorbate
uptake rate and also to propose an adsorption mechanism. Herein, the
experimental data were fitted to two conventional linear kinetic
models; namely the Lagergren pseudo-first-order model and the Ho
pseudo-second-order model. Lagergren's first-order rate equation de-
scribes the adsorption rate based on adsorption capacity and the equa-
tion is as follows:
In (g —q) = Ingq — Kit (1)
where g, is the amount of PCA adsorbed (mg g~ !) onto the adsorbent at
equilibrium, g, is the amount of PCA adsorbed (mg g~ !) onto the
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Fig. 3. (A) ESR spectra of CNT (inset figure) and all catalysts (B) XPS spectra of Cu 2p for 50 wt% CuO/CNT (C) Raman spectra of the catalysts.
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Fig. 4. (A) Adsorption of PCA over all samples (B) pseudo-second order adsorption plot (C) summary of C—N stretching vibration intensity from FTIR before and after the adsorption of PCA.

adsorbent at any time t, and K; (min—"') is the rate constant of the
pseudo-first-order adsorption which can be calculated from the slope
of the linear plot of In (g. — qy) vs. t. The linearized equation of the Ho
pseudo-second order model is as follows:

t 1 1
- = — 4+ =t 2
q; Kaq? e @

where K, is pseudo-second-order rate constant (g mg~ ! min~ '), which
can be calculated from the slope and intercept of the plot of t/q; against t,
while other parameters are the same as above. As shown in Fig. 4B, all
the points are best fitted with pseudo-second-order kinetics compared
to pseudo second-order model (figure not shown), and the correspond-
ing regression coefficient values (R?) for the former are all closer to
unity (Table 3), suggesting that adsorption is better represented by
this model [50,51]. This result could indicate that the adsorption occurs
through a chemisorption process [36], which would involve the interac-
tion between either the —NH, group from the PCA with the —OH and
—COOH of CNT or between the benzene ring of the PCA with the carbon
groups of CNT via m- interaction [21]. This is in agreement with the na-
ture of the adsorption above where the process was co-operative
adsorption.

The adsorption of PCA onto the catalysts was further confirmed by
the FTIR spectra of the fresh and spent CuO/CNT. The magnification of
the band at 1257 cm™ !, which is attributed to the C—N stretching

Table 2

Langmuir and Freundlich equilibrium models for adsorption of PCA.
Photocatalyst Langmuir Freundlich

Qmax Ky R? n Ky R?

CNT 31.1 0.052 0.998 0.46 3.62 0.935
10 wt% CuO/CNT 327 0.023 0.989 0.61 1.55 0.974
50 wt% CuO/CNT 11.7 0.036 0.974 0.53 0.92 0.921
90 wt% CuO/CNT 4.88 0.048 0.995 0.44 0.60 0.933
CuO 12.0 0.009 0.977 0.77 0.17 0.997

Gmax is the maximum adsorption capacity (mg g~ ).

K; is the Langmuir constant (L mg ™).

K is the adsorption equilibrium constant (mg g~! (mg L=")~™").
n is a constant indicative of adsorption intensity.

R is correlation coefficients.

vibration is shown in Fig. S4 [52], and the summary of its intensity for
each catalyst are shown in Fig. 4C. In fact, the C—N group detected be-
fore the adsorption on the catalysts, particularly on the CuO and
90 wt% CuO/CNT, was supposed to originate from the TEAP electrolyte,
which was consumed during the preparation of the catalysts. It was
clearly observed from Fig. 4C that the PCA was adsorbed by the all
CNT-based catalysts.

3.3.2. Photocatalytic testing and kinetics studies

The photodegradation of PCA for all catalysts was then tested as
shown in Fig. 5A. It can be clearly observed from Fig. 5A that under op-
timum pH 7 (Fig. S5A), using 0.375 g L™ ! catalyst dosage (Fig. S5B), the
photocatalytic efficiency was in the following order: CuO (75.5%)
<90 wt% CuO/CNT (82.1%) < CNT (84.7) < 10 wt% CuO/CNT (91.8%)
<50 wt% CuO/CNT (97.0%). Significantly, hybridized 50 wt% CuO/CNT
catalysts could enhance the degradation percentage up to 97%, demon-
strating the important role of both materials in the reaction. The adsorp-
tion of PCA also seems to facilitate the photodegradation.

For detailed investigation, the kinetics of the degradation were in-
vestigated by applying the Langmuir-Hinshelwood (L-H) model modi-
fied to accommodate reactions occurring at a solid-liquid interface [53].
In this study, a sequence of run using various initial PCA concentrations
ranging from 10 to 100 mg L~ ! were carried out under UV-vis irradia-
tion and the results are shown in Fig. 5B. The model is expressed by
the simplified equation as follows:

Table 3
Adsorption kinetics for PCA.

Photocatalyst First-order Second-order

e Ky R? Ge K, R?
CNT 3.07 0.037 0.703 7.79 0.044 0.999
10 wt% CuO/CNT 3.10 0.047 0.921 5.02 0.052 0.999
50 wt% CuO/CNT 2.10 0.051 0.977 2.66 0.075 0.999
90 wt% CuO/CNT 1.13 0.057 0.960 1.44 0.124 0.999
Cu0 1.61 0.041 0.930 0.97 0.205 0.999




N.F. Khusnun et al. / Powder Technology 327 (2018) 170-178 175

1.5 c
Degradation A ® 100 mg L B
B Adsorption A 80mglL”’ ,
100 ¢ 70mgL" 210 -
X 50 mg L /
. A 30mglL" X
< 80 1.0 {* 10mgL" %/ PCERT
(<_) 8 d o
T 50 IS /S a
5 Qe / / <
E = S AT
g 40 0.5 - A
g )
[0) 60 i
0 20 y = 1.7413x + 27.279
R%2=0.9951
0 0.0 ——— 10 —_—
0 10 20 30 40 50 60 0 20 40 60 80 100
o Time (min) Initial concentration, C,
&
Q_,Q

Fig. 5. (A) Adsorption and photodegdradation of PCA over all catalysts (B) kinetics study under different initial concentration (C) relationship of kq,, with initial concentration.

where k is the pseudo-first-order rate constant and Cy and C; are the
concentrations of PCA at initial time and time t, respectively. A signifi-
cant effect of CuO/CNT catalysts on the photodegradation of PCA was re-
vealed by the k values listed in Table 4. From the linearity of the plot of In
(Co/Cy) vs. irradiation time ¢, it was clear that the photodegradation
obeyed approximately the pseudo-first-order kinetics model, implying
that the richness of PCA on the catalyst surface suppressed the
photodegradation percentage. Rahman et al. also found the same find-
ing when investigating the effectiveness of 'y-Fe,O3; embedded PVA-
alginate beads in removal of Hg (II) using photocatalytic process [54].
In addition, the L-H kinetic model was plotted (Fig. 5C) based on the fol-
lowing equation:

1 1 G
kapp — kekin ki

(4)

where kg is the apparent rate constant, k; is the reaction rate constant
(mg L™ ! min~!) and k. is the adsorption coefficient of the reactant
(Lmg™ ). From the slope and intercept of the line, the values of k, and
ky; were calculated to be 0.5743 mg L™ ! min ~' and 0.0638 Lmg ™!, re-
spectively, demonstrating that the PCA adsorption was the controlling
step of the process. This result resolved the substantial task of determin-
ing the mechanism of adsorption in this photodegradation. Similar ki-
netic studies were reported by Feng et al. and Shen et al. who studied
the adsorption and photocatalytic degradation of Rhodamine B over a
reduced graphene oxide-ZnFe,0,4-based catalyst [55,56].

Table 4
Kinetics parameters for photodegradation of PCA over 50 wt% CuO/CNT catalyst.
Initial Conc. Gy kx 103 R? To
(mgL™1) (min—1) (mgL~'min~")
10 22.0 0.996 0.22
30 121 0.994 0.36
50 9.10 0.994 0.46
70 6.97 0.990 0.49
80 5.90 0.990 0.47
100 4.92 0.990 0.49

3.4. Proposed mechanism of photodegradation

Accordingly, the 50 wt% CuO/CNT catalyst was chosen for next de-
termination on the mechanism of PCA degradation. Three scavenging
agents were used in order to identify the key factors in the reaction: so-
dium oxalate, potassium peroxodisulphate, and sodium bicarbonate,
which act as hole capturer (h™), electron trapper (e ™), and surface hy-
droxyl radical scavenger (*OHsf), respectively [29]. As shown in Fig. 6A,
the order of those key factors is as follows: e~ < *OHgys < h™. Thus,
based on these and all results above, the photodegradation mechanism
of PCA is proposed as follows. The visible light irradiation causes
photogenerated electrons on the CuO and CNTs to be transferred to
their conduction band (CBs), leaving holes at their valence band (VB)
(Eq. (5)) [57,58]:

CuO/CNT + hv — e + h* (5)

Due to the black color of all catalysts, their band gap energy could
not be determined, however, based on the literature; the band gap of
CuO is in the range of 1.2-1.5 eV [24]. As detected by the XPS, Raman
and ESR analyses, the presence of surface defects (SD) and V, on both
CuO and CNT between their VB and CB also allowed photooxidation to
be carried out in the visible light region (Fig. 6). The electron excitation
from the VB to SD and V,, and from those levels to the CB led to genera-
tion of more electron-hole pairs. The e~ subsequently reduced the O, to
form superoxide radical anions *O5 (Eq. (6)), which were then further
reduced to form the active species *OHpy 1k (Egs. (7)-(9)) to degrade
the PCA which were already adsorbed on the surface of the catalyst

(Eq. (10)):

e + 0, - 0, (6)
‘0, + H* — ‘HO, 7)
‘HO, + H + e~ — Hy0, 8)
Hy0, + e~ — “OHpy+ OH™ 9

"OHpye + PCA — degraded product
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Fig. 6. (A) Scavenger effect on the 50 wt% CuO/CNT for PCA degradation (B) proposed mechanism for photodegradation of PCA.

The h* then reacted with the surface-adsorbed hydroxyl groups
(OH™) from water to yield *OHg,,, which afterward degraded the PCA
(Eq. (11)). In addition, the h* also triggered direct oxidation of the
PCA to form reactive intermediates (Eq. (12)).

h* + OH™

= *OHgys (11)

h* + PCA — oxidized PCA (12)

The e~ generated at the CB of CNT were able to migrate to the CuO
phase, due to the lower VB edge potentials of CuO as compared to
CNT. In addition, the photogenerated holes on the VB of CuO could
transfer easily to the CNT through the heterojunctions, since the VB
edge potential of CuO is more positive than the LUMO of the CNT [28].
As a result, the electron-hole pair recombination rate could be reduced,
and the synergistic effects given by both CuO and CNT significantly en-
hanced this adsorption-oriented photodegradation of PCA.

3.5. Mineralization, biodegradability, stability and other
potential applications

The degree of mineralization during photocatalytic degradation of
PCA was determined via total organic carbon (TOC) and biological oxy-
gen demand (BODs) analyses in order to confirm whether the final so-
lution of PCA was less toxic than the initial solution. In Fig. 7A, it was
observed that after 3 h irradiation, the TOC value decreased to 89.1%,
signifying the degradation of organic materials [59]. A significant
change in BODs (50.7%) demonstrated that this photo-oxidation system
could enhance the biodegradability of the PCA solution by converting
the non-biodegradable organics into biodegradable forms [60].

The potential of catalyst to be reused or recovered in photocatalytic
processes is a great concern since it can contribute to lowering the oper-
ational cost of processes, thus making photocatalysis an attractive
method for wastewater treatment [61]. Therefore, a repeated experi-
ment was carried out using the 50 wt% CuO/CNT catalyst to study the
stability of the catalyst during the degradation of PCA (Fig. 7B). It was
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Fig. 7. (A) TOC and BODs values before and after PCA degradation (B) recycling test for PCA degradation over 50 wt% CuO/CNT and (C) application on other type of endocrine disruption

compounds.
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Table 5
Comparison of CNT based photocatalyst for degradation of organic pollutants.

Catalyst Target compound  Catalyst Initial Degradation Ref.
dosage  conc. (%)
(gL™") (mgL™")
TiO,/CNT Sudan(I) 0.5 10 >95 [62]
TiO,/CNT 2,4-Dinitrophenol 8 38.8 >95 [63]
ZnO/CNT Methyl Orange 0.3 20 >75 [64]
ZnO/CNT Acetaldehyde 0.001 100 89 [65]
SnO,/CNT ~ Rhodamine B 1 4.75 96 [66]
CuO/CNT Direct Red 31 6.25 50 89 [67]
Reactive Red 120 87
CuyO-CNTs Methyl Orange 0.0667 20 40 [68]
CuO/CNT p-Nitrophenol 0.002 50 70 [69]
CuO/CNT p-Chloroaniline 0.375 10 96 This study

observed that the 50 wt% CuO/CNT catalyst remained active even after
five cycles, with just a slight decrease in the degradation percentage.
The decrease in photocatalytic efficiency might be due to the heat treat-
ment, which caused aggregation of the catalysts, thus decreasing their
surface area. Hence, this proved the stability of 50 wt% CuO/CNT
photocatalyst which not being easily deactivated during the degrada-
tion process.

The capability of the photocatalysts was also examined in the degra-
dation of various endocrine disruption compound (EDCs) such as para-
cetamol (PCM), ibuprofen (IBP), and bisphenol A (BPA), and the results
are shown in Fig. 7C. It was observed that the catalysts have great poten-
tial to be applied to various types of organic pollutants. EDCs are trace
organic contaminants that have been detected in aquatic environments.
They can mimic or antagonize natural hormones, hinder metabolic pro-
cesses, occupy hormone receptors, and cause reproductive and develop-
mental problems when consumed by humans and aquatic species.

For practical consideration, the performance of CuO/CNT was com-
pared with various previous photocatalysts as listed in Table 5. It was
observed that the efficiency of degradation of PCA carried out over
CuO/CNT in this study was quite comparable with the degradation of
both dyes and organic pollutants over various CNT based photocatalysts
such as TiO,/CNT, ZnO/CNT, Sn0O,/CNT, and CuO/CNT. It could not be
neglected that besides the reaction conditions, the degradation perfor-
mance of each targeted reactant also depends on the functional groups
attached to the aromatics as well as their position.

4. Conclusion

In summary, a full range of CuO/CNT catalysts were synthesized by
electrolysis technique and their physicochemical properties were stud-
ied by XRD, N, adsorption-desorption, FTIR, XPS, Raman, and ESR. The
XRD results showed that a lower amount of CuO was well distributed
on the CNT, while higher amounts of CuO loading were agglomerated,
hence lowered the specific surface area. The crystallite size of CuO
seemed to increase with increasing CuO content, later blocking the
pores of the CNTs. From the FTIR results, bands corresponding
Cu—O0—C bonds were found at 512 cm™ !, confirming the interaction
between CuO and CNT. The Raman and ESR analyses verified the pres-
ence of surface defects and V,.. From adsorption studies, Langmuir iso-
therm model was fitted well, signifying the monolayer adsorption of
the PCA at the outer surface of CuO/CNT. Moreover, from the Freundlich
isotherm model, it was confirmed that the adsorption nature was chem-
isorption, where the C-N moieties from PCA adsorbed on the CuO/CNT
catalyst. This shows the significant role played by the chemisorption
process prior to photodegradation. The 50 wt% CuO/CNT which pos-
sessed the greatest numbers of Cu—O—C bonds, resulted in the highest
degradation of 10 mg L~ ! PCA (97%) within 3 h of reaction under visible
light irradiation at 27 °C and neutral pH. Likewise, the kinetic of the
photodegradation correlated with pseudo-first-order Langmuir-
Hinshelwood model also verified the significance of the adsorption

in this photodegradation. The results of the effect of scavengers
revealed that the photogenerated electron was the key factor in the
photodegradation, followed by *OHs,,f, and holes. The surface defects
and V, played important roles in narrowing the band gap of the cata-
lysts, as did electron capturers in hindering the electron-hole recombi-
nation and enhancing this visible-light-responsive-photodegradation.
In addition, the reusability test revealed that the catalyst was still stable
even after five cycles. Mineralization of PCA by TOC and BODs analyses
after 3 h of contact time were 89.1% and 50.7% respectively, demonstrat-
ing the prospective biodegradability of the PCA solution using this sys-
tem. It was also noted that the CuO/CNT catalyst shows good potential
in the degradation of various endocrine disruption compounds (EDCs).
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