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Abstract Chalcogenide-based semiconductors have
attracted research interest due to their potential applica-
tions in electronics, energy storage devices, solar cells,
and water treatment. In this study, g-C3N, sheets/CdS
(CNs/CdS) heterojunction nanocomposites were syn-
thesized using the hydrothermal synthesis method. The
CNs/CdS nanocomposites were characterized using
field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD), Fourier transform-infrared spectroscopy
(FTIR), and UV-visible DRS techniques. The FESEM
analysis confirmed the formation of CdS wild-berry like
structure and successful attachment of CdS to the sur-
face of g-CsN, nanosheets. The PL results indicated
reduced rate of electron-hole pair recombination for
the 10% CNs/CdS. Upon application of photocatalytic
decolourisation of AB-25 with 10% CNs/CdS, there
was 99.3% dye removal efficiency achieved after
180 min. The CNs/CdS catalyst was observed to be
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stable after 4 repeated cycles, and this could be a pivotal
character for real wastewater treatment application by
this catalyst.
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Introduction

Industries are the biggest contributors to water pollution
worldwide; they discharge tons of hazardous and toxic
chemicals into the water systems. In the past few de-
cades, a large number of new pollutants into the envi-
ronment have been discovered and most of these pollut-
ants are non-biodegradable and remain in the environ-
ment untreated or removed. Partial degradation of these
chemicals results in carcinogenic by-products impacting
negatively on human health and the ecology (Adeyemo
et al. 2012; Baughman and Weber 1994; Liu et al.
2000). Advanced oxidation processes (AOPs) have
been widely reported as alternative technologies for
the complete removal of these pollutants in water. AOPs
are processes that involve the generation of oxidative
radicals and potentially mineralize most organic pollut-
ants into non-toxic products (CO, and H,O). Among the
semiconductor photocatalysts used, metal oxides such
as TiO,, ZnO, g-C3N,, CuO, and CdS have been widely
reported as efficient materials for degradation of organic
pollutants (Lii et al. 2012; Thompson and Yates 2006;
Litter 1999; Bremner et al. 2009). However, these
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semiconductors have the drawbacks of low photo-effi-
ciency, high charge carrier recombination and they can
only be activated by UV light irradiation (Wang et al.
2014). It is necessary to develop photocatalyst that can
utilize solar or visible light energy and result in low
recombination of charge carries during photocatalytic
applications. Among the many photocatalyst, visible
light active chalcogenides such as CdS are promising
photocatalyst for removal of organic pollutants in water.
CdS has an energy gap of 2.2 eV and it is applicable
under visible light activation (El-Hadi and Alamri 2018;
Deka et al. 2009; Wu et al. 2012; Yao et al. 2006). The
practical use of CdS is still limited by several disadvan-
tages such as high recombination of photo-induced
charge carriers and possible photo-corrosion in solution
due to the generation of holes under visible light illumi-
nation. In addition, CdS nanoparticles tend to agglom-
erate into larger particles, resulting in high recombina-
tion rate of photo induced electrons and holes (Li et al.
2011a; Cao et al. 2013). A number of strategies have
been adopted to address these challenges, such as tuning
the synthesis methods to produce different dimensional
structures (nanoflowers, nanorods, and nanospheres),
adding co-catalysts and coupling with other semicon-
ductors (Yao et al. 2006; Ganesh et al. 2017; Lin et al.
2008; Caruso et al. 2001). These interventions are able
to promote the separation of charge carriers and improve
visible-light activity. The formation of heterostructure
through coupling CdS with other semiconductors results
in effective separation of electron-holes through forma-
tion of an interfacial electric field resulting from the
favorable band structures that promote higher photocat-
alytic activity (Li et al. 2011b; Levchenko et al. 2015;
Pal et al. 2016; Pietra et al. 2013).

Recently, graphitic carbon nitride (g-C5Ny) has
attracted lots of interests due to its narrow energy of
(2.7 eV) and attractive photocatalytic properties towards
visible light applications for water treatment (Kojima
and Ohfuji 2018; Wang et al. 2012; Fischer et al. 2008;
Wang et al. 2015). It is a metal-free semiconductor,
chemically stable and non-toxic (Zou et al. 2016). Re-
cent studies have shown that g-C;N, nanosheets (CNs)
compared to bulk g-C3N, (CN) have good properties
beneficial for photocatalytic applications such as large
specific surface area and enhanced visible light absorp-
tion (Senker et al. 2014; Xie et al. 2012). Some
studies have reported the application of CN/CdS
nanocomposites for wastewater treatment. The ef-
fect of CdS on the photocatalytic efficiency of g-
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C;N4 dominates most of these studies. In a recent
study, direct Z-scheme g-C;N,4/CdS photocatalyst
with enhanced visible-light photocatalytic activity
and degradation of erythromycin and tetracycline
was synthesized and photodegradation rates of
2.55 times and 2.14 times higher than that of pure
g-C3N, respectively, and 2.15 times and 4.43
times higher than that of pure CdS were reported
(Li et al. 2019). In another recent study, g-C3;Ny
coupled with CdS was reported for the photocata-
lytic removal of Rhodamine B under visible light
irradiation, and the efficiency of g-C;N, was sig-
nificantly improved by surface hybridization of
CdS nanoparticles (Cui 2015). In another study,
the photocatalytic activity of CN/CdS for the re-
moval of rhodamine B (RhB) was significantly
improved compared to g-Cs;Ny and CdS (Wang
et al. 2016). One study reported on photocatalytic
efficiency of CN/CdS heterostructure and an elec-
tric field formed between the CN/CdS
heterostructure which facilitated in electron-hole
pair separation and prevented electron-hole recom-
bination. Currently, there are no reported studies
on the effect of exfoliated CN on the photocata-
lytic activity of CdS microspheres (Cao et al.
2013; Wang et al. 2016; Liu et al. 2017).

Since the application of heterojunction
photocatalysts with uniformly dispersed nanoparticles
and strong surface interface is envisaged to enhance the
photocatalytic activity of the composite material. Here-
in, a visible light active heterojunction composite is
composed of exfoliated g-C;N4 and CdS, which was
prepared through an in situ hydrothermal method. The
nanocomposite was evaluated for its photocatalytic ac-
tivity on the decolourisation of Acid blue 25 dye under
visible light irradiation.

Experimental
Materials

Cadmium acetate dihydrate (Cd(CH;C00),-2H,0),
thiourea (CH4N,S), melamine, sulfuric acid (H,SOy),
sodium hydroxide, hydrochloric acid, ethanol, benzo-
quinone, propanol (C3HgO), ethylene diamine
(C10H6N,Og), and AB-25 were all purchased from
Sigma-Aldrich (South Africa) and were used without
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further purification. Deionized water was used through-
out this research study.

Preparation of g-C3N4 nanosheets

Bulk g-C3N,4 (CN) was prepared by polymerization of
melamine at 550 °C at a heating rate of 10 °Cmin "' for
6 h in a furnace. The resultant yellow agglomerate was
crushed into fine powder. The bulk g-C3N, (0.5 g) was
added to 15 mL concentrated H,SO, (98 wt.%) in a
200 mL beaker and stirred for 10 min. 10 mL deionized
water was added rapidly to the yellow suspension with
vigorous stirring until it turned into a colorless transpar-
ent solution. 150 mL ethanol was then added to form a
white precipitate. The precipitate was centrifuged and
washed using ethanol and deionized water, then dried at
60 °C for 24 h, and calcined at 400 °C for 1 h. The
resulting g-C5N, sheets were labeled CNs.

Synthesis of g-C5Ny sheets/CdS (CNs/CdS)
nanocomposite

CNs/CdS nanocomposites were prepared via the hydro-
thermal method. Briefly, 2.3 g of Cd(CH3COO),2H,0
and 0.36 g of CH4N,S was dissolved in 60 ml deionized
water and stirred for 1 h. Thereafter, 10%, 20%, and
30% CNs were added to the solution and stirred for 24 h
to achieve a homogeneous suspension; the resulting
solution was transferred into a steel autoclave and then
heated at 180 °C for 24 h. The resulting orange solid
sample was centrifuged and washed using ethanol and
deionized water to remove impurities before drying.

Photocatalytic evaluation

The photocatalytic decolourisation of acid blue (AB)
dye was carried out under visible light irradiation using
a 24 V RGB LED (100% intensity) light source,
consisting of a glass beaker (V =2 L) wrapped up by
5 m LED strip (white color; 12 W.m 2 power rating)
externally coated by aluminum foil for control of exter-
nal light (Fig. 1). The photocatalyst (20 mg) was added
to 50 mL of AB dye (20 mg L") solution. The dye
solution was magnetically stirred for 30 min in the
absence of light to achieve equilibrium. The LED light
was then switched on and 3 mL aliquots were with-
drawn at 30 min time intervals and 0.45 wm PVDF
membrane filter was used to filter any catalyst with-
drawn with the solution. The dye aliquots at maximum

wavelength of 603 nm were analyzed using UV-visible
spectrophotometry. The photocatalytic removal (PR) of
the dye was evaluated using Eq. (1);

PR(%) = (1-C,/Cp) x 100% (1)

where Cy and C; are the concentrations of the pollutant
at =0 and ¢ =¢, respectively.

Characterization

FTIR analysis was performed using a PerkinElmer FTIR
spectrometer Frontier (spectrum 100 spectrometer) in the
range of 400-4500 cm . The X-ray diffraction (XRD)
patterns were determined using a Rigaku SmartLab X-
Ray Diffractometer at room temperature using the Cu-K

(A=0.154059 nm) source operated at 45 kV and
200 mA with 20 range of 10° to 90° and scan speed of
2° min"". The optical properties were determined using
diffuse reflectance UV-Vis absorption spectrophotometry
on a PerkinElmer UV/Vis/NIR spectrometer Lambda
1050. Surface morphologies and elemental composition
of the materials were investigated with JEOL JSM-7800F
field emission scanning electron microscope (FESEM)
coupled with Thermo Scientific Ultradry EDS detector.
The surface area was evaluated on an Emmett-Teller
(BET) using Micrometrics Trista II surface area and
porosity analyzer; the samples were degassed at 180 °C
for 12 h using a Micrometrics VacPrep 061 sample
degassing system. Photoluminescence spectra were ob-
tained on a HORIBA Fluorolog 3 (FL-1057) using
450 W tungsten xenon lamps as the excitation source at
a wavelength of 350 nm and 372 nm.

Results and discussion
XRD and FTIR analysis

The crystalline phases of CN and CNs and (10%, 20%,
and 30%) CNs/CdS were characterized using XRD
technique (Fig. 1a). The characteristic peaks of CN were
observed at 20 of 12.8° and 27.5°, and these are indexed
to (100) and (002) planes corresponding to structural
packing motif of tri-s-triazine units and interplanar
stacking of CN according to JCPDS No. 87-1526. In
CNs; those peaks down-shifted to 12.2° and 27.3° due
to chemical exfoliation (Jiang et al. 2014; Vadivel et al.
2016). The distinct peaks of CdS were centered at 24.8°,
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Fig. 1 Schematic diagram of a
custom made LED photoreactor

LED light source

Beaker with solution

26.5°,28.2°,43.8°,47.9°, and 52.9°according to JCPDS
No. 41-1487 (Jiang et al. 2014; Vadivel et al. 2016;
Rengaraj et al. 2010). These peaks are indexed to (100),
(002), (101), (110), (103), and (112) crystal planes of the
hexagonal wurtzite structure of CdS. For CNs/CdS
composites, CdS maintained its crystallinity and the
(002) peak intensity was reduced due to the interaction
of the two materials.

The crystallite sizes (d) and micro-strain (€) of the
prepared materials were estimated using Eqs. (2) and
3);

d = 0.9\/(Bcosb (2)
€ = [/4tanf (3)

where A is Cu-K  radiation wavelength (0.154059 nm), 3
is the full width at half maximum (FWHM) in radians, and
0 is the Bragg angle. The calculated crystallite size and
micro-strain values of CN, CNs, CdS, 10%, 20%, and
30% CNs/CdS are listed in Table 1. The crystallite size of
CN got reduced when exfoliation process was performed,
and the micro-strain increased. This could be attributed to
the presence of S intercalates during chemical exfoliation.
As it can be observed, the crystallite size of CdS decreased
with an increasing amount of CNs, while the micro-strain
values increased with an increase in the quantity of CNs.
The change in the micro-strain indicates that the crystalline
structure of the material changed slightly while its d-
spacing remained unchanged.

FTIR was used to determine the functional groups of
the prepared materials as shown in Fig. 1b. The FTIR
spectrum of CN and CNs are almost similar except that
the peaks in CNs are much reduced. The sharp at
807 cm ! is ascribed to the tri-s-triazine ring. The bands
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in the region 1200-1700 cm ' are ascribed to the
stretching modes of trigonal N(-C); or bride of C—
NH—C and C=N units, and these peaks in CNs are
slightly shifted probably due to the protonation and
disintegration of CN. The broad bands between 3100
and 3500 cm ! are ascribed to O—H and the terminal
amino groups, respectively (Zou et al. 2016; Cote et al.
2009; Zhou et al. 2015). As for pure CdS, there are four
characteristic peaks observed at 3452, 1641, 1392, and
1117 ecm™ ', respectively. The peaks at 3452 and
1641 cm ! are ascribed to the adsorbed water molecules
on the surface of CdS, while the peaks at 1391 and
1117 cm ! can be indexed to the Cd-S bond, which
indicates successful formation of CdS (Fu et al. 2013).
For the composite materials, the IR band characteristics
of CNs and CdS are observed, confirming that the
composite materials were composed of both CNs and
hexagonal CdS.

Table 1 The d-spacing, crystalline size, and micro-strain of the
as-prepared materials

Sample d-spacing Crystallite size Micro-
(nm) (nm) strain

CN 0.324 19.05 0.0019

CNs 0.326 14.99 0.0026

CdS 0.358 71.84 0.0006

10% 0.336 58.47 0.0009
CNs/CdS

20% 0.336 60.24 0.0009
CNs/CdS

30% 0.336 44.88 0.0012
CNs/CdS
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Morphology and chemical structure analysis

The morphology and elemental compositions of the
materials were studied using FESEM (Fig. 2). The mor-
phology of CN appeared agglomerated with irregular
micrometer size block and small pores resulting from
the gas discharged when melamine was decomposed
(Fig. 2a) (Tang et al. 2016). Bulk CN was chemically
exfoliated and layered smooth sheet-like material was
obtained (Fig. 2b) (Vadivel et al. 2016; Xu et al. 2013).
CdS displayed the berry-like morphology in the micro-
range scale and the material showed minimum aggrega-
tion berry-like flowers (Fig. 2¢). As shown in Fig. 2d-f,
the CdS berry-like well scattered and embedded on CNs
surface, symbolizing the interaction between CNs and
CdS. Figure 2d, e displaced strong attachment between
the two materials, and this could be helpful for photo-
catalytic activities. However, as the CNs quantity was
further increased to 30%, there was distortion observed
on CNs and most of the CdS material were scattered
unattached to CNs. This could be not favorable for
photocatalytic decolourisation of AB-25 (Fig. 3).

The EDS spectrum of the CNs confirmed the pres-
ence of C, N, O, and S (Fig. 4a). The small S peak was
due to residual H,SO, used for exfoliation of the CN.
The 10% CNs/CdS composite revealed the presence of
C, O, N, Cd, and S elements (Fig. 4b) as was anticipated.
The C and N peaks were subdued due to the amounts of
CdS used in the synthesis. The presence of these ele-
ments confirmed the successful preparation of CNs/CdS

materials with an interface that could be pivotal to the
process of photocatalytic decolourisation.

The TEM morphology of CdS, CNs, and 10% CNs/
CdS is shown on (Fig. Sa—). Figure 5a shows a low
magnification bright-field TEM image of the CdS im-
age. The TEM image of the CdS surface-displayed
small particle-like materials and this is consistent with
the FESEM results. The TEM image also shows that CN
was successfully exfoliated to ultra-thin sheets (Fig. 5b).
Furthermore, the TEM image of 10% CNs/CdS nano-
composite shows two morphologies, lighter sheet-like
structure that are almost transparent, ascribed to CNs
and the darker plate-like morphology, ascribed to CdS
confirming formation of CdS and CNs interface (Fig.
5¢). A closer look at the interface of the two materials
showed the distinct interface region between the two
different materials (CNs and the CdS).

BET analysis

The specific surface areas and pore volumes of the
synthesized materials were obtained by the Brunauer-
Emmett-Teller (BET) as displayed in Fig. 6. It can be
observed that the samples showed type IV adsorption-
desorption isotherms with type H3 hysteresis loops
(Mafa et al. 2020a). This shows the formation of slit-
shaped pores with plate-like particles and can be attrib-
uted to the presence of mesopores in the samples (Mafa
et al. 2020b). As shown in Table 2, the BET surface
areas of CN, CNs, CdS, and 10% CNs/CdS materials

(a)
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——CNs

——CdS

——10% CNs/CdS

——20% CNs/CdS
30% CNs/CdS
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Fig. 2 (a) XRD pattern and (b) FTIR of CN, CNs, CdS, 10%, 20%, and 30% CNs/CdS
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Fig. 3 FESEM micrograms of (a) CN, (b) CNs, (c) CdS, and (d—f) 10%, 20%, and 30% CNs/CdS

were found to be 3.04, 11.0, 1.11, and 4.37 m* g ',
respectively. Upon exfoliation of CN to CNs, there was
a remarkable increase in BET surface area, which could
be vital for capturing pollutant prior to the
photodegradation process. When CdS was anchored on
CNe, the specific surface area of CdS increased from 1.11
to 4.37 m? gﬁl, while that of CNs was reduced due to the
clogging of some spaces by CdS berry-like structures.

@ Springer
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The pore volume was obtained using the Barrett-
Joyner Halenda (BJH) method and the obtained results
are highlighted in Table 2. It was noted again that the
pore volume of CN also increased after exfoliation. The
pore volume of CdS also increased as CNs was incor-
porated and this increase might be of a great importance
in transporting photogenerated charges. The pore vol-
umes of all the samples are (<2 nm), indicating the
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Fig. 4 EDS of (a) CNs and (b) 10% CNs/CdS

presence of microporous structure in the samples. Fur- surface area of the sample, which could lead to en-
thermore, higher pore volume resulted in increased hanced photocatalytic activity.

0.2 pm

Fig. 5 TEM images of (a) CdS, (b) CNs, and (c) 10% CNs/CdS
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Fig. 6 BET analysis of the prepared materials
Optical properties

UV-Vis diffusive reflectance spectroscopy was used to
determine the optical properties of the prepared materials
(Fig. 7a). The CN and CNs showed light absorption in
both UV and visible light regions. After CN exfoliation
into CNs, there was an improvement in visible light
absorption from around 420 nm to 800 nm. The shift is
due to the quantum confinement property associated with
the single layer of CNs. Moreover, the light absorption of
CdS was higher in the UV and visible region when
compared to CN and CNs. After addition of CNs, the
light absorption shifted from 250 nm to 550 nm and
increased from around 580 nm to 800 nm. This is a
plausible route to use more visible light energy by the
composite catalysts and subsequently generate more
electron-hole pairs. The band gaps of the materials were
estimated using Eq. (4);

ahy = A(hv—Eg) /2 4)

where  is the absorption coefficient, v is the light fre-
quency, / is the Planck’s constant, A is a proportionality
constant, E,, is the band gap energy, and 7 is the value that

Table 2 Surface area and pore volume of the prepared materials

Sample Surface area (m2 gfl) Pore volume (cm3 gﬁl)
CN 3.04 0.0089
CNs 11.02 0.0531
CdS 1.11 0.0036
10% CNs/CdS  4.37 0.0194

@ Springer

depends on a characteristic transition in the semiconduc-
tor. For the direct transition semiconductors such as CdS
and CN, the value of n is 1 (Pawar et al. 2014). The plots
of (chv)"” vs. hv were used to determine the band gaps of
the materials by extrapolating the straight region of the
curve to y-axis equals zero (Fig. 7b) (Kriselle et al. 2020).
The band gaps of CN, CNs, CdS, 10%, 20%, and 30%
CNs/CdS were estimated to be 2.58, 2.62, 2.12, 2.02,
2.07, and 2.05 eV, respectively. The values of band gaps
of composite photocatalysts were reduced and that sym-
bolized the formation of CNs/CdS heterojunction which
can greatly possess improved photocatalytic activities due
to more visible light utilization (Modwi et al. 2018).

Photoluminescence studies

The emission peaks of CN, CNs, CdS, and CNs/CdS
(10% and 20%) were evaluated using PL analysis
(Fig. 8a, b). The emission peak of CN is located at
463 nm and blue shifted to 434 nm for CNs and is
consistent with UV-Vis absorption spectra (Fig. 8a). Fur-
thermore, the PL emission intensity of CNs is lower than
that of CN suggesting the CNs had a low rate of electron-
hole recombination (Zou et al. 2016; Tong et al. 2015;
Zhang et al. 2013). On the other hand, the two emission
peaks for CdS are observed at 542 nm and 445 nm,
respectively (Fig. 8b). These are due to the excited and
trapped luminescence, in which the emission peak at
542 nm is attributed to the electronic transition from the
conduction band to an acceptor level due to the interstitial
sulfur ion (Mercy et al. 2013). Furthermore, a reduced
peak in 10% CNs/CdS is observed, and this could be a
break-through to reduction of the recombination rate of
photogenerated electron-hole pairs.

Photocatalytic decolourisation of acid blue 25

The photocatalytic decolourisation of AB-25 was moni-
tored over predetermined time intervals at the wavelength
of maximum absorption of the dye as shown in Fig. 9a. As
observed, the UV-Vis absorbance of AB-25 decreased
with an increasing reaction time and this indicated that
indeed the concentration of the dye was decreasing.
Figure 9b displays the decolourisation profiles of AB-25
dye on different catalysts. The photocatalytic
decolourisation efficiency of the dye by the irradiated light
was so insignificant showing that the dye was very stable
without the presence of photocatalyst. With CN, the
decolourisation obtained was 23.0% and increased to
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Fig. 7 (a) UV-Vis spectra and (b) Tauc plots of prepared materials

61.0% upon exfoliation. This enhanced decolourisation
could be linked to high BET-specific surface area and
improved visible light utilization. Moreover, the
decolourisation displayed by CdS was 89.1%. When
CNs and CdS were formed into 10%, 20%, and 30%
CNs/CdS, the photocatalytic decolourisation improved sig-
nificantly. The removal of 99.3%, 97.8%, and 92.1% was
obtained for 10% CNs/CdS, 20% CNs/CdS, and 30%
CNs/CdS, respectively. However, the increase from 10%
to 20% and 30% was detrimental as the AB-25 removal
was decreased (Oliveros et al. 2021). The composite with
lower CNs content (10% CNs/CdS) exhibited higher dye
removal which could be attributed to an intact
heterojunction interface as shown by FESEM results, more
visible light absorption and utilization, and low rate of

electron-hole recombination as depicted by the
photoluminescence results. The high CNs content could
have covered the active sites on the surface of CdS, there-
fore reducing the photocatalytic process (Fu et al. 2013;
Tang et al. 2016). Furthermore, the decolourisation by 10%
CNs/CdS evaluated by varying different parameters such
as catalyst concentration, dye concentration, and pH of the
dye solution as discussed in the subsequent sections.

Effect of catalyst dosage

Different amounts of catalyst were used for
decolourisation of AB-25 to evaluate the optimum cat-
alyst amount for best performance (Fig. 9¢c). The per-
centage decolouration for 20, 30, and 40 mg catalyst

(a) (b) cds
—— 20% CNs/CdS
—CN ——10% CNs/CdS
——CNs
) )
s s
2 2
£ £
c c
i} 3
£ £
T T T T T T T T T T
350 400 450 500 550 600 400 450 500 550 600 650 700

Wavelength (nm)

Wavelength (nm)

Fig. 8 PL spectra of (a) CN and CNs, (b) CdS, 10% and 20% CNs/CdS
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Fig. 9 (a) UV-Vis absorption spectra for decolourisation of AB-25, (b) AB-25 decolourisation on pristine and composite catalysts, (c) effect
of CNs/CdS dosage, (d) effect of AB-25 concentration, and (e) effect of solution pH

were 99.3%, 89.6%, and 66.5%, respectively. The re-

sults show
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that when 10 mg was used for photocatalytic

decolourisation of AB-25, there were enough active
sites on the catalyst surface to take part in the
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decolourisation process (Wang et al. 2016). At higher
catalyst dosage, the photocatalytic removal decreased,
suggesting that there was poor light penetration through
the slurry solution and may be aggravated by the coa-
lescence of nanoparticles forming larger agglomerates
which reduce the active surface area. This results in
excessive light blockage and scattering by the
photocatalyst particles which result in a decreased pro-
duction of oxygen reactive species which take part in the
decolourisation of the dye solution (Kumar 2017).

Effect of dye concentration

Different concentrations of AB-25 dye were selected
based on the literature textile dye effluents discharge,
which are reported in the range 20-50 mg L'
(Ananthashankar 2012). For initial dye concentrations
of 20, 30, and 50 mg L', the obtained percentage
decolourisation was 99.3%, 89.5%, and 74.8%, respec-
tively (Fig. 9d). Higher dye concentrations resulted in
lower photocatalytic dye removal, suggesting there were
more dye molecules to be accommodated by the catalyst
active sites for the decolourisation process. Also, it was
noted that at low concentrations the dye tends to block
the light penetration towards the surface of the catalyst
(Mafa et al. 2019a). Therefore, higher dye concentration
was not ideal for the photocatalytic process as it was
shielding light absorption by the catalyst and thus re-
ducing production of active species.

Effect of pH

The pH of the dye solution is important in the adsorption
process of dye, as it affects the overall charge on the dye
molecules and surface of the catalyst (Han et al. 2014).
Different pH values (3, 5, and 8) of dye solution were
selected to evaluate the effect of pH of the solution on
the process of photocatalytic decolourisation of AB-25.
At low pH of 3, the photocatalytic removal of the dye
was 78.8% while 99.3% and 82.8% were obtained for
pH of 5 and 8, respectively. At the low pH (addition of
HCI), there was a scavenging effect of chlorine ions in
which it reacted with hydroxyl radicals to produce per-
chlorate radicals that can combine further with protons
to yield weak oxidizing chlorine radicals (Malefane
et al. 2019). As the pH was increased to 5, there was
an enhanced photocatalytic decolourisation of AB-25.
This could probably be linked to the effect of proton-
ation of negatively charged sulfonic group (-SO3")

which could have enhanced an electrostatic interaction
between the dye and catalyst (Ghodbane and Hamdaoui
2010). As pH was further increased to 8, there was an
observable decline in decolourisation of AB-25. There
were more hydroxyl ions on the surface of the dye and
some of them can abstract protons from the dye leaving
it negatively charged. So the negatively charged dye and
catalyst surface were repelling each other, thus, reducing
the photocatalytic decolourisation of the dye. The results
indicate that effective decolourisation of AB-25 by 10%
CNs/CdS is feasible when the pH values are slightly
acidic and neutral.

Reaction kinetics

The decolourisation rate of AB-25 was evaluated by
modeling the decolourisation data using the Langmuir-
Hinshelwood first-order kinetics using expression (5);

r=—dC/dt = x,KC/(1 + KC) (5)

where &, is the reaction rate constant and K is the
equilibrium coefficient. When K«1, the concentration
of the analyte is low owing to the process of dilution,
and thus the reaction kinetics become pseudo-first order
where k,p, is the reaction rate constant (Eq. (6));

InC,/C; = k,Kt = kt (6)

where Cy and C, are the concentrations of AB-25 at
reaction time t. The apparent rate constant is determined
from the slopes of InCy/C, vs. t graphs and the slope is
the rate of photocatalytic decolourisation (min ). The
higher the reaction rate, the faster the reaction (Fig. 10).
The rate constants for the different catalysts were ob-
tained after fitting the data points and they are given in
Table 3. The rate of photolysis was very low and very
negligible. The photocatalytic rate of 10% CNs/CdS on
decolourisation of AB-25 was the highest, and it was 8.3
and 3.7 folds higher than that of CNs and CdS, respec-
tively. In general, the composite catalysts displayed
higher rates than the pristine materials.

The high rates observed with composites, specifically
the 10% CNs/CdS, could be attributed to the solid
interface formed between the two materials that reduced
the rate of electron-hole pair recombination and promot-
ed visible light absorption which could help in the
generation of more reactive radicals.
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Fig. 10 Rate constants for (a) 5
photolysis, (b) CN, (c) CNs, (d)
CdS, (e) 30% CNs/CdS, (f) 20%
CNs/CdS, and (g) 10% CNs/CdS 4.
~= 31
Q
o
)
£ 24
14

(9)

*
photolysis

CN

CNS

Cds

10% CNS/CdS
20% CNS/CdS *
30% CNS/CdS

)

VASGAD>POTR

o
o +—i

Photocatalytic stability and reusability

The photocatalytic stability and reusability of the syn-
thesized materials were evaluated by performing recy-
clability tests for 4 cycles. This is important for the real
large-scale application of the CNs/CdS catalyst. After
the completion of each catalytic cycle, the catalyst slurry
was centrifuged, washed, and dried at 60 °C for 6 h prior
to a subsequent cycle. The percentage decolourisation of
AB-25 on CNs/CdS was found to be 99.3%, 97.8%,
94.5%, and 92.1% for the 1st, 2nd, 3rd, and 4th catalytic
cycles, respectively (Fig. 11). As per the results obtain-
ed, the catalyst was still stable even after the 4th cycle
and the reduction of 7.2% was recorded after the 4th
cycle. The minor reduction in removal rate was ascribed
to various factors such as partial blockage of active sites
by the dye molecules and also the loss of the catalyst
during the recovery steps.

Table 3 Reaction rate constants

Sample Reaction rates (><1073 minﬁl)
Photolysis 0.70
CN 0.90
CNs 5.10
CdS 11.6
10% CNs/CdS 424
20% CNs/CdS 31.6
30% CNs/CdS 13.5
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Reactive species

The charge carrier trapping experiments were conducted
to determine the most reactive species in the photocata-
lytic decolourisation of AB-25 (Fig. 12). The radical
scavengers such as benzoquinone (BQ), 2-propanol,
and ethylenediamine tetraacetic acid disodium salt
(EDTA-2Na) were used to evaluate their effects on su-
peroxide radical anions (O,*"), hydroxyl radicals (HO®),
and holes (h*) under optimum conditions (Mafa et al.
2020a). The addition of BQ, 2-propanol, and EDTA-2Na
resulted in the decrease in the percentage decolourisation
of AB-25 to 36.5%, 93.5%, and 85.6% respectively. It
can be noted that the addition of 2-propanol showed
minimal change on the photocatalytic decolourisation of
AB-25 and that suggested that the HO® radicals played a
minor role. This was followed by EDTA-2Na showing
the second minimal scavenging effects on the holes while
the addition of BQ confirmed that O,* was the major
player in photocatalytic decolourisation of AB-25. The
results indicate that the order of participation of reactive
species was O, >h* > HO?®, respectively.

Photocatalytic mechanism

The proposed mechanism for the charge transfer and
separation at the interface of the CNs/CdS during pho-
tocatalytic decolourisation AB-25 is depicted as a sche-
matic diagram shown in Fig.13. In order to determine
the separation of charges, the band edge potentials of the
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conduction band (CB) and valence band (VB) of CNs
and CdS were determined using Egs. (7) and (8);

Evs = x—E° + 0.5E, (7)

(8)

where X is the electronegativity, which is the geometric
mean of the electronegativity of the constituent atoms,
E* is the energy of the free electrons on the hydrogen

Ecg = Evp—E,

scale (approx. 4.5 eV), E, is the bandgap energy of the
semiconductor, Ecg and Evyp are the CB and VB poten-
tials respectively (Mafa et al. 2019b). The electronega-
tive values of CNs and CdS were calculated to be
4.74 eV and 5.14 eV, while their band gaps were found
to be 2.62 eV and 2.12 eV, respectively. Accordingly,
the conduction band (CB) and valence band (VB) po-
tential of CNs were found to be —1.07 eV and 1.55 eV,
while those of CdS were —0.32 eV and 1.70 eV,

Fig. 12 Determination of 1.0 4
reactive species with different
scavengers for photo-
decolourisation of AB-25
0.8
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Fig. 13 The proposed
mechanism for photocatalytic
decolourisation of AB-25
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respectively. During light illumination, both materials
absorb photons and electrons are excited from their
VB to their CB, leaving holes in VB. The CB of
CNs is more negative than that of CdS; hence,
electrons could travel from CB of CNs to that CdS
and also reduce molecular oxygen (O,) into super-
oxide radicals (0,*"). This is because the potential
of electrons from CNs is higher than the —0.33 eV
vs. NHE of 0,/(0,*") couple (Han et al. 2020). On
the other hand, the VB of CdS is more positive than
that of CNs; hence, holes would migrate to VB of
CdS to that of CNs where they will engage in
oxidative reactions. In this way, the photo-generated
electrons and holes move in opposite directions and
thus reduce the chances of charge carrier recombina-
tion and enhance the charge separation efficiency.
Separation of charges promotes generation of reac-
tive radicals that participate in photocatalytic
decolourisation of AB-25 the dye.

Conclusions

In summary, a photocatalyst composed of CNs and
CdS was successfully synthesized using in situ
hydrothermal method and was employed for the
photocatalytic decolourisation of AB-25. The
FESEM images showed that there was a contact
formed between CNs and CdS berry-like struc-
tures. Among the composite catalyst prepared,
10% CNs/CdS heterojunction exhibited the highest
photocatalytic decolourisation of AB-25 (99.3%),
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which was 1.6 and 1.1 folds higher than that of
CNs and CdS after 180 min of reaction. The
enhanced activity was due to high visible light
absorption and utilization and formation of the
interface which enhanced separation of electron-
hole pairs. The optimum conditions were found
to be 20 mg catalyst, 50 mL of 20 mg L' of
AB-25, and pH of 5. The results of trapping
experiments indicated that the most active radicals
were 0,° followed by h* and HO® in that order.
The photocatalyst that was prepared in this work
was stable for 4 cycles, and this is a crucial
property for real wastewater treatment applications.
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