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a b s t r a c t

In this study, environmentally sustainable catalysts were prepared economically as a
positive step in directly using visible light to degrade wastewater polluted with indus-
trial dyes. Hence, zinc oxide (ZnO) nanocatalysts doped with carbon-covered alumina
(CCA) were fabricated by the sol–gel technique using zinc acetate as the precursor and
CCA as the support. Various methods were used to characterize the catalysts, including
XRD, TEM, EDS-SEM UV/Vis-DRS, EIS, PL, and BET. The new CCA-supported catalysts
are crystalline with high surface areas. The photocatalytic capability of the catalysts
was studied using azo dyes as model pollutants. Hence, sunset yellow and tartrazine
were degraded up to 99% by the catalysts, which were also recycled five times without
loss in activity. Details on the kinetics and mechanistic mode of catalyst action are
presented and analysed. Chemical oxygen demand measurements further confirmed the
mineralization of the dyes. The study showed that the ZnO/CCA/Vis photocatalysis has
good prospects of adoption for large-scale pre-treatment of dye-polluted wastewaters.
This technique is suited to the food, textile and allied industries that employ substantial
quantities of colourants.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Many industrial applications that use large quantities of colourants, including textiles, tanning, paper, food, pho-
oelectrochemical cells, pharmaceuticals and light-harvesting arrays, are sources of contamination of water resources
Ajmal et al., 2014; Crini, 2006; Dixit et al., 2015; Hasanbeigi and Price, 2015; Perez-Urquiza and Beltran, 2000; Wróbel
t al., 2001; Yang et al., 2008). All these industries use massive amounts of water and discharge harmful chemicals as
ffluents, including coloured dyes, causing an imbalance in the ecosystems of water bodies by way of visual contamination,
utrophication, and distress to the living organisms (Ajmal et al., 2014). It is essential to highlight that most dyes contain
oxic organic compounds (Konstantinou and Albanis, 2004), and approximately 50%–70% of the dyes on sale today are
zo (–N==N–) compounds. Increased exposure to high levels of azo dyes by humans may put the body at risk of serious
iseases such as infertility, thyroid cancer, asthma, migraines, eczema and autoimmune diseases (Caliman et al., 2008).
s a result, decolourizing dye effluents before discharge to waterways has gained more attention from scientists and
olicymakers. One commonly adopted technique involves using heterogeneous (semiconductor) photocatalysis. It is an
merging technology with the benefit of in-built destructive characteristics for mineralizing organic compounds under
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UV irradiation (Serrà et al., 2019; Zhang et al., 2019). Also, it is not mass transfer limited and can be done under ambient
settings (with atmospheric oxygen as an oxidant). It also completely mineralizes the pollutant carbon into CO2 and
ther harmless products. In this regard, zinc oxide (ZnO) has attracted much attention as a ‘future semiconductor’ and
s extensively investigated as a photocatalyst material for removing organic compounds from contaminated water (by
dvanced oxidation processes) (Chen et al., 2017; Quraishi et al., 2020). More importantly, ZnO is resistant to photo
orrosion, chemically stable, non-toxic, cheap and capable of producing many reactive radicals that can destroy organic
unctional groups (Ranau and Steinhart, 2004). ZnO is a wide bandgap semiconductor (3.3 eV) with high exciton binding
nergy (∼60 eV), which ensures efficient excitonic UV emission at ambient temperatures (Afzaal et al., 2007). However,
he enormous bandgap energy in the UV spectrum reduces its use on exposure to natural sunlight (which contains 43%
isible light and only 4% UV), and a high recombination rate of the charge carriers are the primary issues, restricting its
arge-scale usage (Sarmah et al., 2018). In addition, UV light is expensive and not commercially viable due to high energy
sage, and in large doses, it is also harmful (González-Casamachin et al., 2019). Hence, much study has been undertaken to
evelop visible-light photocatalysts built around modified ZnO to overcome these restrictions. These include using binary
r ternary semiconductors and various doping strategies (transition metal and nonmetal dopants) to produce modified
nO nanocatalysts. Also, the nanocatalysts are implanted on a variety of supports (activated carbon, graphite, carbon-
overed alumina (CCA) (Mahlambi et al., 2012), and carbon nanotubes (Moradi et al., 2017) to improve photocatalytic
ctivity and recovery from aqueous media.
Carbon and alumina are the most commonly used anchor or support materials. However, using a single material as

upport has several drawbacks; for instance, although a support material like γ -alumina has many pores that can disperse
he active metal phase, good mechanical properties and a high surface area when it is used alone, its acidity causes low
atalytic activity (Zheng et al., 2008). This is because acidic metal oxides form on its reactive surfaces upon calcination
due to the interaction of alumina with promoter ions like Co3+ and Ni2+). On the other hand, carbon supports have
ttractive properties like good conductivity, high surface area and a tunable pore volume. Carbon also has a variable
urface functional group and resists nitrogen poisoning (Boorman et al., 1991). However, like alumina, it exhibits poor
echanical strength when used as the sole support material; it easily disintegrates and has a low bulk density. Also, a
atalyst may be deposited in its pores because it is microporous, undermining its activity (Boorman et al., 1991). Hence,
CA as a hybrid support material circumvents the shortcomings of alumina and carbon.
Recently, CCA has been used as a support for hydrotreating catalysts and ammonia synthesis (Maity et al., 2009;

asthan et al., 1991). It has also been modified into various forms for different applications (Jana and Ganesan, 2011), but
CA-based catalysts have rarely been employed in wastewater clean-up. A review of current literature shows that a silver
anocatalyst has been anchored on CCA to screen microbes in drinking water (Shashikala et al., 2007). Also, CCA-TiO2 and

metal-TiO2 on CCA (Mahlambi et al., 2012, 2013) materials have been used to remove Rhodamine B dye on exposure to
visible light.

Hence, the objectives of this research include: (i) the use of CCA as a support material; aimed at reducing the
recombination rate of the charge carriers (e−/h+) by modulating the activity of the ZnO catalysts, (ii) improving the
recovery and reusability of the catalysts with robust support, and (iii) expanding the optical absorbance band of the
ZnO catalysts into the visible light region thus, improving and simplifying overall photocatalytic activity. In addition, the
novelty of this work includes developing ZnO-based composite materials with improved light absorption in the visible
region. This was achieved by supporting ZnO semiconductors onto CCA economically and sustainably. In addition, the
developed catalysts were effective for wastewater purification by visible light irradiation. Finally, the CCA reported in
this project is robust enough to support improved catalyst recyclability and enhanced visible light sensitization of the
dye substrates (Bond and Bergstrom, 2006; Mahlambi et al., 2012; Lin et al., 2005). To the best of our knowledge, this
report is the first instance where ZnO nanocatalysts are supported on CCA for the photochemical treatment of azo dyes
in wastewater.

2. Materials and methods

2.1. Materials

All reagents were of analytical grade. Zinc acetate, calcium hydride, and oxalic acid were purchased from Industrial
Analytical (South Africa). Absolute ethanol (EtOH), tartrazine, and sunset yellow (FCF) dyes were supplied by Capital
Research Distributor Co., Ltd (South Africa). Sulphuric acid (98%), γ -alumina (calcined at 500 ◦C for 3 h to remove any
organic impurities), disodium ethylenediaminetetraacetic acid (EDTA), n-xylene (dried over calcium hydride overnight
before usage), p-benzoquinone (BQ) and toluene 2,4-diisocyanate (TDI, used without purification) were purchased from
Merck (Pty) Ltd (South Africa). Analytical grade n-propanol and Isopropyl alcohol (IPA) were purchased from Industrial
Analytical (Pty) Ltd (South Africa). The IPA was distilled before usage.

2.2. Preparation of ZnO

ZnO was prepared by the sol–gel method. A solution (A) was formed from 0.01 mol of zinc acetate dissolved in 60 mL
of EtOH at 60 ◦C and stirred for 30 min. Solution B was made by dissolving 0.02 mol of oxalic acid dihydrate in 80 mL of
EtOH at 50 ◦C and stirring for 30 min. Solution B was added dropwise to warm solution A and stirred continuously for
1 h. A white sol was obtained, aged, and dried for a day at 80 ◦C, then treated at 450 ◦C to produce the ZnO (Chen et al.,

2017).

2



A.D. Folawewo and M.D. Bala Environmental Technology & Innovation 28 (2022) 102866

T
s
o
n
2

2

t
t
t
t

2

w
w
e
a
T
2

2.3. Preparation of carbon-covered alumina support

The CCA support was prepared by modifying the adsorption–pyrolysis method. A blend of γ -alumina (5 g) and 1%
DI in n-xylene (115 mL) were stirred at ambient temperature for 24 h. The resulting mixture was filtered and washed
everally with n-xylene (100 mL). A feathery white precipitate was obtained and dried overnight at 80 ◦C. The precipitate
btained was then pulverized and placed into a quartz cell. The temperature was gradually increased to 700 ◦C under a
itrogen flow (30 mL/min) and held at the same temperature for 3 h to complete the pyrolysis of the TDI (Sharanda et al.,
006).

.4. Preparation of carbon-covered alumina-ZnO nanocatalysts

A colloidal suspension of 100 mg of ZnO in 30 mL deionized water was prepared and sonicated for 30 min at ambient
emperature, followed by adding 100 mg of the prepared CCA, sonicated for 1 h and left at ambient temperature for 24 h
o dry. The resulting product was dried at 80 ◦C overnight to yield the ZnO/CCA (1:1), which was then pulverized and
reated at 450 ◦C for 3 h to afford the ZnO-impregnated on the CCA support. The same procedure was used to prepare
he ZnO/CCA (2:1) and (1:2) nanocatalysts, with the two materials’ relative ratios adjusted accordingly.

.5. Chemical oxygen demand (COD) analysis

COD analysis was determined using COD vials purchased from Merck Inc. South Africa (COD Cell Test 10–150 mg/L
ith product number: 1.14540.001). COD is generally used to determine the content of oxidizable organic matter in a
astewater sample. For this, 3 ml of the sample wastewater was dispersed into the COD vials and vortexed for 2–3 min to
nsure thorough sample mixing with the COD reagents. The sample was then digested in a thermoreactor at 148 ◦C for 2 h
nd allowed to cool down before determining the value of the COD. The control cuvette was used to zero the instrument.
he test results were expressed as mg/L COD, and COD per cent reduction was calculated using Eq. (1) (Morshed et al.,
019).

COD (%) =
COD0 − CODt

COD0
× 100 (1)

Where COD0 and CODt are the initial COD and COD at time t, respectively.

2.6. XRD analysis

The crystalline nature and the final phase of the product were studied by powder X-ray diffraction (PXRD). The
PXRD measurements were performed using a Bruker D8-Advance diffractometer (Bruker AXS — Germany) operated in
a continuous θ–θ scan in locked coupled mode with Cu-Kα radiation. The measurement was determined within the range
of 2θ as required by the user with a step size of 0.034◦ in 2θ (λKα1 = 1.5406 Å). A position-sensitive detector, Lyn-Eye, was
used to acquire the diffraction data at a speed of 0.5 s/step, corresponding to an effective 92 s/step time for a scintillation
counter. The shape factor k was used to correlate the size, and the Debye–Scherrer equation, D = Kλ/β cos θ , was used to
estimate the crystallite size, where the constant k = 0.9, λ = 1.54060 Å is the X-ray wavelength, β is the full width half
maximum (FWHM) of the catalyst, and θ is the diffracting angle (radians). The Miller planes of all the prepared samples
were confirmed using JCPDS XRD library software.

2.7. Brunauer–Emmett–Teller (BET) measurements

A Micromeritics TriStar II (USA) surface area and porosity analyzer was used to measure all prepared samples’ surface
areas (SBET), pore-volume, and pore size distributions. Each sample was degassed in N2 under vacuum for 24 h at 200 ◦C
before analysis. Each sample was heated to 90 ◦C at a heating rate of 5 ◦C/min and held at the same temperature for
180 min, then evacuated at a pressure of 50 mmHg for 30 min. The temperature was gradually raised to 180 ◦C at a
heating rate of 10 ◦C/min and degassed 24 h under N2.

2.8. SEM, TEM, and EDX spectroscopy

The structure and morphology of the nanocatalysts were studied using a Carl Zeiss Ultra Plus FEG (ZEISS, Germany)
fitted with an energy dispersive Oxford X-max detector (Oxford Instruments, UK) operating at a voltage of 30 kV for
scanning electron microscopy (SEM) and JEOL 2100 (JEOL Ltd, Japan) operating at both standard and high-resolution
modes at an operating voltage of 200 kV for transmission electron microscopy (HR-TEM) JEOL 2100 (JEOL Ltd, Japan).
First, before imaging, the samples were dispersed in EtOH and sonicated, and then the sample holder was immersed in
the suspension. The sample holder was dried under UV light before reinsertion into the TEM sample port for imaging.

The SEM and TEM were equipped with an EDX detector for qualitative analysis of all the prepared samples.
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2.9. Photoluminescence (PL)

Photoluminescence (PL) spectra were acquired using a PerkinElmer LS 55 (USA) spectrofluorimeter using an excitation
avelength of 350 nm and emission slit widths of 10 nm. About 5–10 mg of the sample was placed in a sample holder,
nd the PL spectra were then acquired in the 390–800 nm wavelength range.

.10. UV–Visible by solid-state diffuse reflectance spectra (UV-DRS)

UV/Vis reflectance spectra were acquired using a PerkinElmer Lambda 35 (USA) UV–Vis spectrophotometer fitted with
Labsphere integrating sphere (Labsphere, USA). Using the corresponding Kubelka–Munk functions (F(R)), the bandgap
nergy was calculated by plotting (F(R)-hv)2 against hν.

2.11. Fourier transform infrared (FTIR)

FTIR spectra were recorded on a PerkinElmer Spectrum 100 spectrophotometer (USA) equipped with an attenuated
total reflectance (ATR) sampling accessory. All spectra were acquired in the transmission mode in the 500–4000 cm−1

ange, with 32 scans and a resolution of 2.0 cm.

.12. Thermogravimetric analysis (TGA)

The thermal stability of the samples was determined with a Thermogravimetric Analyzer with a small furnace (SF)
Mettler Toledo, Germany). The TGA was measured at a heating rate of 10 ◦C/min from 25 to 800 ◦C in air.

.13. Electrochemical analysis

The photocurrent response of the samples was investigated using electrochemical analysis. This is to evaluate
harge carrier separation efficiency during photocatalysis. Hence, measurements were carried out on a VersaSTAT 3F
lectrochemistry workstation (AMETEK Scientific Instruments, USA). A three-electrode set-up was used, with a reference
Ag/AgCl), counter (platinum wire), and a working electrode with 0.5 M Na2SO4 as electrolyte. The working electrode
as made by modifying glassy carbon electrodes (GCE) with the appropriate photocatalysts (prepared samples). For the
odification, 10 mg of the sample and 3 mg of carbon paste (binder) were dispersed in EtOH and sonicated for 30 min.
he suspension was drop-cast onto a clean, glassy carbon electrode with a micro-pipette and dried overnight. The set-up
as flushed with N2 gas for 5 min to remove dissolved oxygen from the suspension, which would affect the system. The
lectrochemical impedance spectroscopy (EIS) measurements were performed using the three-electrode system (Yang
t al., 2021).

.14. Set-up for photocatalytic reactions

A commercial fluorescent lamp (3U E27 32w, cool white, 8000 h) with an optical filter to cut-off UV light was used in
closed photocatalytic chamber for the photocatalytic reactions. The light intensity at the reaction position is 880 W/m2

ithout a filter and 830 W/m2 with the UV cut-off filter (λ > 420 nm). An Oriel 70260 Radiant Power meter was used
o measure the intensities. The distance between the light and the reactor is 10 cm. The photocatalytic properties of
he catalysts were determined on 100 mL (20 mg/L) dye samples. The prepared nanocomposites (10 mg per 100 mL of
0 mg/L dye) were used in the suspension. The set-up was agitated over an electric stirrer for 30 min before exposure
o the lamp to balance adsorption–desorption between the dye and the nanocatalyst. Aliquots of 4 mL were collected
rom the reactor at 15 min intervals to determine the amount of dye removed. The sample was centrifuged at 6000 rpm
or 15 min before absorbance measurement, and the supernatant was filtered via a 0.45 µm microfilter to remove the
atalyst. The absorbance of the filtrate was measured at a λmax of 482 and 427 nm for sunset yellow (FCF) and tartrazine,
espectively. Eq. (2) was used to compute the percentage removal of dyes over time. The set-up was the same for both
nO and ZnO/CCA (1:2) nanocomposite.

(
A0 − At

A0
) × 100% (2)

Where A0 is the original absorbance of the dye before exposure to visible light, and At is the absorbance of the dye at
time t. For the recyclability test, the best catalyst was recovered, and the procedure described was repeated under the
same settings for four more catalytic runs to study its stability.

3. Results and discussion

3.1. Structural properties

The chemical structures of the mono azo anionic dyes, sunset yellow and tartrazine used as model compounds for the
study are presented in Table 1, with the functional azo bond highlighted.
4
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Table 1
Chemical structures of the anionic mono azo dyes.
Azo dyes Structure Formula Molecular weight (g/mol)

Sunset yellow (FCF) C16H10N2Na2O7S2 452.36

Tartrazine C16H9N4Na9S2 534.36

Table 2
Structural and textural properties of the ZnO/CCA samples.
Entry Sample Crystallite size (nm) SBET (m2/g) Pore volume (m3/g) Pore size (nm)

1 Alumina 2.62 202.55 0.387 6.27
2 CCA 2.55 144.62 0.297 6.50
3 ZnO 15.52 13.78 0.259 4.30
4 ZnO/CCA (1:2) 17.19 110.91 0.387 6.27

Fig. 1. Powder X-ray diffraction patterns of ZnO, CCA and ZnO/CCA (1:2).

.1.1. XRD analysis
A stack of the PXRD diffractograms of the catalyst materials is presented in Fig. 1. The pattern of the diffractogram

f the CCA support did not show any peaks related to ordered carbon structures, indicating that C is in the amorphous
orm or it is a thin graphitic layer in the CCA (Liu, 2011; Sharanda et al., 2006). XRD can only identify graphite loads with
height of at least 3 nm, corresponding to approximately 10 layered graphene sheets. In the case of the CCA sample, it
ppears that highly defective and nanosized carbon particles were present (Kazakova et al., 2021; Mendes et al., 2020;
un et al., 2020). However, the CCA displayed peaks linked to alumina at 2θ = 32.61 (220), 37.28 (311), 39.50 (222), 45.93
400), 60.66 (333), and 66.92◦ (440), which correspond to the PXRD data obtained from the JCPDS card no 00-047-1308.

The signal observed at 45.86◦ in the spectra of CCA and CCA-ZnO (1:2) (labelled ‘*’) is indicative of the formation of
the ZnO/CCA (1:2) composite. The diffractogram of pure ZnO revealed characteristic sharp and well-defined signals at
2θ = 31.77, 34.38, 36.29, 47.59, 56.63, 62.88, 66.37, 67.99, and 69.15◦. The corresponding miller indices [(100), (002),
(101), (102), (110), (103), (200), (112) and (201)] confirm the presence of a wurtzite hexagonal structure of the ZnO
with the preferred (101) plane (JCPDS no. 00-036-1451; a = b = 3.24982 Å, c = 5.20661 Å; space group; P63mc). As
seen in Fig. 1, no impurity peaks were observed, indicating that the ZnO/CCA composite is phase pure. This shows that
embedding ZnO on the CCA had no negative effects on the photocatalyst core (degree of crystallinity) or the CCA support.
The average crystallite size of the prepared samples was calculated (Debye–Scherrer equation) as 15.52 and 17.19 nm for
ZnO and ZnO/CCA (1:2), respectively. Furthermore, the crystallinity indexes for the ZnO and ZnO/CCA are 85% and 83%,
respectively. The values suggest that the CCA support had little impact on catalyst crystallinity. The average crystallite
size of ZnO is in close agreement with reported literature data (Ong et al., 2016). In addition, the interlayer spacing was
estimated at 0.220 nm for the ZnO/CCA (1:2).

3.1.2. Surface area and porosity
The efficiency of a photocatalyst is determined by its surface area, pore volume, and pore size distribution (porosity).

Nitrogen (N2) adsorption–desorption isotherms at 77 K were used to calculate the surface area (BET) and porosity (BJH).
The BET isotherms of all the prepared samples with the pore size distribution plot as insets are presented in Fig. 2 and
ESI Fig. S1, while the key data are summarized in Table 2.
5
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Fig. 2. BET isotherms and the BJH pore volumes of (a) γ -alumina, (b) CCA, (c) ZnO, and (d) ZnO/CCA (1:2).

The data shows the effects of carbon loading on the surface of alumina and the influence of embedding the ZnO
nanocatalysts on the CCA. It is noted that alumina, CCA, and ZnO/CCA (1:2) possess a heterogeneous pore structure
and exhibited the adsorption–desorption isotherms classified as type IV based on the BET classification, indicating their
mesoporous nature. It is noteworthy that the surface interactions between the adsorbent and the adsorbate determine
the adsorptive nature of mesoporous materials. These interactions are directed by intermolecular forces in the condensed
state with features that include pore condensation, a process whereby a gas condenses into a liquid-like phase in a
pore at a pressure P less than the saturation pressure P0 of the bulk liquid (Landers et al., 2013; Monson, 2012). ZnO
exhibited a hysteresis loop of type H3 associated with capillary condensation and multilayer adsorption on the surface of
the nanocatalyst. Its structure allows the dispersion of pollutants through the mesoporous channels to be destroyed on the
catalyst surface. All the samples showed large hysteresis loops, with alumina having the largest one at P/P0 = 0.4–0.9,
signifying that it is relatively more mesoporous with a good adsorption capacity (∼219 cc/g at P/P = 1). This is in
0
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comparison to CCA (∼170 cc/g at P/P0 = 1) and ZnO/CCA (∼197 cc/g at P/P0 = 1). After impregnation, the ZnO/CCA (1:2)
formed exhibited a type H2 hysteresis loop (at P/P0 = 0.5–1.0). This type of isotherm describes the process of nitrogen
adsorption on the adsorbent surface. Also, this type is associated with a sharp desorption branch at a relative pressure
close to the lower end of hysteresis (adsorption–desorption). The steep desorption observed in H2 loops can be ascribed
to either pore-blocking/percolation in a narrow range of pore necks or cavitation-induced evaporation. It has channel-like
pores with non-uniform pore size distribution within the mesoporous regions (2–50 nm pore diameter) (Nishikiori et al.,
2012) according to the BET grouping (Sing, 1985; Thommes et al., 2015).

Additionally, the ZnO exhibited an active area value of 13.78 m2/g. In contrast, the CCA was determined as 144.62 m2/g,
which is in close agreement with previously reported values (Kazakova et al., 2021; Mendes et al., 2020; Souza Macedo
et al., 2019). In comparison, ZnO/CCA (1:2) exhibited a 110.91 m2/g surface area, which is larger and better with more
active reaction sites that may accelerate the separation efficiency of photogenerated carriers. These results suggest that
some micropores of the CCA were locked (blocked) by the introduction of ZnO into the composite. This observation agrees
well with previous work (Lin et al., 2019; Solodovnichenko et al., 2019). Table 2 shows the textural features of the most
active of the prepared samples. The increase in the active area of the ZnO/CCA (1:2) compared to pure ZnO was due to
carbon loading, which agrees with a previous study (Mahlambi et al., 2012). Hence, increase in the available active area
for dye adsorption and removal. Additionally, embedding the semiconductor onto CCA resulted in little change in the pore
volume (Legrand et al., 2021; Lin et al., 2019).

3.2. Morphological studies

3.2.1. SEM, TEM, and EDX spectroscopy
The surface structure and nature of the prepared samples were studied by scanning electron microscopy (SEM), trans-

mission electron microscopy (TEM), high resolution-transmission electron microscopy (HR-TEM), and energy dispersive
X-ray analysis (EDS). The data is presented in Figs. 3–4.

Analysis of the SEM image of alumina (Fig. 3a) shows that it contains lumpy particles with a coarse surface and size
distribution of 21–23 nm. In contrast, the CCA surface seen in Fig. 3(b) is relatively smooth due to the homogeneous
covering of carbon. Also, the surface of the CCA support appears porous and thus offers a larger specific area for supporting
the catalyst. The SEM image of ZnO showed spherical particles, but the agglomeration of the particles was high due to
calcination (Behnajady et al., 2011; Bekele et al., 2021). Fig. 3(d) represents the hybrid combination of the ZnO catalyst
on the CCA surface with a particle size distribution in the 21–25 nm range. The ZnO catalyst appears set in the pores of
the CCA, implying that it can be used in catalysis without unravelling from the support.

The microstructure of the ZnO/CCA (1:2) catalyst was further investigated by TEM. The TEM image of alumina revealed
a rough surface (Fig. 4a), and the image of pure ZnO displayed a spherical morphology as reported by others (Idriss
et al., 2017; Oprea et al., 2011; Ribut et al., 2018). This is shown in Fig. 4b with a highlight of the typical crystalline ZnO
hexagonal wurtzite structure. Also, Fig. 4c displayed the TEM image of the CCA support, which shows that it is microporous
and fluffy due to the carbon covering. It is well understood that ideal graphene has a triangular sublattice of equivalent
carbon atoms. However, the sublattice composition of defective graphene may differ, resulting in corresponding changes
in the carbon content of the monolayer coating of disordered carbon as observed in the TEM image (Fig. 4c), which is also
confirmed by XRD analysis (see ESI Fig. S2c) (Kazakova et al., 2021). In addition, Fig. 4d displays the TEM image of ZnO
(embedded on CCA), seen as dark spots (Mahlambi et al., 2013; Xue et al., 2015). The TEM image shows the supported
ZnO nanocomposite as a crystalline material (crystallinity index of 83%). Hence, we reason that the CCA will enhance its
performance as a catalyst. This is further supported by the corresponding SAED pattern (Fig. 4e), which shows a set of
concentric rings as clear evidence of polycrystalline nanocomposite material. It is made up of the many crystallites that
appear as the discrete spots on the rings, which arise from Bragg’s reflections (compare with the SAED patterns of the
prepared ZnO and CCA — ESI Fig. S2). The interlayer spacing was determined as 0.284 nm in the ZnO/CCA (Fig. 4f), which
agree well with the XRD data (0.220 nm).

The elemental composition of the prepared nanocomposites was analysed using EDX (ESI Fig. S2), which showed that
the required elements (Al, O, C and Zn) are all present in the samples. Each nanocomposite sample is constituted as
required, which serves as further evidence for the formation of the ZnO/CCA (1:2).

3.3. Optical properties

3.3.1. Photoluminescence (PL) analysis
Room-temperature PL emission of the ZnO and the various ZnO/CCA composites was studied to gain insight into

the charge transfer capacity of the as-prepared catalysts. This is essential because their photocatalytic performance is
primarily determined by the generation, transfer and recombination of photogenerated e−/h+ charges. The data [excitation
wavelength of 350 nm] presented in Fig. 5 is critical for understanding the photocatalytic performance of the catalysts.

Typically, there are two emission bands in a PL spectrum. The near band edge (NBE) excitonic UV emission and deep-
level emission in the visible spectrum (Wang et al., 2003; Zhou et al., 2007). Recombination of the charge carriers (e−/h+

pair) inside the material releases radiation as PL. A ZnO semiconductor exhibits wide bandgap energy at room temperature
with a large exciton binding energy and an emission in the UV/Vis region of the spectrum, as seen in Fig. 5 (Hu and Bando,
7
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Fig. 3. SEM micrographs for (a) alumina, (b) CCA, (c) ZnO and (d) ZnO/CCA (1:2).

2003). From the PL data for all the synthesized catalysts, the NBE excitonic UV emissions are located at 394 nm for ZnO,
415 nm for ZnO/CCA (1:1), 420 nm for ZnO/CCA (2:1), and 421 nm for ZnO/CCA (1:2). These values agree well with the
bandgap energies obtained by the DRS study. The emission spectral peaks in the visible region for all the ZnO-modified
nanocatalysts are weak and broad. In addition, the deep-level emissions are located at 482–525 nm in the visible region
for all the samples. The signal at 482 nm (blue region) can be ascribed to the electronic transition from the shallow
donor level of zinc interstitial defects to the valence band and the transition of electrons from the conduction band to
the singly ionized zinc vacancy (VZn−) (Kandula and Jeevanandam, 2014). In comparison, the signal at 525 nm (green
region) is due to the trapping of electrons in the defect energy level corresponding to oxygen vacancy (V0), which controls
the recombination of electrons and holes (Ischenko et al., 2005; Nadupalli et al., 2021). The observed increase in the PL
intensity for the ZnO/CCA (2:1) system is due to the high recombination rate of the charge carriers. This could be a result
of inadequate charge separation (less than optimum CCA content in the sample). Moreover, the recombination rate is
higher than that of pure ZnO. However, the weaker PL peak intensity of the ZnO/CCA (1:2) sample alludes to the effective
separation of charge carriers. The reduction in the PL intensity of the ZnO/CCA (1:2) sample is due to incorporating an
optimum amount of ZnO onto an adequate amount of CCA. This confirms the decrease in the bandgap energy of the
8



A.D. Folawewo and M.D. Bala Environmental Technology & Innovation 28 (2022) 102866
Fig. 4. TEM micrographs of (a) alumina, (b) ZnO [inset — particle distribution], (c) CCA, (d) ZnO/CCA (1:2) [inset — particle distribution], (e) SAED
image, and (f) lattice fringes and d-spacing of the ZnO/CCA (1:2) nanocomposite.

ZnO/CCA (1:2) nanocomposite. It also implies successful suppression of the recombination of charge carriers necessary

for effective catalyst activity.

9



A.D. Folawewo and M.D. Bala Environmental Technology & Innovation 28 (2022) 102866

α

w
n
e
T
r
t
e
o
e
a
a
i

3

3

i
(
s
a
e
e
t
d
f
f

a
s
s
C
n

Fig. 5. PL spectra of ZnO and ZnO/CCA (various weight compositions) nanocomposites. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.3.2. UV-DRS
Optical absorption data for the prepared samples was determined by UV–DRS, presented in ESI Fig. S4. Due to the

influence of the CCA, the absorption edge of the ZnO/CCA composites 1:1, 1:2 and 2:1 were red-shifted to 417, 420, and
414 nm, respectively. In comparison, it was observed at 393 nm for pure ZnO. The Tauc relation (αhν)n = A(hν−Eg), where
, h, ν, and Eg are absorption coefficient, Planck’s constant, incident photon frequency, and bandgap energy, respectively,
as used to determine the value of optical absorption near the band edge for the composites. The value of n denotes the
ature of the sample transition, where n = 2 for a direct band gap material such as ZnO and A is a constant (Ravidhas
t al., 2015; Rathore et al., 2010). Hence, supplementary data ESI Fig. S4 contains the Tauc plots for all the samples.
he bandgaps of ZnO, ZnO/CCA (1:1), ZnO/CCA (2:1) and ZnO/CCA (1:2) were estimated as 3.21, 3.15, 3.17 and 2.65 eV,
espectively. Thus, the bandgaps of the catalysts have narrowed, leading to enhanced visible light photocatalysis (due to
he ZnO and CCA) (Singh et al., 2017). The experimental results confirm the reduction in the ZnO bandgap energy (Liu
t al., 2013; López and Gómez, 2012). Perhaps, the reactive functionality (Mahlambi et al., 2013) of the CCA (as a result
f the carbonaceous material) leads to improved absorption of light for photocatalysis by the prepared samples (Zarrabi
t al., 2019; Tahir et al., 2021). The most important factors to be considered for improving the activity of a photocatalyst
re its adsorption ability, its efficiency in suppressing the rate of charge carrier recombination, and increased visible light
bsorption. ZnO is a well-known UV-responsive semiconductor due to its wide bandgap, also shown above; however, it
s important to note that it does absorb in the visible region to a lesser extent (Lavand and Malghe, 2015).

.4. Chemical structure

.4.1. FTIR
The FTIR spectra of the prepared samples are presented in the ESI, Fig. S5. The spectrum of ZnO showed a strong

ntensity signal at circa 500 cm−1 and weaker bands at 687 and 1363 cm−1 due to the vibration of the Zn–O–Zn bond
Jayarambabu et al., 2015). The Al–O–Al absorption band at 670 cm−1 (Jun-Cheng et al., 2006), typical of alumina, was
hifted to 667 cm−1 on CCA and further shifted to a longer wavenumber 671 cm−1 for the ZnO/CCA hybrid composite. In
ddition, the absorption band usually observed at 1100 cm−1, also typical of alumina, due to the Al–O vibration mode (Xu
t al., 2017), was shifted to 1088 cm−1 for CCA due to the vibration of the C–O–C bond. The characteristic bands (Jun-Cheng
t al., 2006) associated with γ -alumina between 1000 cm−1 and 435 cm−1 were absent from the CCA spectrum, confirming
he formation of the CCA. Compared to pure alumina, the peaks have shifted toward lower wavenumbers. The shifts
enote interfacial interactions between alumina and carbon that stabilized the composite. These observations serve as
urther confirmation for the transformation of the alumina to CCA. Additionally, the absorption band at 2000–2400 cm−1

or CCA and ZnO/CCA represents the combination band of oxygen-carrying reactive groups (He et al., 2012).
In the FTIR spectrum of the ZnO/CCA (also observed in the spectra of ZnO and CCA) is a strong absorption peak

t 3413 cm−1 (medium sharp on the CCA but broad and weak on both ZnO and ZnO/CCA), which corresponds to the
tretching vibration of Al3+ bonded –OH species on the surface of the nanocomposites. The absorption peak at 1646 cm−1

een from the spectra (sharp on CCA but broad on both ZnO and ZnO/CCA) was assigned to the bending vibration of
–OH, which may be responsible for the enhanced performance of the catalyst and the anchoring of the semiconductor
anostructures onto the CCA. Similarly, an absorption band at 495 cm−1 for both CCA and ZnO was shifted to a lower

wavelength of 475 cm−1 on the ZnO/CCA spectrum, and a unique signal at 588 cm−1 was observed only for the ZnO/CCA
sample; both indicate the successful formation of the ZnO-on-CCA composite material (Li et al., 2011; Sapkota et al., 2019;
Zhang et al., 2018).
10
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3.5. Thermal stability

Thermogravimetric analysis (TGA) was performed to assess the thermal stability of the prepared nanocomposites. Each
f the ZnO/CCA nanocomposites (with varying compositions of ZnO/CCA) exhibited weight loss in four stages. The first (to
50 ◦C) and second (150-265 ◦C) weight losses of 0.23% and 0.28%, respectively signify the removal of physically adsorbed
ater and the loss of some organic components. Thermal degradation of physisorbed and chemisorbed carbon materials
as seen as the third weight loss of 0.47% (to 470 ◦C). The final weight loss of 2% (rapid that began at 470 ◦C) was
ssociated with the complete decomposition of all organic matter, at 686 ◦C. While the weight loss pattern for ZnO/CCA
1:1) is similar to the thermograms reported elsewhere (Khan et al., 2021). The data showed a general improvement in
nO stability on the CCA support (ESI Fig. S6).

.6. Electrochemical impedance spectroscopy (EIS) studies

The ability to transport charges across a semiconductor and its interfaces to the adsorbed species is an important
actor in photocatalysis. Solid-state electrochemical impedance spectroscopy is a powerful tool for studying the electrical
roperties of the prepared catalytic materials. Each prepared sample displayed a depressed semi-circle with a non-Debye
esponse at high frequencies with a diameter corresponding to the transfer resistance (Rct−) and a linear component at
ow frequencies (Begum et al., 2017; Gul et al., 2019; Merlo et al., 2021; Yang et al., 2021). ESI Fig. S7 displays the Nyquist
raphs of the prepared samples [ZnO, ZnO/CCA (1:1), ZnO/CCA (2:1), and ZnO/CCA (1:2)]. The ZnO/CCA (1:2) composite
ad the smallest diameter (incomplete circle), indicating that it has the best conductivity (smallest transfer resistance)
ompared to ZnO, ZnO/CCA (1:1), and ZnO/CCA (2:1). The more credible explanation may be that CCA acts as an electron
ensitizer due to the variety of surface reactive groups. Similar observations have been reported (Kumar and Rao, 2015;
iu et al., 2019; Mahlambi et al., 2012, 2013).

.7. Photocatalytic degradation study

The catalytic performance of the prepared samples was evaluated using visible light irradiation. This is one of the
ey objectives of this project, i.e. the exclusion of UV light for the photodegradation of the dye contaminants. In the
et-up, sunset yellow (FCF) and tartrazine were used as the dye contaminants at a concentration of 20 mg/L. The
dsorption–desorption and photodegradation profiles of the dyes are presented in Fig. S8 (ESI). In addition, Fig. S9 shows
he time-dependent UV absorption profiles of aqueous solutions of the dyes during the degradation by ZnO/CCA (1:2)
hotocatalyst exposed to visible light. The photographic insets show the accompanying colour changes in the course
f photolysis. The suspension was initially agitated in a dark enclosure for 30 min to equilibrate the nanocatalyst and
he dye contaminant before irradiation with visible light. The ZnO/CCA samples showed higher dye adsorption than the
ristine ZnO sample. This may be ascribed to the larger specific areas of the composite catalysts, hence, providing more
pen reactive spots for dye adsorption. As shown in ESI Fig. S8, all the prepared ZnO/CCA samples showed significant
egradation of the sunset yellow and tartrazine dyes. An optimum amount of CCA is critical to ensure the support’s light-
athering ability and a direct correlation is observed between photocatalytic activity and the amount of CCA in the hybrid
atalyst. This is because the ZnO catalyst is locked in the pores of the CCA and available to photolyse the dye throughout
he 180 min irradiation period (Huang et al., 2014; Lin et al., 2019; Solodovnichenko et al., 2019).

The activity of the catalyst on the surface adsorbed dye molecules is critical during photocatalysis. Hence a set of
ontrol experiments were conducted to determine the influence of the ZnO/CCA composite on the photocatalytic process.
he results showed that only 11% of sunset yellow and 9% of tartrazine were photolysed without the catalyst. Then a
et of control experiments were conducted in the dark, which indicated that the ZnO, ZnO/CCA [(1:1), (2:1), and (1:2)]
atalysts, respectively adsorbed 3, 15, 17, and 25% of the sunset yellow (FCF). Also, the same catalysts removed 4, 28, 25,
nd 22% of tartrazine by adsorption in the dark. All adsorption measurements were completed within 30 min before the
nset of dye degradation. These control results and the observations shown in Fig. S8(a, b) indicate that both visible light
nd a catalyst are required for effective lyses of the dye pollutants. Furthermore, the results showed that the ZnO/CCA
1:2) photocatalyst degraded about 99% of the sunset yellow (FCF) and 92% of the tartrazine dye in 180 min exposure
o visible light. At the same time, ZnO/CCA (1:1) degraded the sunset yellow (FCF) by about 93% and tartrazine by 77%,
hich were recently studied by empirical mathematical modelling (do Nascimento et al., 2020).
Similarly, ZnO/CCA (2:1) degraded the sunset yellow (FCF) by 96% and tartrazine by about 68% within the same

ime. Therefore, dye removal occurred by photolysis on the ZnO/CCA nanocomposites since less than 30% of each dye
as removed by adsorption for all the catalysts. It is important to emphasize that the amount of dye removed via
dsorption increased with the amount of CCA incorporated into the composite. Hence, the ZnO/CCA (1:2) photocatalyst
as highlighted for more detailed experimental studies. In the photocatalytic pathway, the excellent performance of
he ZnO/CCA composite could be due to the embedded CCA causing structural defects that modified the property of ZnO
reduced bandgap energy) and, thus, enhancing its light absorption properties (Srinivasan et al., 2019). The photogenerated
harge carrier recombination rate is also curbed in the ZnO/CCA (1:2), hence the high photoactivity. The rapid loss of colour
n both azo dye solutions is linked to the cleavage of the azo linkage in the dye molecules (Table 1). The chromophore is

he most easily sensitized and active bond in the dye molecule which is easily attacked by positive holes and hydroxyl
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Table 3
Photocatalytic activity of the ZnO/CCA (1:2) compared with a TiO2-based system.
Photocatalyst Light source Method of

synthesis
Pollutant
(conc.)

Degradation
(%)

Degradation
time (min)

Ref.

TiO2/CCA
(100 mg)

Vis Precipitation/
Calcination

RBa

(10 mg/L)
100 180 Mahlambi

et al. (2012)
ZnO/CCA
(10 mg)

Vis Sol–gel/
Calcination

SYb & TAc

(20 mg/L)
99 & 92 180 This work

aRhodamin B (RB).
bSunset yellow (SY).
cTartrazine (TA).

radicals (Nenavathu et al., 2018). The increased photocatalytic performance may also be due to the higher specific area
(110 m2/g) for the material, which is synonymous with an increased number of available active sites. However, it must be
emphasized that although surface area plays a vital role in photoactivity, other conditions like the light gathering ability
of the composite (due to reactive groups on the CCA) (Sapkota et al., 2019) and better separation of photoinduced charge
carriers are similarly crucial in determining photocatalytic performance (Nenavathu et al., 2018; Praveen et al., 2018).
Table 3 compares the photocatalytic performance of the as-prepared nanocomposite to the activity of a titania catalyst
bearing the CCA support.

3.7.1. Degradation analysis
Physico-chemical factors including the pH, colour, chemical oxygen demand (COD) and total dissolved solids (TDS) are

important considerations for any effective wastewater clean-up process. The values of these parameters reflect the extent
of water contamination. Destroying the chromophore (decolourization) does not translate to mineralization because
numerous secondary intermediates produced during photocatalysis may pose concealed toxicity. Results of the physico-
chemical analysis of the samples are presented in ESI Table S1. Solutions of the untreated sunset yellow and tartrazine dyes
were characteristically coloured orange and yellow respectively. The colours cleared after treatment with the ZnO/CCA
catalysts. Data for the COD test and pH monitoring showed that a reduction in pH was observed for all the treated water
samples (compare entries 1–2 with 3–4, Table S1). This may result from dissolved mineral acids, an intermediate product
of photocatalytic degradation of organic pollutants. For sunset yellow (FCF), after 180 min of visible light exposure with
pure ZnO (entry 3) and ZnO/CCA (entry 4), the COD was reduced by 26% (to 17 mg/L) and 70% (to 7 mg/L) from 23 mg/L,
respectively. While, for tartrazine, the COD reduction for pure ZnO and ZnO/CCA, are respectively 19% (to 15 mg/L) and
62% (to 7 mg/L) from 18.5 mg/L. The reduction in pH may also be due to carboxylic acids (intermediate products), which
are much more difficult to break down than the azo chromophore because their oxidation proceeds at a slower rate
(Bilinska et al., 2015; Ince et al., 1997; Nagarajan and Venkatanarasimhan, 2019). The results further confirm the improved
mineralization potential of the ZnO/CCA system for dye removal from the water. The whitish appearance of the water
samples may be due to the presence of free ZnO, as evidenced by an increase in the TDS value (401 for sunset yellow and
478 for tartrazine) of the decolourized (clean) water samples. The TDS value of the treated water measures the quantity
of the nanocatalyst retained. For the ZnO/CCA nanocatalyst, TDS increases were insignificant at less than 8% for both dyes.
Compared to the observed increases of 188% and 132% for ZnO as a catalyst (Table S1, entry 3). This further validates our
observation that the support effectively reduced catalyst leaching during the photocatalytic study (see below). According
to the TDS and COD studies, the fabricated nanomaterials were very effective photocatalysts for removing the dyes from
the wastewater and further degrading any resulting toxicants. The COD results closely agree with the photodegradation
results, indicating almost complete mineralization of the dye pollutants into naturally harmless products.

3.8. Photocatalytic reaction kinetics

A kinetic study on the photodegradation of the dyes was carried out to understand the process’s limitations further.
The data presented in Table 4 (see ESI Fig. S10 for the plots – ln (At/A0) as a function of time for all the catalysts) is
consistent with pseudo-first-order reaction kinetics (Wu et al., 2019). The rate constants, k for the removal of sunset
yellow (FCF) by ZnO and ZnO/CCA, [(1:1), (2:1), (1:2)] catalysts are 0.0124, 0.0153, 0.0186 and 0.0219 min−1 respectively.
While, for tartrazine, the rate constants by the same catalysts are 0.0019, 0.0049, 0.0061 and 0.0112 min−1, respectively.
These results are similar to those obtained for a ZnO photocatalyzed process (Wu et al., 2019). The data shows that the
rate constant increased with the relative quantity of CCA in the hybrid catalysts. It is noticeable that the ZnO/CCA (1:2)
catalyst photodegraded sunset yellow (FCF) and tartrazine at faster rates, twice and six times quicker than pure ZnO.

Similarly, the rate is even faster with ZnO/CCA (2:1) at 12 and 37 times quicker for the two dyes. These remarkable
performances are due to the lowest bandgap exhibited by ZnO/CCA (1:2) (see Fig. S4d). In addition, the efficient separation
of the photoinduced charge carriers, coupled with the higher porosity of its structure, accounted for the observed activity.

Also, embedding the ZnO onto the CCA caused fundamental alterations to the electronic band structure of the material,
resulting in the observed improvements over pristine ZnO. More significantly, the carbon coating enabled cross-plane
movement (diffusion channels), which improved charge and mass transfer and, as a result, increased photocatalytic
efficiencies (Li et al., 2020; Lu et al., 2020; Wu et al., 2020).
12
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Table 4
Rate constants (k) for the degradation of the dyes by the ZnO/CCA nanocomposites.
Entry Catalyst k (min−1)

SYa (TA)b
Maximum degradation (%)
SYa (TA)b

1 Dye (No catalyst) 0.0018 (0.003) 11 (9)
2 ZnO 0.0124 (0.0019) 36 (31)
3 ZnO/CCA (1:1) 0.0153 (0.0049) 93 (77)
4 ZnO/CCA (2:1) 0.0186 (0.0061) 96 (68)
5 ZnO/CCA (1:2) 0.0219 (0.0112) 99 (92)

aSunset yellow (SY).
bTartrazine (TA).

.9. Proposed mechanism

Radical scavenging experiments were performed to determine the reactive entities involved in dye degradation by the
nO/CCA (1:2) photocatalyst. Scavengers for the known (.OH, h+, and O.−

2 ) photoinduced radicals were introduced, and
he results are presented in ESI Fig. S11(a, b).

It is noticeable that the radical scavengers, disodium ethylenediaminetetraacetic acid (EDTA) and p-benzoquinone (BQ),
ignificantly diminished the activity of the ZnO/CCA (1:2) photocatalyst. A study of the various scavengers and their
nown modes of action points to the type of radicals involved in the photocatalytic process. The fact that higher activity
eductions were observed for BQ and EDTA (see Fig. S11) indicates the involvement of h+ (followed by O.−

2 and .OH) in
he photodegradation of the two dyes.

The steps involved in a typical photocatalytic process are:

• light-harvesting and generation of photoinduced carriers;
• photoinduced charge carrier separation and transfer to catalyst surface;
• redox reaction on the surface of the catalyst.

n light of these, the effective utilization of surface electrons and holes is also crucial for photocatalytic efficiency. An
llustration depicting the pathway for the ZnO/CCA photocatalyzed process is shown in ESI Fig. S12. This study has
emonstrated an improvement for the ZnO semiconductor by impregnation with CCA. This is because, generally, ZnO
s mainly stimulated by UV light with minimal visible light absorbance (Baruah et al., 2010; Lavand and Malghe, 2015;
enasu et al., 2021). An increase in light absorption in the visible region coupled with an improved pollutant adsorption
apacity and efficient charge carrier separation are the main factors responsible for the improved performance of the
hotocatalysts reported herein.
The exciton (e−/h+ pair) produced during photocatalysis is prone to irradiative recombination, which must be hindered

o make available the electron for further dye degradation reactions. The photoinduced charged pair recombination is
uccessfully hindered if they are separated efficiently for long periods. In the illustration (Fig. S12), when ZnO/CCA (1:2)
as exposed to visible light, the electron in the valence band (VB) was agitated and stimulated to the conduction band
CB), where it was easily captured by CCA, while h+ remained in the VB. As a result, the photogenerated excitons move
n opposite directions in a cyclic pathway. This phenomenon is responsible for the increase in exciton life span, which
ncreased the number of opportunities per unit time for the photoactive species to participate in the photocatalytic
eaction, resulting in increased efficiency. Typically, photoinduced electrons in the CB are scavenged by surrounding O2 to
form O.−

2 , whereas h+ in the VB reacts with H2O to yield hydrogen ions (H+) and hydroxyl radicals (.OH) (Bouarroudj et al.,
021). As a result, the H+ reacts with O.−

2 to produce the .OOH radical that is further reduced to H2O2, which generates the
eactive OH− and .OH radicals (Bouarroudj et al., 2021). According to Srinivasan et al. (2019), the photogenerated reactive
ntities (h+, .OH and O.−

2 ) then participate in degrading the dyes to CO2, mineral acids, and H2O. Therefore, the improved
photocatalytic performance of the ZnO/CCA (1:2) catalyst may be due to an ease in the generation of the photo-charges
due to its low bandgap energy and the reduced recombination rate of the excitons (Liu et al., 2019; Merlo et al., 2021;
Zhang et al., 2019).

3.10. Reusability of the ZnO/CCA (1:2) nanocomposite and its photostability

Fig. S13 presents the results of the photostability tests conducted on the most active ZnO/CCA (1:2) nanocomposite.
After each cycle, the catalyst was retrieved by simple centrifugation, filtered, rinsed several times with deionized water,
dried overnight at 80 ◦C, and reused in the next cycle. The results indicate little or no loss in catalyst performance up to
the fifth cycle, with only a minimal reduction in dye degradation efficiency from 99% in the first cycle to 95% in the fifth
for sunset yellow (FCF). Similarly, by the fifth cycle, photocatalytic performance for tartrazine only reduced from 92% to
84%, indicating ease of recyclability and potential for catalyst reuse.
13
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3.11. Applications and future research prospects

Coloured organic compounds in water bodies are potentially harmful to life, and there is a growing need for sustainable
ethods for their removal. Heterogeneous photocatalysis is the most viable method of wastewater decontamination.
his study developed a simple, cheap and sustainable route to the synthesis of modified ZnO nanocatalysts that have
ddressed some of the inherent shortcomings of heterogeneous photocatalysis. Key amongst which are poor visible light
tilization and separation of photogenerated charges. Hence, the ZnO/CCA nanocomposites have practical applications
s visible/solar light-driven photocatalysts for pre-treating effluent wastewater contaminated with organic dyes. The
dvantages are enormous because the process is cheap, safe and green. Immediate prospects from this work include
xpanding the application to an industrial scale, which will require some enhancements toward more robust CCA-
upported semiconductors. These may include the development of metal-ion-doped ZnO nanomaterials and binary/ternary
anostructured materials containing ZnO supported on CCA. Also, depending on requirements, the ZnO/CCA composites
ay be further supported on a more rigid platform like glass or a pliable one like paper to further improve catalyst

ecovery and recycling at a municipal or industrial wastewater treatment scale.

. Conclusions

The synthesis and successful incorporation of ZnO nanocatalysts onto CCA supports utilizing the reactivity of TDI
roups is reported for the first time. This is a significant advancement towards using ZnO photocatalysts for environmental
emediation under visible light. The as-prepared CCA combined the alumina’s texture and carbon’s surface chemistry. COD
easurements further confirmed the complete degradation of the model pollutants. The novel photocatalysts synthesized
y following a low-cost and straightforward route are expected to provide impetus to future large-scale and commercial
doption of the ZnO/CCA catalyst systems.
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