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Abstract

This Study focuses on the preparation of sustainable and efficient Chitosan catalyst for the removal of three organic
pollutants, 17R-Estradiol (E2), 17a-ethynyl estradiol (EE2) and triclosan (TCS) from water. The prepared nanocom-
posites were characterized by different techniques which confirmed the presence of the key components Chitosan,
Carica Papaya seed and Kaolinite. The optical characterization proved the nanocomposite is photoactive with a band
gap of 1.81 eV and 1.77 eV for Chitosan/kaolinite biochar (CS/KBC) and Chitosan/kaolinite biochar/GO (CS/KBC/GO)
respectively, confirming the ability of the nanocomposite to be active in the visible light region of the spectrum.
The degradation experiment using CS/KBC/GO was observed better with 100% removal for 5 mg/L E2 and EE2

over 60 min and 97.8% over 120 min for 10 mg/L TCS at optimum conditions (pH 3 for E2, and EE2 and pH 7). It

was observed that the superoxide radical played a major role in the degradation of the contaminants. Furthermore,
the CS/KBC/GO was efficient over four cycles without any decrease in performance, which rules out the question

of catalyst deactivation proving the sustainability of the catalyst. The toxicity test shows that the water is safe as it
does not harm cerio daphnia silvestrii organism.; CS/KBC/GO efficiently removed the micropollutants from real-life
waste samples and the performance was very good with a slight decrease in performance for the wastewater due
to the complex matrix of the water sample that competes for the active site.
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Introduction
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incomplete removal [4-7].
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Fig. 1 The structures of the contaminants E2, EE2 and triclosan

Estradiol is a naturally occurring estrogen present in
women and it is the major and most potent form of estro-
gen while EE2, a derivative of E2, is a synthetic estrogen
[8]. Both E2 and EE2 are major components of the con-
traceptive pill and are also used for hormone replace-
ment therapy. EE2 is more persistent in the environment
than E2 because of its complex structure. They are carci-
nogenic, teratogenic, and mutagenic and they have been
linked with the increase in breast-ovarian cancer and
fibroids in females, feminization in fishes, obesity, and
low sperm count in males, even at low concentrations
[8-11].

The world’s human population of about 7 billion dis-
charges approximately 30,000 kg/year of natural steroidal
estrogen and an additional 700 kg/year of synthetic estro-
gens solely from the use of birth control pill practices
[12]. These estrogens are largely excreted by humans and
animals via urine and faeces as active free forms or inac-
tive glucuronide and sulphate conjugates [9, 12].

On the other hand, environmental contamination from
chemicals in personal care products (PCPs) has attracted
massive attention, due to their negative ecological effects.
Triclosan [TCS, 5-chloro-2-(2, 4-dichloro phenoxy) phe-
nol] for example, is used extensively in cosmetic and
other personal care products like toothpaste, sterilizers,
handwash, soap, shampoo as antimicrobial agents [5, 13,
14]. It is toxic to aquatic organisms, bio-accumulative
and persistent in the environment [15, 16]. It is consid-
ered to be the parent material to other toxic byproducts
like dioxins, methyl triclosan and chloroform which may
induce hormone disruption, skin irritation, susceptibil-
ity to allergy, disruption of the nitrogen cycle in sensitive
soils, and antibacterial resistance [16—18]. Approximately
1500 tonnes of TCS are produced annually worldwide,
TCS. It has been detected in the environment (natural
water bodies) at a level in the range of nanogrammes to
microgrammes per litre as reported by some researchers
[17,19].

Given these challenges, there is a need for the seques-
tration of these toxic organic micro-pollutants from
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water. There are, however, several techniques that have
been developed over the years for the removal of con-
taminants from water, e.g. adsorption [20, 21], membrane
separation [22] and advanced oxidation process [23, 24]
such as ozonation [25, 26], photolysis [26, 27], photoca-
talysis, etc.[10, 28]. these methods come with some major
shortcomings such as high energy cost, fouling, high
cost of operation, high cost of membrane cleansing, dis-
posal of spent adsorbent etc. [29-31]. To be specific
the adsorption and photodegradation technologies are
receiving far more attention but photocatalysis does top
the list because of its capability of completely degrading
the contaminant [32].

Photocatalysis is a promising area of research with
important applications in various fields. Advancements
in catalyst technology have been made, but there are
still challenges that need to be addressed [33]. The fast
recombination rate of electron—hole pairs and weak
photo-stability of catalysts, along with the low sur-
face area of pristine catalysts, limit the efficiency of the
catalysts [34]. Researchers have been exploring various
strategies to tackle these challenges. Modifying semi-
conductors, creating heterojunctions [35], and using
polymers [36] and carbon supports [2] as stabilizers are
some of the approaches that have shown great promise
in improving the efficiency and selectivity of photocata-
lytic reactions. These improvements will have a signifi-
cant impact on areas such as environmental remediation,
energy conversion, and chemical synthesis.

To overcome these major drawbacks, the paper
describes the development of a facile chitosan/GO-modi-
fied biochar-based photocatalyst for the efficient removal
of E2, EE2 and TCS from water. The use of Kaolinite a
1D clay which serves as a support and crushed Carica
papaya seed serving as a carbon source to reduce the
electron—hole recombination of the composite produced
stems from their abundance in the environment and con-
version of waste to wealth respectively serves as support,
Chitosan (CS), a 2D, biopolymer, with amino (-NH,)
and hydroxyl (-OH) groups which will help prevent
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agglomeration and promote stability of the nanocompos-
ite [37, 38].

Graphene oxide is a 2D carbon material, with good
mechanical, electrical, thermal and optical proper-
ties which has adsorption and photocatalytic ability
to remove aromatic compounds with benzene rings
through strong m—m stacking interaction [39]. Zinc chlo-
ride (ZnCl,) is meant to provide ZnO that enhances the
performance of the photocatalytic material in the visible-
light region [8].

Different studies have utilized Kaolinite clay [40], Chi-
tosan [38], biochar [41], graphene oxide [42] and their
modified form for the removal of organic contaminants
in water. In a recent study, Son Tran and his colleagues
used biochar/chitosan composite to remove sulfameth-
oxazole in water [43]. Bacterial Cellulose microfibre-
modified chitosan and melamine were synthesized by
Mostafi and colleagues for the removal of congo red and
it was efficient [44]. Following the upcoming synergistic
composition technique, chitosan/metal-based/graphene
oxide nanocomposite has not been utilised to remedi-
ate contaminants in water. The as-prepared nanocom-
posites were successfully synthesized and confirmed
via different characterization techniques such as FTIR,
XRD, SEM, XPS, BET etc. CS/KBC/GO have very good
efficiencies for E2, EE2 and TCS degradation. Also, the
real-time analysis of treated water samples (tap water and
wastewater) to check the degradation efficiency of the
synthesized nanocomposite was satisfactory.

Materials and method

Chitosan (>75% (deacetylated), Zinc Chloride
ZnCl,(>98% anhydrous) sodium chloride NaCl (>98%),
EE2 (>99%, Sigma), triclosan (>99%,), E2 (>99%), Alco-
hol CH;CH,OH (99.7%), methanol CH;O0OH (99.9%,
HPLC grade), Acetonitrile (99.9%, HPLC grade) (all
purchased from Sigma Aldrich, Germany), PTFE filter,
graphite flakes, 99% Carbon, — 100 mesh (>80%), natural,
sulfuric acid H,SO, (95% purity), hydrochloric acid HCI]
(37% purity), potassium permanganate KMnO, (99%),
hydrogen peroxide H,O, (35 wt. % in H,O) (all purchased
from Lab Synth Brazil), Formic acid (>95%), Acetone
(99%) (purchased from Honeywell, Germany), raw Kao-
linite clay sourced from Redeem camp, Ogun State, Nige-
ria and crushed Carica papaya seeds sourced from open
market, Ede, Osun state Nigeria. The graphene oxide was
synthesized using Hummer’s method [10].

Syntheses of nanocomposites

The parent material, made of Kaolinite and Carica
papaya seeds (KBC) was synthesized according to the
protocol in our previous study [8].
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Synthesis of CS/KBC

1 g of chitosan (CS) was dissolved in 50 mL 5% acetic acid
at 45 °C for 2 h under constant stirring. Afterwards, The
CS solution was added slowly to the 50 mL suspension of
5 g of KBC under stirring for 24 h at 55 °C. The resulting
slurry was cooled to room temperature, and CS/KBC was
precipitated from the solution using 1 M NaOH solution.
The precipitate was filtered and distilled water was used
to wash with 0.01 M HCL solution until the pH of the
filtrate becomes neutral. The resulting black precipitate,
named CS/KBC, was dried at 60 °C and stored in a sam-
ple bottle.

Synthesis of CS/KBC/GO

To synthesize the CS/KBC/GO, a volume equivalent to
10 mg/L of graphene oxide (GO) was added to a suspen-
sion of the synthesized CS/KBC composite in Millipore
water. The suspension was sonicated for 2 h to ensure
homogeneous dispersion. Afterwards, GO-modified CS/
KBC composite (CS/KBC/GO) was washed several times
with Millipore water and dried at 55 “C for 8 h in a vac-
uum oven.

Characterization of the nanocomposite photocatalyst

The Scanning Electron Microscope (SEM) (Leo-Model:
440) equipped with an energy-dispersive X-ray at an
accelerating voltage of 5 kV was used to analyze surface
morphology and elemental composition. Perkin Elmer
spectrum 100 Fourier transform infrared (FTIR) spec-
trophotometer (USA) was used to analyze the function-
alities present in the nanocomposite. The Quantachrome
NOVA1000e surface area and particle size analyzer were
used to determine the Brunauer—Emmett—Teller analysis.
X-ray photoelectron spectroscopy (XPS) was conducted
using a Thermo Scientific K-Alpha spectrometer with a
monochromatic Al Ka (1486.6 eV) radiation source.

Photocatalytic performance of CS/KBC and CS/KBC/GO

The degradation of E2, EE2 and TCS in 100 mL aqueous
solution of 5 mg/L E2 and EE2 and 10 mg/L TCS was
examined under visible light (room temperature=25 °C,
four fluorescent lamps=35 W each, distance of lamp
from reacting vessel=ca 4 m) with the photocatalytic
activity of the prepared materials CS/KC and CS/KBC/
GO. The process was carried out by agitating 0.2 g of
the catalyst (CS/KBC, CS/KBC/GO) on a shaker for 400
and 600 min for E2, EE2 and TCS respectively. At spe-
cific time intervals, samples were withdrawn and filtered
through 0.25 pm PTFE syringe filters, and the analysis
was carried out in triplicate. The remnant contaminants
(E2, EE2 and TCS) were quantified using high-perfor-
mance liquid chromatography (HPLC, Agilent 1200
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series HPLC-DAD detector at a wavelength of 285 nm
for E2 and 280 nm for TCS). Gradient elution was per-
formed with a flow rate of 1 mL/min, and an injection
volume of 20 pL for 12 min using a mixture of acetonitrile
and water spiked with 0.1% formic acid (3 min: 30/70%;
4 min: 40/60%; 10 min: 45/65%; 13 min: 30/70%) for the
E2 and EE2. For TCS, isocratic elution was employed
using a mixture of acetonitrile and water spiked with
0.1% formic acid. Separation was achieved using a Zor-
bax SB-CN (5 pum) reverse phase (4.6 X 250 mm) column.

Effect of operational variables

The degradation process was investigated using the CS/
KBC/GO photocatalyst with the highest efficiency by
examining the initial concentration of organic contami-
nants, photocatalyst dosage, ionic strength, anions, and
pH. The effect of photocatalyst dosage was analyzed by
mixing 0.02, 0.04, 0.06, 0.1, 0.2, 0.3, and 0.4 g/L of the
photocatalyst with 5 mg/L (E2 and EE2) and 10 mg/L
(TCS). To examine the impact of pH on photocatalyst
efficiency, the pH of each solution containing E2, EE2,
TCS, and 0.2 g of photocatalyst was adjusted between 2.0
and 12.0.

Scavenging experiment

Different radical scavengers like benzoquinone (BQ), iso-
propyl alcohol (IPA), and ammonium oxalate (AO) were
utilized to investigate the reactive species produced by
the CS/KBC/GO material with the best photocatalytic
efficiency in this study. The scavengers were used to
trap HO', «O,” and h* respectively in aqueous systems.
In addition, 0.05 mM of the different radical scavengers
were added to spike the 5 mg/L E2 and EE2 and 10 mg/L
TCS.

Competitive degradation of micropollutants
To examine the impact of a combination of E2, EE2, and
TCS micropollutants on the effectiveness of CS/KBC/
GO, a study was carried out. The study included 0.2 g/L
of photocatalyst, 5 mg/L of E2 and EE2 and 10 mg/L of
TCS. The samples were collected after 480 min for E2
and EE2 and 600 min for TCS. Each sample was filtered
through a 0.25-pm filter and analyzed using the HPLC-
UV. The samples were analyzed three times to ensure
accuracy.

The amount of the micropollutant degraded was calcu-
lated using.

e

% Degradation = x 100 (1)

0
C, represents the initial concentration in mg/L. C,, on
the other hand, refers to the equilibrium concentration
of in mg/L. To determine the degree of mineralization in
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water treated with photocatalysts, the oxygen equivalent
of organic matter in each sample was measured using the
Shimadzu TOC VCPH Analyzer (P/N 638-91062-33;
S/N 39N42773).

Treatment of real-life sample

A study was conducted on the efficacy of the CS/KBC/
GO composite, which is the most effective photocata-
lytic material, in breaking down steroid estrogens (E2,
EE2, and TCS) in tap water, rainwater, and wastewater
obtained from the wastewater sewer at the University of
Sao Paulo, Sao Carlos, Brazil (22.00270 S, 47.89860 W).
These matrices were spiked with 5 mg/L E2 and EE2, and
10 mg/L TCS.

Results and discussion

Characterizations of the nanocomposites

The XRD was used to confirm the level of crystallinity of
the materials, chitosan, Kaolinite, CS/KBC, and CS/KBC/
GO as shown in Fig. 2A. The presence of the broad peak
at 26=10.01 (020), 20.04 (110) which confirms the semi-
crystalline nature of the chitosan [45, 46]. Kaolinite char-
acteristic 001 reflections are observed at 12.4° (JCPDS
79-1570) in all kaolinite, CS/KBC and CS/KBC/GO.
Other Kaolinite reflections were all observed at 26=20.9
(020), 23.5 (110), 45.7, 54.9 and 60.0° (ICSD 66571).
Quartz peaks were also observed in all the photocata-
lysts at 20=21.6 (020), 26.8 (111), 36.7(200), 38.2(131)
and 50.3 (033) (ICSD 46-1045), as confirmed in our
previous studies [10, 35]. Carbon peaks were detected
in the synthesized CS/KBC and CS/KBC/GO XRD pat-
tern at 42.47° (100) due to BC used in synthesizing the
composite.

CS/KBC and CS/KBC/GO composite were all charac-
terized by the presence of ZnO phase at 20 =31.6 (100),
36.6 (101), 46.0 (102), 62.5° (103) which resulted from the
use of ZnCl, and NaOH hydroxide for the preparation of
the parent material KBC. The wurtzite phase of zinc was
also reflected at 34.3 (002), 36.6 (101) and 46.1° (102) for
both catalysts [46]. CS/KBC/GO was characterized by
the typical GO reflection at 26=10.0° [8]. The successful
confirmation of the wurtzite phase and the GO in the as-
synthesized composite aided their photocatalytic perfor-
mance compared to the parent material KBC.

FTIR analysis of the photocatalyst was obtained
between 4000 and 400 cm™' for all photocatalysts
(Fig. 2B). The absorption peaks between 3720 and
3400 cm™! are attributed to -OH and -NH groups stretch-
ing vibrations [47]. However, for the samples, KBC, CS/
KBC, and CS/KBC/GO, the stretching -OH vibration
groups lie between the tetrahedral and octahedral sheets
of the clay (Kaolin). Furthermore, the -OH stretching
group from the octahedral surface forms hydrogen bonds



Bayode et al. BMC Chemistry (2024) 18:243

Page 5 of 19

1 CS/IKBC/GO }

u

GO

CS/KBC/GO N\ \/ \ "/
CS/KBC/GO
[ 1 A A PR |
CS/KBC
CS/KBC
J A |[B =T\
kaolinite

1 CS/KBC ]
M

CS:
3

2 Theta (degree)

1;) 2;) 3.0 42, 5.0 s.o 7;, 80 4000 3500 3000 2500 2000 1500 1000 500 200 150 100 50 0 -50 -100
Wavenumber cm™

8(13,)/ppm

Fig. 2 A X-ray diffraction pattern, B Attenuated total reflectance-FTIR (C) *C NMR of Chitosan, Kaolinite, GO, CS/KBC and CS/KBC/GO

nanocomposite photocatalyst

with the oxygen of Si—O-Si bonds on the lower surface
of the upper layer [48] This observation conforms to the
study by Akpotu and his colleagues [49]. The absorption
band at around 1636 and 1626 cm™" is assigned -OH and
-NH bending vibrations. The absorption band at around
994-1010 cm™ is assigned as horizontal Si-O bend-
ing vibration. The peak between 805 and 782 cm™! was
assigned as Si—O-Si inter-tetrahedral bridging bonds in
SiO, and -OH deformation bands of gibbsite. GO has
a high amount of oxygen functional groups after oxida-
tion with strong acids. The peak around 1715 cm™! can
be attributed to C=0O stretching ketone and aldehyde
groups. The peak around 1170 cm™' was assigned as
the C-O stretching carboxylic group. The peak around
1030 cm™ was assigned as C-O stretching alcohol and
phenol groups [47, 50]. For chitosan (CS), the absorp-
tion bands around 1650 and 1595 cm™! are attributed to
CONH, and NH, groups, respectively. However, these
peaks were hypsochromically shifted but appeared with
lower intensity in CS/KBC and CS/KBC/GO. This phe-
nomenon can be attributed to the interaction of the
NH?* group of the chitosan with the hydroxyl, carbonyl
and carboxyl groups of the Kaolinite and the Kaolinite
biochar [51, 52]. The absorption band which appeared
around 1000 cm™ in CS/KBC and CS/KBC/GO is due to
Si—O-C vibration [53]. The shift and presence of a new
peak indicates the interaction between the GO, chitosan,
biomass, and Kaolinite. The peak at 572—456 cm™! sug-
gests the presence of a Zn—O stretching band and oxy-
gen vacancies in ZnO [8] which confirms the result of the
XRD.

The 3C NMR spectra of the photocatalyst were differ-
ent in functional groups (Fig. 2C). The NMR spectra for

the GO, KBC/GO (Kaolinite mixed with GO and Carica
papaya seed) and CS/KBC/GO. The chitosan (CS) spec-
tra show peaks at around 180 and 105 ppm which cor-
responds to carbonyl and anomeric carbons, respectively.
The peaks around 60 ppm correspond to the C6/C2
pyranose ring from cellulose. The peak around 75 ppm is
assigned to the C3/C5 resonances [54, 55]. For GO, the
peak around 60 ppm denotes the epoxide groups (C-O—
C) and the peak around 70 ppm denotes the carbon adja-
cent to hydroxyl groups (C—OH) [56]. The peak around
100 ppm is lactol and carbonyl groups, while the peak
around 160 and 190 ppm was designated as O=C-O and
ketone carbonyl groups [57]. KBC/GO and CS/KBC/GO
spectrum exhibit peaks which are typical of lignocellu-
losic biomass composed of lignin and cellulose. The peak
around 56/57 ppm is assigned to lignin methoxy groups
[58]. The peaks around 90-60 ppm are assigned as car-
bonilic carbons. The peaks around 66 and 62 ppm are
assigned as aliphatic C6 from cellulose. The peaks around
73 and 75 ppm are assigned as C2 and C5, respectively.
Peaks present around 89-84 ppm are assigned as the
crystalline and surface chain of cellulose present in the
biochar and C1 is found in the 91-83 ppm range [59].
In KBC/GO and CS/KBC/GO, the peaks around 157-
110 ppm can be assigned as lignin [60]. In CS/KBC/GO,
the peak around 170-187 ppm can be assigned as car-
boxylic carbons from the acetyl group [61].

The X-ray photoelectron spectroscopy (XPS) analysis
was carried out to confirm the chemical composition and
elemental valence state of the CS/KBC/GO nanocom-
posite photocatalyst [62]. The XPS spectrum in Fig. 3A
shows the scan of the photocatalyst and it confirmed the
presence of C, N, O and Zn which agrees with the EDX.
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Figure 3B XPS spectrum confirms the presence of C with
an asymmetric peak at 284.6 eV (Fig. 3B). The deconvo-
luted peaks at 284.2 and 286.2 eV confirm the presence
of C=C and C-O respectively. The Zn 2p*/? and Zn 2p>/>
chemical states of Zn are seen at 1022 and 1044.7 eV
respectively (Fig. 3C). The peak at 531.6 eV as shown in
Fig. 3D, confirms the presence of oxygen species.

The peak at 399.96 suggests N is available in the system.
The two de-convoluted peaks that appeared after the
deconvolution of the N1s spectra at 399.96, 399.52 and
400.96 eV (Fig. 3E) are associated with sp? hybridized N
atoms in tertiary nitrogen and terminal amino function
(-C-N-H) [63]. The peak at 102.0 eV suggests the Si 2p
chemical state which confirms the presence of kaolinite
clay in the composite make-up (Fig. 3F).

Brunauer—Emmett-Teller technique was wused to
characterize the photocatalyst CS/KBC and CS/KBC/
GO. The two photocatalyst composites show a type IV
adsorption—desorption isotherm according to the [UPAC
classification. It also shows the H3 hysteresis loop signi-
fying slit-like formed pores with non-uniform particle
size [32] (Fig. 4A, B). This indicates that the photocata-
lyst is mesoporous. The surface area of the CS/KBC and
CS/KBC/GO photocatalyst are 128 and 168 m?/g respec-
tively as shown in Table 1. After adding GO, an enhance-
ment in surface area was noticed, possibly because of

the high intrinsic surface area of GO resulting from its
2D sheet-like structure. When interacting with CS/KBC,
GO increases the surface area further due to its large,
flat, and thin layers. Each separate GO sheet can substan-
tially contribute to the composite’s overall surface area by
exposing more reactive sites.

The scanning electron microscopy (SEM) images of
the prepared photocatalytic composite CS/KBC show
irregularly shaped small particles with agglomerations
(Fig. 5A). The image of the CS/KBC/GO showed largely
aggregated particles in lumps and the typical flaky mor-
phology of the GO because of the modification with GO.
These results suggest that the prepared photocatalysts
are composites (Fig. 5B). The EDX of the photocatalyst as
shown in Fig. 5C and D confirm the presence of Ti, O,
Fe, ZN, Al, P, Si, S, and Ca in them. The Zn and Cl are a
result of the ZnCl, used for activating the parent material
KBC, the Si, Ti, Fe, and Al stem from the Kaolinite clay,
while K and Fe are major components of Carica papaya
seed [64]. The EDX result did not reveal the presence of
carbon. Still, the XPS did because it is more accurate for
surface analysis. It provides detailed information on the
chemical state and precise quantification of elements at
the surface with high energy resolution.

Figure 6A shows the optical absorption spectrum of
CS/KBC and CS/KBC/GO photocatalytic composite
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Table 1 Brunauer-Emmett-Teller (BET) surface area, pore
volume and pore size of the as-synthesized photocatalytic
composite

Composite Surface area Pore volume Pore size (A)
(m?/g) (cm?/g)

CS/KBC 128 0.098 1642

CS/KBC/GO 168 0.072 204

recorded at wavelengths between 200 and 800 nm using
UV-DRS equipment. The CS/KBC shows absorption
edge at 260 nm and 489 nm and CS/KBC/GO at 220 nm,
287 nm and 487 nm. The estimated bandgap obtained
from Tauc analysis using the indirect n values are esti-
mated to be 1.81 and 1.77 eV for CS/KBC and CS/KBC/
GO nanocomposites, respectively (Fig. 6B).

The UV and visible light absorption edges of CS/
KBC and CS/KBC/GO photocatalysts suggest these

nanocomposites can trap and utilize light from solar light
with a spectrum ranging from ultraviolet to infrared.
The catalyst becomes more active in the visible region,
resulting in the generation of additional electron—hole
pairs. This, in turn, leads to the excited electrons in the
conduction band reducing oxygen to superoxide anion.
In contrast, the hole in the valence band is a strong oxi-
dizing agent that can react with water and hydroxide ions
to form hydroxyl radicals’ reactive oxygen species (ROS).
These species are essential for facilitating oxidation—
reduction reactions in photocatalysis, making the process
more efficient for various applications such as environ-
mental remediation, energy conversion, and pollutant
breakdown [10, 62].

Photocatalytic activity and mineralization experiment
A comparison study between all the components of the
photocatalyst Chitosan, Kaolinite, CS/GO, KBC, CS/
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KBC, and CS/KBC/GO was conducted in a preliminary
evaluation to determine their capacity to degrade the
contaminants. The preliminary evaluation revealed the
performance of Chitosan, Kaolinite, and CS/GO, KBC
showed that the removal of the contaminant was less
than 25%, while CS/KBC and CS/KBC/GO showed good
performance of over 60% and 90% respectively (Fig. 7A).
To examine the photocatalytic activity of the materials,
a photolysis experiment (in the presence of visible light
with no nanocomposite) was carried out for the degra-
dation of E2, EE2 and TCS with an observed removal
efficiency of 19.62%, 14.24% and 8.967% respectively
(Fig. 7B). In the absence of light irradiation, the nano-
composite CS/KBC showed removal efficiencies of 9.34%,
7.90%, and 5.34% for E2, EE2, and TCS, respectively. On
the other hand, the removal efficiencies using CS/KBC/
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GO were 19.20%, 11.94%, and 15.71% for E2, EE2, and
TCS (Fig. 7C).

The photocatalytic experiment was performed using
both binary CS/KBC, ternary CS/KBC/GO nanocompos-
ites and CS/KBC showed degradation efficiency of 64.6%,
68.12% and 67.85%, while CS/KBC/GO showed degrada-
tion efficiency of 100%, 100% and 97.8% for E2, EE2 and
TCS respectively. The results proved that the ternary
nanocomposite CS/KBC/GO have better efficiencies
than the binary CS/KBC. It showed 100% for E2 and EE2
in <60 min and 97.87% for TCS in< 120 min as observed
in Fig. 7B, C below. This proves that the irradiation of vis-
ible light enhanced the removal of the contaminant over
a short period. Also, the enhanced performance of the
ternary CS/KBC/GO nanocomposite can be attributed
to the presence of the GO which reduces the bandgap
and makes it more available to absorb light in the visible
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Fig. 7 AThe different components of the photocatalyst performance for degradation, B Photolysis and photodegradation of E2, EE2 and TCS using
CS/KBC and CS/KBC/GO, (€). Photodegradation and adsorption process for the removal of E1, E2 and TCS using CS/KBC/GO and (D). kinetic Model
for the degradation of E1, E2 and TCS using CS/KBC/GO. (Conditions: 100 mL of 5 mg/ LE2 and EE2, 100 mL of 10 mg/L TCS, 0.2 g CS/KBC and CS/

KBC/GO, temperature 25 °C, pH 3 for E2 and EE2 and pH 6 for TCS)
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region, also, it reduces the recombination rate of the elec-
tron—hole pair generated, which in turn increases the for-
mation of hydroxyl (OH) and super-oxide radicals (‘O,)
aiding the optimum degradation of E2, EE2 and TCS [32,
33, 65].

Figure 7D shows that the photodegradation of E2,
EE2 and TCS by CS/KBC/GO fit the pseudo-first-order
kinetic equation, which is:

In = = —Kgppt 2)
0
where k,, is the rate constant (min™?),

C,, is the equilibrium concentration of E2, EE2 and
TCS (mg. L™),

C, is the concentration of E2, EE2 and TCS at time t
(min), respectively.

The rates of photocatalytic degradation of the contami-
nants in water follow the order EE2>E2>TCS as shown
in Table 2. The degradation trend implies that the fast
degradation observed in EE2, looking at the molecular
structure of E2, EE2 and TCS in Fig. 1, the E2 contains
the hydroxyl group at the C3 and C17 positions of the
steroid ring structure, while the EE2 contains the ethyl
group at the C17 position of the steroid structure. The
TCS has two hydroxyl groups, and three chlorine atoms
attached to a phenyl ring. These hydroxyl groups in E2
and the chlorinated structure in TCS make the molecule
more stable and less prone to attack by reactive species,
while the ethynyl group in EE2 makes it electronically
unstable and prone to ROS attack. can

Additionally, the—C=CH group in EE2 has a lower
bond energy compared to the hydroxyl groups in E2 or
the chlorinated bonds (C-Cl) in TCS. The triple bond in
EE2 is more vulnerable to attack by reactive species or
the absorption of photons, which leads to the molecule
breaking down [66—68].

EE2’s high susceptibility to photolysis causes it to
degrade more rapidly under light exposure. The - C=CH
group in EE2 can absorb more energy, facilitating elec-
tron transitions that result in bond breakage and the
rapid formation of degradation intermediates. E2, lack-
ing this photo-reactive—C=CH group, absorbs less
energy, leading to a slower rate of photolysis. TCS, with

Table 2 Kinetic parameters for the photocatalytic Degradation
of E2, EE2 and TCS using CS/KBC/GO

CS/KBC/GO kopp (Min™") t;, (min) s

E2 002226 44,925 0.99392
EE2 0.03264 21.231 0.98369
TCS 0.0089 77.865 0.96754
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its chlorinated structure, is even more resistant to photo-
degradation [16, 69].

Furthermore, the photocatalytic degradation ability of
the ternary nanocomposite photocatalyst with the opti-
mum performance of CS/KBC/GO was evaluated by car-
rying out the total organic carbon (TOC) analysis, the
values of E2, EE2 working solution before and after the
experiment was analysed to give us a clear overview into
the degree of mineralization of the contaminants into
CO, and H,0. The TOC removal (%) was observed in
the range of 82.32%, 83.17% 67.37%, for E2, EE2 and TCS
as shown in Fig. 9A. The mineralization trend followed
EE2>E2>TCS, with TCS being the least mineralized and
this reflected in the toxicity study, it has about 5% mor-
tality on the C. Daphnia spp as seen in Fig. 11B.

Influence of process variables

Different process variables such as the effect of pH, pho-
tocatalyst dose and ionic strength, effect of anions, were
optimized. The influence of these variables was studied
with the photocatalyst with the optimum performance
for the degradation of the micropollutants (E2, EE2 and
TCS), CS/KBC/GO nanocomposite photocatalyst.

Figure 8A displays how the pH affects the elimination
of E2, EE2 and TCS micropollutants. The surface charge
of the adsorbent is influenced by the pH which is a crucial
factor in the degradation of pollutants in water. The high-
est degradation efficiency for E2 and EE2 was observed
at a pH of 3.0, and above this pH, the efficiency reduced
substantially, dropping to about 43% for E2 and 55% for
EE2 in the alkaline region (pH 11.0).

CS/KBC/GO has a point of zero charge (pHpzc) of
5.31. The photocatalyst surface is positively charged
below the pHpzc, and negatively charged above it. The
reduction in the efficiency of CS/KBC/GO at alkaline pH
could be attributed to the repulsive electrostatic interac-
tion between the estrogen ions and graphene oxide (GO).
At higher pH levels, an increase in hydroxyl ions might
result in the formation of aqua complexes, which could
alter or reduce the degradation effficiency of the photo-
catalyst [50, 51]. The pKa of E2 and EE2 are 10.71 and
10.4 respectively, making them positively charged, which
explains why the efficiency increased at low pH. It sug-
gests that hydrophobic interaction and binding affinity
between E2, EE2 and selective binding sites of CS/KBC/
GO were the primary driving forces for degradation.

TCS exists mainly in the protonated form when
the solution pH is less than the pKa value (pKa of
TCS=8.14). The deprotonated form of triclosan exists
when the pH of the solution is more than 8.14, and it
loses a proton making it more negatively charged. The
efficiency decreases when degradation occurs at a pH
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greater than the pKa due to the repulsive electrostatic
interaction between negatively charged ions on the pho-
tocatalyst surface and the deprotonated form of TCS. The
best efficiency for TCS was observed at pH 6.0.

Figure 8B. shows that the efficiency of CS/KBC/GO for
the removal of E2, EE2 and TCS increases as the photo-
catalyst dose increases in the mixture. The increase in
efficiency as the weight increases is linked to an increase
in surface area and the number of available binding
sites on the surface of the photocatalyst. However, there
is a decrease in photocatalyst efficiency as the dose is
increased from 0.2 to 0.4 g/L. The decrease beyond the
optimum dosage could be due to the overlapping of active
binding sites available for degradation, which stems from
overcrowding of excess photocatalyst particles.

Figure 8C illustrates the effect of ionic strength on the
efficiency of CS/KBC/GO for the removal of E2, EE2, and
TCS using various concentrations of NaCl. It shows that

the degradation efficiency of CS/KBC/GO is not signifi-
cantly influenced by ionic strength. This could be due to
the enhanced hydrophobic interactions of the micropol-
lutant with the photocatalyst, as adding salt can increase
the hydrophobic interaction due to the salting-out effect
[13]. Compounds with log (K,,,) values greater than 4 are
hydrophobic and easily degradable [52].

Figure 8D shows the effect of inorganic anions com-
mon in drinking water. A slight decrease in the degrada-
tion efficiency was observed in the presence of sulphate
because it competes with the contaminants for the
active binding site on the surface of the photocatalyst.
This could be attributed to the reactive species scav-
enging reaction through hydrogen bonds and Vander
Waal forces occupying the active site of the catalyst as
expressed in Eqs. 3—4
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°OH + SO2™ — OH™ + SO, 3)

h* 4503~ — SO; (4)

Then the metal oxide ZnO exists on the surface of the
ternary nanocomposite while bicarbonate and phosphate
seem to not affect the degradation efficiency of the CS/
KBC/GO.

Scavenging radicals’ experiment

Photodegradation of organic contaminants may be
because of the reactive species generated upon illumina-
tion of light [10], this gives rise to investigating the roles
each of the reactive species played in the degradation
process of E2, EE2 and TCS.

Generally, three reactive species namely the hydroxyl
radicals (¢+OH), superoxide anion radicals (+O, "), and pos-
itive holes (h*) have been established by several research-
ers to play a great role in the degradation of organic
contaminants in water. To deduce the photodegradation
mechanism, the reactive species scavenging test experi-
ments were conducted, Scavengers such as Ammonium
oxalate (AQ), isopropyl alcohol (IPA), and benzoquinone
(BQ), were used to trap, h*, sOH and «O,", respectively
[10, 70]. The results obtained for the scavenging of active
species experiments are shown in Fig. 9B, it indicates that
AO did not affect the degradation process, as shown by
the efficiency (80.96%, 84.28%, 72.78%) for E2, EE2 and
TCS respectively, while IPA (69.96%, 64.82%,49.16%) and
BQ (43.78%, 52.26%, 36.80%) inhibited the photocatalytic
degradation of E2, EE2 and TCS respectively. The highest
decrease in CS/KBC/GO degradation efficiency towards
E2, EE2 and TCS was obtained when BQ was introduced
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into the system, suggesting that the superoxide radical
played the main role in the degradation process. The role
of the different scavengers for the degradation of E2, EE2
and TCS are in the order of BQ > IPA > AO.

Mechanism for the removal of the micropollutants (E2, EE2
and TCS)

The plausible removal mechanism of E2, EE2 and TCS
onto the ternary nanocomposite CS/KBC/GO was
achieved by adsorption and photocatalytic REDOX reac-
tions of photocatalyst. The components which are chi-
tosan, graphene oxide and clay, biochar (KBC) played a
role in the adsorption of the micropollutant.

The octanol-water partition coefficient (K ) of E2,
EE2 and TCS are 3.67-4.15, 3.94-4.01 and 4.67 respec-
tively, which is very high making them more hydropho-
bic, this results in them being favourably attached to
the surface of the CS/KBC/GO via n-n and hydropho-
bic interaction as shown in the mechanism scheme in
Fig. 10. The addition of GO to the binary nanocomposite
CS/KBC improved the surface chemistry, which aids the
removal of the micropollutants.

The photodegradation of the micropollutants E2, EE2
and TCS under visible light, may be linked to the genera-
tion of reactive species [71]. From the scavenging experi-
ment, it was established that the superoxide and hydroxyl
ion radicals were the main reactive species working
towards the degradation of the micropollutants.

This test suggests the generation of positive holes h*,
and negative electrons e"from the valence and conduc-
tion band respectively, upon the absorbance of light by
the ternary nanocomposite CS/KBC/GO.

% Degradation

IPA BQ AO

No quencher
Fig. 9 A 9% mineralization of E2, EE2 and TCS using CS/KBC/GO and B Effect of scavengers on the performance of CS/KBC/GO for the degradation

of E2, EE2 and TCS. Conditions: 100 mL of 5 mg/ LE2 and EE2, 100 mL of 10 mg/L TCS, 0.2 g CS/KBC and CS/KBC/GO, (temperature 25 °C, pH 3 for E2
and EE2 and pH 6 for TCS)
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Fig. 10 Plausible scheme showing the photodegradation mechanism for the removal of E2, EE2 and TCS using CS/KBC/GO

The photogenerated holes h* in the valence band react
with H,O molecules to produce H* and «OH while the
electron e- in the conduction band generates +«O,~ from
the reduction of O, which promotes the formation of
H,0,, which further breaks down to OH™ and «OH radi-
cals. The «OH and +O," radicals react with micropollut-
ants E2, EE2 and TCS, photo-oxidizing their molecules
and degrading them into less toxic molecules, with CO,
and H,O as the end-product, Eqs. 5 to 12 describe the
REDOX pathway for the mechanism.

CS/KBC/GO + hv — H +(vB) + ecp, (5)
h* + H,O —* OH + H* (6)
h* + OH™ —°* OH (7)
O+ e_ - OF (8)
05~ —+H" - HO; 9)
2HOS — Hy0, + O (10)
H,O0y + e —* OH 4+ OH™ (11)

Micropollutants (E2, EE2, TCS) + ROS intermediates - - - products + CO, + HyO

The major problem of recombination of the electron—
hole pair was overcome by the presence of the KBC
which is the carbon source, which acts as an electron
sink [70] and GO which also serves as a carbon source
and a co-catalyst, thereby trapping the h* and e~ gener-
ated from interacting, giving room for more production
of reactive species for the degradation of the micropol-
lutants as shown in the scheme presented in Fig. 10.

This architecture maximizes charge separation and
allows both electrons and holes to remain active in their
respective processes, leading to higher rates of ROS gen-
eration and improved photocatalytic performance.

Competitive degradation of the micropollutant

The efficiency of the nanocomposite (CS/KBC/GO) in
the presence of the mixture of the micro pollutant E2,
EE2 and TCS at different concentrations, (E2=5 mg/L,
EE2=5 mg/L, TCS=10 mg/L) was studied. Figure 11A
shows the order of removal of the micropollutant is
E2>TCS>EE2 with the percentage of removal being
98.25%, 82.45%, and 91.9%, respectively. This suggests the
efficiency of CS/KBC/GO of the removal of EE2, E2 and
TCS was good as there was only a slight drop in the deg-
radation of E2.
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Fig. 11 A competitive degradation between E2, EE2 and TCS using CS/KBC/GO, B % mortality of Cerio Daphnia spp. when interacted
with the degraded effluent of E2, EE2 and TCS (C). Reuse efficiency using CS/KBC/GO for the degradation of E2, EE2 and TCS over 4 cycles.
(Conditions: 100 mL of 5 mg/ LE2 and EE2, 100 mL of 10 mg/L TCS, 0.2 g CS/KBC and CS/KBC/GO, temperature 25 °C, pH 3 for E2 and EE2 and pH 6

for TCS)

Reuse efficiency

To ascertain the stability and reuse efficiency of CS/
KBC/GO a reuse efficiency test was carried out. After
every trial, the photocatalyst was retrieved, washed with
methanol severally, followed by Millipore water, and
then dried in the oven at 60 oC for 5 h before being used
again. The samples were analyzed three times. Figure 11C
shows that CS/KBC/GO is stable for four cycles and does
not show a significant loss of efficiency over the evaluated
cycle. This result confirmed the efficiency and sustain-
ability of the synthesized composite for the degradation
of E2, EE2 and TCS in water.

The deactivation of catalysts can occur when the cata-
lyst’s active component leaches into the reaction medium,
particularly in liquid-phase reactions. A leaching test was
conducted, and it was found that there was no leaching
of zinc into the solution. The catalyst’s stability may be
attributed to the strong interaction between the support

and the semiconductor. Additionally, the chitosan in the
component prevents agglomeration, ensuring that they
remain dispersed and active throughout multiple cycles.

Comparing the nanocomposites CS/KBC and CS/KBC/
GO with other nanocomposites reported in the literature
for the photodegradation of E2, EE2 and TCS from water,
showed that CS/KBC and CS/KBC/GO nanocomposites
were effective for the removal of these contaminants as
shown in Table 3 below.

Treatment of waste effluent and tap water.

To assess the effectiveness of CS/KBC/GO nanocom-
posite in eliminating micropollutants E2, EE2, and
TCS from tap water and wastewater, the concentra-
tion of these substances was elevated to 5 mg/L and
10 mg/L respectively. As a control experiment, Mil-
lipore water was spiked with the same concentration
of estrogens. The presence of these micropollutants in
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Table 3 Comparison of the as-synthesized photocatalysts with other photocatalysts in the literature

Photocatalyst Contaminant Degradation (%) Reaction Conditions Reuse Cycle Reaction Time References
Lignin Nanorod/g-C5N, TCS 99.5 Conc:10 ma/L; pH 3 5 90 [72]
NiCu/Nb,Os E2 82 Conc:1.5mg/L; pH 3 - 240 [73]
Sr/Ag-TiO, EE2 79 Conc:10 mg/L;pH - - 240 [74]
Cds@TiO,-Rgo E2 67.5 Conc10 mg/L; pH - - 120 [75]
TiO,/UV-A TCS 82 Conc:10 ma/L; pH 7 - 20 [76]
Mixed Phase TiO,/ZnO/UV EE2 100 Conc:10 ma/L; pH - 3 240 771

E2 20 3
BiVO4 TCS 73 Conc:10 mg/L; pH - - 120 [78]
Ag/BiVO,/5% wt % Rgo TCS 100 Conc:10 mg/L; pH - 3 120 [78]
Ag/AgCl/ZnFe204 EE2 100 Conc:5 mg/L; pH - 5 240 [79]
ZnFe, 0, EE2 30 Conc:5 mg/L; pH - - 240 [79]
TNTs@AC E2 99.8 Conc:5 mg/L; pH 3 - 120 [2]
Solar/TiO2-FeZ/H,0, Process E2 78.1 Conc:5 mg/L; pH - - 240 [80]
Aeroxide TiO, P25 E2 413 Conc:5 mg/L; pH - - 240 [80]
Solar/TiO,-SnS/H,0, process E2 51.0 Conc: 10 mg/L; pH - - 240 (80]
Solar/ TiO,-SnS E2 344 Conc: 10 mg/L; pH - - 240 [80]
CS/KBC E2 64.6 Conc:5 mg/L for E2 - 60 This study

EE2 68.12 and EE2, 10 mg/L for TCS; - 60

TCS 67.85 pH 3 and pH 7 for TCS - 120
CS/KBC/GO E2 100 Conc:5 mg/L for E2 4 60 This study

EE2 100 and EE2, 10 mg/L for TCS; 4 60

TCS 97.8 pH 3 and pH 7 for TCS 4 120

Table 4 Percentage removal of E2, EE2 and TCS in Millipore
water, tap water and wastewater samples using CS/KBC/GO

E2% removal EE2% removal TCS % removal

Millipore water 100 100 97.80
Tap water 88.13 9234 83.25
Wastewater 83.61 84.26 79.87

the water was then measured, and the results indicated
that only the wastewater sample contained a measur-
able concentration of estrogens before spiking, which
was expected given its complex composition. Accord-
ing to Table 4, the levels of micropollutant removal
varied in the order of Millipore water (control) > tap
water > wastewater. When the nanocomposite was
used with the wastewater, its effectiveness decreased,
possibly due to the complexity of the sample, which
caused other substances to compete for the active sites
on the nanocomposite surface.

Toxicity test

To ascertain the toxicity effect of the treated effluent
on Cerio daphnia spp. The acute toxicity procedure
was followed as reported in our previous study [10].
From the result, it can be deduced that TCS was the
only contaminant that showed a lethal effect on the
Cerio daphnia spp. Population. It is safe to say the
treated effluent is not toxic (Fig. 10 B).

Economic Evaluation and cost analysis of the as
synthesized photocatalysts
The selection of a photocatalyst for the removal of
E2, EE2, and TCS is crucial in achieving the sustain-
able development goal of providing clean water, par-
ticularly for developing countries. For this reason, this
study aims to synthesize a low-cost photocatalyst while
considering factors such as efficiency, cost, and energy
implications. To ensure that the as-synthesized photo-
catalyst CS/KBC/GO is sustainable and cost-effective,
it is necessary to estimate and compute the cost. This
involves considering different steps in the synthesis
process, from raw materials acquisition to the recovery
or reuse step [50, 81]. The total cost of synthesizing CS/
KBC/GO is outlined in Table 5.

Furthermore, the photocatalyst synthesis cost was
calculated using the formula in Eq. 13.
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Table 5 CS/KBC/GO cost analysis
Process Subsection Breakdown Cost (USD/Kg)
Material processing Kaolinite 30 g of Kaolinite 0

Chitosan 10 g of chitosan 7438

Carica papaya seeds 10 g of Carica papaya seeds 0

Graphite 70 g of graphite 7122
CS/KBC/GO Synthesis ZnCl, Cost of the ZnCl, used per g 278

NaOH Cost of the NaOH used per g 6

H,0, Cost of the H,0, used per g 258

H,50,/H;PO, Cost of H,50,/H;PO,, used per g 4.2/38

Drying cost Power of oven X (kW) run time (h) X cost per hour KW.h 4

Calcination cost Power of microwave X (kW) run time (h) X cost per hour kW.h 3

Sonication cost Power of Sonicator X (kW) run time (h) X cost per hour kW.h= 2
Net cost 2222
Overhead cost (@10% of net) 22.22
Total cost 24442

LSD (Chemical purchase [%} + Energycost [%} kWh) (13)

dati L= -
egradation cos g of photocatalyst

degradation capacity efficiency

The total cost of synthesizing 1 kg of CS/KBC/GO is
USD 244.424, which makes it an affordable and sustain-
able option for point-of-use/portable systems or large-
scale industrial applications.

The cost of their materials is not often reported in
many studies. In a recent study conducted by Akpotu
et al. the reported cost for synthesizing 0.5 M-rGO-PEG
was 2,811.54 USD. This material was used to remove
enrofloxacin [50]. When compared to the cost of synthe-
sis of CS/KBC/GO which is 244.42 USD, our photocata-
lyst is confirmed to be cheaper.

Conclusion

CS/KBC and CS/KBC/GO nanocomposite were suc-
cessfully synthesized and characterized using differ-
ent techniques. The nanocomposite is composed of
chitosan, biochar, Zinc oxide and graphene oxide; it is
mesoporous as confirmed by the BET with a high sur-
face area of 128 and 168 m?/g for CS/KBC and CS/KBC/
GO, the increase in the surface area of CS/KBC/GO was
due to the presence of GO which has been confirmed
to have high surface area. The optical characterization
of the nanocomposite was also evaluated, and it proved
that the nanocomposite was photocatalytic and active
in the visible region of the spectrum, with the degrada-
tion efficiency of the nanocomposite 100% for 5 mg/L E2,

EE2 after 60 min and 10 mg/L 97.8% after 120 min for
TCS, even in the cocktail mixture the efficiency was still
optimum. The degradation performance was not affected
by the presence of ionic interference due to salting out
effect and the presence of sulphate affected the degrada-
tion efficiency because of its ability to compete for the
active sites with the contaminants. The toxicity test result
showed that the treated effluent of E2 and EE2 had a
slight effect on the C. daphnia spp while the TCS-treated
effluent had a slight effect of 5% on the C. daphnia spp.

CS/KBC/GO proved to be a good material using the
synergistic effect of both adsorption and photodegra-
dation for the removal of E2, EE2 and TCS from water
through different mechanisms such as n-m, hydropho-
bic interaction and by the presence of free radicals
(+OH and +O,"), it was possible to break bonds in the
micropollutants. CS/KBC/GO was observed to be effi-
cient even after 4 cycles of degradation of the micropo-
llutants proving sustainable.
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