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asmonic AgCl and oxygen-rich
Bi24O31Cl10 composite heterogeneous catalyst for
enhanced degradation of tetracycline and 2,4-
dichlorophenoxy acetic acid†

Dorcas Adenuga, * Sifiso Skosana, Shepherd Tichapondwa and Evans Chirwa

In this study, a AgCl/Bi24O31Cl10 composite heterostructure was constructed. Varying ratios of AgCl

nanoparticles were immobilised onto the Bi24O31Cl10 rod-like structure. The physical and optical properties

of the synthesised catalysts were characterised using a range of techniques. The photocatalytic activity of

the catalysts was investigated by the degradation of 2,4-dichlorophenoxy acetic acid (2,4-D) and

tetracycline (TC) under visible light irradiation. The performance of the composite photocatalysts was 18

and 3.4 times better in 2-4,D and TC photodegradation when compared to Bi24O31Cl10 alone. The

improved photocatalytic performance was due to the surface plasmon resonance (SPR) effects of the Ag

nanoparticles deposited on the surface of the Xwt%AgCl/BOC thereby improving the separation of the

electron–hole pair. The effects of the initial contaminant concentration, pH, photocatalyst loading were

investigated. Trapping experiments were also carried out to deduce the reactive species responsible for the

degradation process and a preliminary mechanism of degradation was proposed. Successful mineralisation

of 2,4-D and TC at 65% and 63% efficiency was also measured after 24 h and the potential for reusability

of the as-synthesised photocatalyst was established. This work reports a promising heterogeneous

photocatalyst for the removal of pollutants such as TC and 2,4-D from wastewater.
Introduction

Non-biodegradable organic contaminants in wastewater such as
herbicides and antibiotics stem from large scale farms, phar-
maceutical industries and hospitals.1 Antibiotics such as tetra-
cycline, one of the most commonly used, are used in the
treatment of bacterial infections in humans and animals.2 They
are not fully utilised in their bodies and as such, about 50% of the
antibiotics enters the environment as metabolites.3 2,4-D
commonly used in farmland for the control of leaf weeds and
grasses is a chlorinated hydrocarbon (Table S1†) widely known to
be carcinogenic and mutagenic while having low biodegrad-
ability in the environment.4,5 2,4-D is included in the WHO Rec-
ommended Classication of Pesticides by Hazard (WHO Class II)
and rated in category 4 as having an LD50 of 300–2000mg kg�1 in
the Globally Harmonized System of Classication and Labelling
of Chemicals (GHS). Different wastewater treatment techniques
such as adsorption, biological treatment combined with
advanced oxidation process (AOP), ltration, reverse osmosis,
f Chemical Engineering, University of

ateld, 0028, South Africa. E-mail:

ail.com; shepherd.tichapondwa@up.ac.

tion (ESI) available. See DOI:

6768
electrochemistry has been employed in the removal of persistent
organic pollutants in wastewater.6,7 However, there have been
many limitations in the application of these conventional
wastewater methods such as high energy consumption, low
efficiency and the production of secondary waste streams.

Photocatalysis has attracted attention as a viable technology
for use in the environmental and energy generation elds.8 In the
last couple of decades, researchers have continued to develop
new photocatalysts in the area of photocatalysis and give more
attention to more toxic compounds.9 This is especially true in
cases where non-biodegradable, recalcitrant organic compounds
are present in wastewater.10 The highly reactive free radicals
generated when photocatalysts are irradiated with suitable light
sources are capable of degrading and mineralizing recalcitrant
compounds.11 However, commonly used photocatalysts such as
TiO2 and ZnO have a major drawback in that they are only active
under ultraviolet light irradiation, which constitutes less than 5%
of solar radiation.12 This limits the practical application of these
materials, as external sources of energy are required. It is there-
fore important to develop photocatalysts that are capable of
functioning under visible light irradiation and ultimately utilise
direct sunlight for the degradation andmineralisation of organic
contaminants in wastewater.

In recent years, Bismuth oxyhalide photocatalysts BiOX (X ¼
Cl, Br, and I) have been widely investigated due to their excellent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram illustrating the preparation process of
Xwt%AgCl/BOC heterojunction photocatalyst.
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electrical, catalytic and optical characteristics.13 Bismuth based
materials are characterised by a narrow bandgap that aids
photocatalytic activity in visible light due to their hybridized O
2p and Bi 6s2 valence bands.14 They have been used in the
photodegradation and decolouration of dyes, water splitting
and the removal of contaminants in wastewater systems.15

Literature shows that various BixOyClz forms have been syn-
thesised and studied. Examples include Bi24O31Cl10,13

Bi12O17Cl2,16 Bi3O4Cl (ref. 17) and Bi12O15Cl6.18 It is generally
accepted that the superior photocatalytic activity of these
compounds is a result of their lower bandgap and superior
surface area.19,20 Bi24O31Cl10 is said to have high electron
mobility making it a good material for photoanode and pho-
tocatalysis applications.14 Bi24O31Cl10 is produced through the
thermal decomposition of BiOCl at temperatures above
600 �C.21–24 The compound is a non-stoichiometric oxide of
BiOCl with more O and less Cl atoms, it has high chemical and
physical stability and a narrow bandgap (2.78 eV)25 in compar-
ison to BiOCl (3.19–3.6 eV)23 thereby improving its visible-light
absorption potential. The efficiency of a photocatalyst is
measured by its (i) absorption in light, (ii) separation of charge
and (iii) photocatalytic reaction.20

Studies have shown that neat Bi24O31Cl10 has low photo-
catalytic activity under visible light irradiation as a result of its
high electron–hole recombination rate.25,26 Therefore, band
engineering is used to prepare heterojunction photocatalysts to
overcome the intrinsic disadvantage of a single component
photocatalyst.27

Noble-metal based nanoparticles such as Au, Pt and Ag are
characterised by strong absorption in theUV-Vis region as a result of
the oscillations of surface electrons.28 This phenomenon is referred
to as surface plasmon resonance (SPR). Ag-based nanoparticles are
selected as a result of their relatively cheaper cost which makes
them a good candidate for the fabrication of nanocomposite pho-
tocatalyst.29 AgCl is reported to have a wide bandgap of 3.25–3.26 eV
which is only excited by UV light irradiation.30,31 During irradiation,
plasmonic Ag is formed on the surface of the AgCl, therefore
improving the photocatalytic activity of the photocatalyst.

Herein, we report the in situ fabrication of AgCl/Bi24O31Cl10
composite photocatalyst. The modication of AgCl on the
surface of BOC broadened the photoabsorption of the syn-
thesised composite photocatalyst in the visible light region
hereby enhancing the photocatalytic activity. The Ag0 formed
during irradiation acted as an electron mediator thereby
inhibiting the re-combination of the photogenerated carriers.
Successful mineralisation of 2,4-D and TC at 65% and 63%
efficiency was measured aer 24 h and the reusability of the
photocatalyst was investigated. Finally, a charge transfer
mechanism was postulated with the aid of species trapping
experiments.

Experimental
Chemicals and materials

Materials used in the synthesis process were of analytical grade
and used without special treatment. Bismuth(III) nitrate penta-
hydrate (Bi(NO3)3$5H2O), cetyltrimethylammonium chloride
© 2021 The Author(s). Published by the Royal Society of Chemistry
(CTAC), tetracycline, 2,4 dichloro phenoxy acetic acid (2,4-D),
HPLC grade methanol, 2-propanol, p-benzoquinone and oxalic
acid dehydrate were purchased from Sigma Aldrich. Glacial
acetic acid, silver nitrate (AgNO3) and trimethylamine were
purchased from Glassworld, South Africa. Deionised water used
in this study was from an Elga Purelab Chorus unit.
Preparation of Bi24O31Cl10

Bi(NO3)3$5H2O (4.85 g) was dissolved in 30 mL water and 15 mL
acetic acid. 1 mol (3.2 g) of CTAC was dissolved in 30 mL water.
The CTAC solution was added to the bismuth nitrate solution
and the mixture was continuously stirred for one hour. The
solution was then put in the autoclave for 12 h at 120 �C. The
precursor material (BiOCl) was then collected and washed three
times with ethanol and three times with water. This was then
dried at 80 �C for 4 h. The dried white particles were calcined in
a furnace at 660 �C for 6 h until a light yellow powder is
noticed.14
Preparation of AgCl/Bi24O31Cl10

The synthesised Bi24O31Cl10 (0.2 g) was added into 50 mL of
water while being continuously stirred. A 10 mL solution con-
taining 50mg CTAC was added to the suspension and stirred for
1 h. AgNO3 (27 mg) dissolved in 10 mL water was slowly added
into the Bi24O31Cl10/CTAC suspension and stirred continuously
for 2 h. The collected precipitate was washed with ethanol and
water before being dried at 60 �C for 8 h. This resulted in 10%
AgCl on a mass basis being deposited on the BOC to form
a composite photocatalyst. The process was then repeated using
different stoichiometric amounts to prepare 20%AgCl/BOC and
50%AgCl/BOC as illustrated in Scheme 1 and eqn (1)–(4).32

Bi(NO3)3 + C16H33(CH3)3N–Cl + H2O / BiOCl

+ C16H33(CH3)3N
+ + 2H+ + 3NO3

� (1)

BiOCl �����!Hn 660 �C
Bi24O31Cl10 (2)

Bi24O31Cl10 + AgNO3 / Ag+–Bi24O31Cl10 + NO3� (3)

Ag+–Bi24O31Cl10 + C16H33(CH3)3N–Cl / AgCl/Bi24O31Cl10
+ C16H33(CH3)3N

+ (4)
RSC Adv., 2021, 11, 36760–36768 | 36761
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Fig. 1 XRD patterns for as-prepared samples; BOC, 10%AgCl/BOC,
20%AgCl/BOC and 50%AgCl/BOC.
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Characterisation

Scanning electron microscopy (SEM) images and energy disper-
sive spectroscopy (EDS) spectrum were obtained using a Zeiss
Crossbeam 540 FEG SEM instrument. The morphologies were
further investigated by transmission electron microscopy (TEM)
(JEOL JEM 2100F). The X-ray diffraction (XRD) analysis was per-
formed using a PANalytical X'Pert Pro powder diffractometer in
q–q conguration with an X'Celerator detector, variable diver-
gence- and xed receiving slits with Fe ltered Co-Ka radiation (l
¼ 1.789 A). UV-Vis spectra were recorded using a VWRUV-1600PC
Spectrophotometer at an interval of 1 nm from 600 nm to
200 nm. The nitrogen sorption isotherm and BET surface area
were measured on a Micromeritics TriStar II. Thermogravimetric
analysis (TGA) was done using an SDT Q600 instrument with
heating in Nitrogen gas from ambient temperature to 800 �C.
Photoluminescence (PL) spectra of the photocatalyst were
measured on a Shimadzu RF-6000 Spectro uorophotometer.
Photocatalytic tests

Stock solutions (100 mg L�1) were prepared by dissolving 0.1 g
of 2,4-D and TC in 5 mL of acetonitrile and methanol respec-
tively before being topped with water to the 1 L mark. Conse-
quently, dilutions were prepared from these stock solutions to
make the required concentrations. Typically, 0.1 g of the syn-
thesised photocatalyst was added to a 200mL pollutant solution
(20 mg L�1) and stirred for 30 min in the dark to achieve the
adsorption–desorption equilibrium. Thereaer, the suspension
was irradiated under six 30 W Fluoro lamps to simulate solar
light. The photocatalytic experiments were carried out in
a 400 mL beaker containing a 200 mL solution and a magnetic
stirrer to ensure a homogenous solution of pollutant and cata-
lyst. Aliquot of 3 mL samples were collected at 60 min intervals.
These aliquots were centrifuged and ltered using a 0.45 mm
syringe lter to remove particles before analysis. The unad-
justed pH of 2,4-D and TC are 4 and 5.3 and the pHwas adjusted
using 0.1 M H2SO4 and NaOH.
Analytical measurements

The concentration of 2,4-D and TC was quantied on a Waters
HPLC with a Waters 2489 UV/VIS detector using a Waters PAH
36762 | RSC Adv., 2021, 11, 36760–36768
C18 (4.6 � 250 mm, 5 mm) column. The mobile phases for 2,4-D
detection consist of two solvents 40% 0.1% acetic acid in water
and 60% methanol. The injection volume was 10 mL at a ow
rate of 1 mL min�1, detector wavelength was set at 284 nm and
column temperature at 35 �C. Tetracycline was detected using
two solvents 47% methanol and 53% 0.01 mol L�1 oxalic acid.
Detector wavelength was set to 355 nm at 10 mL and a ow rate
of 1 mL min�1 with column temperature at 40 �C. The miner-
alisation of TC and 2,4-D were measured using a Shimadzu
Total organic carbon TOC-V WP analyser.

Results and discussion
Catalyst characterisation

The crystalline structure and purity of the synthesised materials
were investigated using XRD and the spectra are illustrated in
Fig. 1. The particles had a high crystallinity with monoclinic
Bi24O31Cl10 (JCPD no. 75-0877)25 as indexed in diffraction peaks
present at 12.6�, 29�, 34.5�, 36.6�, 35.2�, and 37.5�. It is evident
that the characteristic peaks of BOC remain present in the
composite photocatalyst, depicting the assembly of AgCl on the
surface of BOC does not change its characteristics. The inten-
sities of the diffraction peaks of BOC reduced as the AgCl
content in the composite photocatalyst increased. The presence
of AgCl was evidenced by the appearance of new peaks at 30.8�

and 37.7� in the composite spectra. A comparison of the spectra
for the BiOCl precursor and the calcined BOC revealed a clear
phase transformation from the near amorphous BiOCl to
a highly crystalline BOC product. The average crystallite size of
the photocatalysts could be estimated from the Scherrer
formula: D¼ Kl/b cos q where D is the crystallite size in nm, K is
a constant of 0.9, l is 0.1789 in nm, b is the width of the line at
half-maximum height in radians and q is the angle of diffrac-
tion. The calculated average crystallite size of the synthesised
photocatalyst based on two prominent peaks (12.6� and 47.7�)
of BOC are calculated to be 52.5–82.8 nm.

Fig. 2a shows the SEM image of the as-prepared BOC. Clus-
tered, micron-sized, rod-like particles with angular surfaces
were observed. Fig. 2b–d, reveal that the AgCl precipitated on
the surface of the BOC with near-spherical particles forming
agglomerates. As expected, there was a noticeable increase in
the density of AgCl particles with an increase in the percentage
content with the highest coating observed in the 50%AgCl/BOC
composite. The presence of irregular structural morphologies
was conrmed in the TEM image of the synthesised 50%AgCl/
BOC in Fig. 2e. This conrms the presence of two different
materials in the synthesised composite material. Nano-sized
AgCl particles are seen to be self-assembled on the surface on
larger rod-like BOC materials. EDS mapping, spectra and
elemental analysis of the synthesised photocatalysts indicated
the presence of Bi, O and Cl in the BOC photocatalyst Table S2
and Fig. S1† and the weight ratio of Bi : Cl corresponds to a 2.4/
1 molecular ratio showing that BOC was formed.24 Xwt%AgCl
was loaded on the surface of the BOC using pre-calculated
stoichiometric ratios and the elemental mapping are shown
in Fig. S2 to S4† depicting the presence and distribution of Ag,
Bi, O and Cl in the prepared composite catalyst.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM image of (a) Bi24O31Cl10, (b) 10%AgCl/Bi24O31Cl10, (c) 20%AgCl/Bi24O31Cl10, (d) 50%AgCl/Bi24O31Cl10, (e) TEM image of 50%AgCl/
Bi24O31Cl10.
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It should be noted that the optical properties of a given
material are extremely important when selecting an efficient
photocatalyst. The light absorption ranges of the synthesised
catalysts were investigated using UV-Vis analysis. The resulting
spectra are presented in Fig. 3a. The pure BOC photocatalyst
featured higher adsorption in the ultraviolet light region with
minimal adsorption recorded beyond the visible range. The
addition of AgCl immediately widened the light adsorption into
the visible light absorption region (400 to 600 nm). The increase
in visible light adsorption with an increase in wt% of AgCl was
attributed to the SPR effects of the silver nanoparticles.33 This
enabled the synthesised composite photocatalyst, Xwt%AgCl/
BOC to absorb visible light and potentially improve its photo-
catalytic activity. The absorption band edge of BOC was esti-
mated at 420 nm. The photoluminescence spectra of the
synthesised photocatalysts are shown in Fig. 3b with excitation
and emission wavelength at 241 nm and 246 nm. The intensity
of the emission illustrates the rate of electron–hole separation
of the synthesised photocatalyst. The higher the intensity, the
higher the probability of electron–hole pair recombination
ultimately resulting in reduced photocatalytic activity.34 The
intensity of the PL spectra increases in the following order: BOC
> 10AgCl/BOC > 20AgCl/BOC > 50AgCl/BOC. This trend showed
Fig. 3 Optical properties of synthesised materials showing (a) UV-vis
spectra and (b) photoluminescence spectra (PL).

© 2021 The Author(s). Published by the Royal Society of Chemistry
that assembling different wt% of AgCl on the surface of BOC
resulted in improved electron–hole separation which hints
towards improved photocatalytic efficiency from the material.

N2 desorption–adsorption isotherms of the synthesised
photocatalysts are shown in Fig. S5a.† BOC has a Brunauer–
Emmert–Teller (BET) surface area of 0.0092 m2 g�1. This low
surface area is consistent with the SEM image (Fig. 2a) with
a smooth BOC surface. Aer the introduction of AgCl on the
surface, the BET surface area increases to 0.55 m2 g�1 for 10%
AgCl/BOC, 1.09 m2 g�1 for 20%AgCl/BOC and 1.50 m2 g�1 for
50%AgCl/BOC. The surface area increases with an increasing
amount of AgCl. This is advantageous for photocatalysis as the
photocatalyst with a higher surface area will have more active
sites and therefore exhibit better photocatalytic performance.35

The adsorption–desorption isotherms show a type IV isotherm
with an H3 hysteresis loop indicating the presence of meso-
pores on the surface of the BOC as there are no pores present in
the AgCl.36 Thermogravimetric analysis was performed on the
synthesised photocatalyst to determine the thermal stability of
BOC and X%AgCl/BOC (Fig. S5b†). The overall weight loss in the
BOC was 7%. Gradual weight loss in all materials occurs until
600 �C at which 2%weight loss had occurred which is attributed
to loss of moisture. The weight loss observed aer 600 �C was
attributed to chlorine ions volatilizing into the air due to heat-
ing.37 The relatively low mass loss observed in this temperature
range reveals the thermal stability of the as-prepared
photocatalysts.
Photocatalytic activity

The photocatalytic activity of the synthesised materials was
evaluated using 20 mg L�1 of simulated TC and 2,4-D waste-
water under visible light irradiation and a catalyst loading of
0.5 g L�1. In Fig. 4a, aer 4 h of light irradiation only, there is no
degradation measured and it points to the stability of 2,4-D
under the irradiation of light. BOC showed minimal degrada-
tion (3%) of 2,4-D under visible light irradiation. As a result of
RSC Adv., 2021, 11, 36760–36768 | 36763
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Fig. 4 (a) 2,4-D degradation at initial conditions, (b) TC degradation at initial conditions, (c) effect of initial 2,4-D concentration, (d) effect of initial
TC concentration, (e) effect of pH on 2,4-D degradation and (f) effect of pH on TC degradation.
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the wide bandgap of BOC and the combination of photo-
generated carriers, the photocatalytic degradation of 2,4-D is
unable to proceed. Aer 4 h of irradiation, the photo-
degradation efficiency of 2,4-D using 10%AgCl/BOC, 20%AgCl/
BOC and 50%AgCl/BOC were 48%, 54% and 55% respectively.
There was no signicant increase in the photodegradation
efficiency when 20%AgCl/BOC and 50%AgCl/BOC was used in
2,4-D degradation. As seen from the SEM images, increasing the
amount of AgCl nanoparticles on the surface of BOC caused the
agglomeration of the particles. This could have inhibited
degradation due to the lack of reactive sites and insufficient
contact with BOC. The results, therefore, show that to harness
the advantage of depositing AgCl with BOC, there is a maximum
amount of AgCl suitable for efficient photodegradation. The
adsorption (dark only) result using 20%AgCl/BOC in the
degradation of 2,4-D had a photocatalytic efficiency of 10%.
Therefore, for the removal of 2,4-D using the synthesised pho-
tocatalyst to proceed, light irradiation is of utmost importance.

Tetracycline degradation in the presence of visible light
alone was negligible. Aer 4 h, 10%AgCl/BOC, 20%AgCl/BOC,
50%AgCl/BOC had a TC degradation efficiency of 55%, 61%
and 82% respectively (Fig. 4b). This is 2.2, 2.44 and 3.28 more
efficient than using BOC (25%). The adsorption of TC using
50%AgCl/BOC also measured 24% degradation. These results
36764 | RSC Adv., 2021, 11, 36760–36768
show the effectiveness of combining AgCl and BOC to form
a composite photocatalyst for the visible light photodegradation
of 2,4-D and tetracycline. The activity and progress of degra-
dation differ in both pollutants. TC is characterised by a yellow
colour which has a major absorption range in wavelength 300–
430 nm (ref. 38) while 2,4-D is colourless. This enables TC
molecules to be sensitised by visible light and be easily adsor-
bed on the surface of the photocatalysts thereby enhancing
photodegradation due to the closeness of the adsorbed
contaminants with that of the reactive sites. Wu et al. (2020)39

report the degradation of TC in visible light using TiO2 where
they also note that the visible light absorption of TC causes it to
excite electrons which are then transferred from its LUMO to
the conduction band of the photocatalyst. While the composite
photocatalyst of various mass compositions behaves similarly
to 2,4-D degradation, the 50%AgCl/BOC has the highest
degradation efficiency in TC degradation. In the rest of this
study, 20%AgCl/BOC was used in the degradation of 2,4-D while
50%AgCl/BOC was used in the degradation of TC.

The effects of catalyst loading were investigated and the
results are presented in Fig. S6.† The optimum catalyst loading
varied depending on the nature of the target pollutant. For 2,4-
D, the degradation efficiency increased from 31.3% to 54.2%
when catalyst loading increased from 0.25 g L�1 to 0.5 g L�1. A
© 2021 The Author(s). Published by the Royal Society of Chemistry
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further two-fold increase to 1 g L�1 resulted in decreased
degradation efficiency to 38.7%. An increase in catalyst loading
generally increases the number of active sites and reactive
radicals produced, resulting in enhanced degradation.40

However, beyond a certain loading, the increased concentration
of the photocatalyst results in a turbid suspension. This in turn
reduces the amount of light incident on the surface of the
photocatalyst as shielding and refraction occur. Also, there
could be a possible aggregate of particles as the mass of pho-
tocatalyst increases. This reduces the availability of active sites
and the photodegradation efficiency decreases.41 Meanwhile, in
TC degradation, an initial increase is measured from 64.3% to
81.6% and while the photocatalyst concentration is doubled,
a further increase of 3% is measured.

Further investigation was carried out in Fig. 4c and d to study
the effect of the initial concentration of 2,4-D and TC on pho-
tocatalytic degradation efficiency. The initial concentration of
2,4-D was investigated in the range of 10 mg L�1 to 50 mg L�1

while that of TC was studied from 20mg L�1 to 50 mg L�1. 2,4-D
showed degradation efficiency of 49%, 54% and 24% illus-
trating a trend of 20 mg L�1 > 10 mg L�1 > 50 mg L�1. 50%AgCl/
BOC showed reasonable degradation across the different initial
concentrations of TC. TC measured a degradation efficiency of
85%, 78% and 56% at 20, 30 and 50 mg L�1. The results favour
quicker degradation of organic pollutants at lower concentra-
tions. At lower initial concentrations of pollutants, there are
more reactive sites to contact the pollutant molecules thereby
improving the degradation efficiency.45

The effect of pH on the visible-light photodegradation of
pollutants was done at selected pH of 3, 7 and 11 which
represents the acidic, neutral and basic conditions (Fig. 4e and
f). In the degradation of 2,4-D, the optimum degradation of 54%
was realised at pH 3 and the unadjusted pH 4. At the neutral pH
of 7, degradation efficiency was reduced to 27% while no
degradation occurred under alkaline conditions (pH 11). The
photodegradation of 2,4-D decreased with increasing pH.

The inhibition in photodegradationmeasured at the alkaline
environment is that as 2,4-D ionizes as anionic in solution, the
surface charge of the photocatalyst is negative causing a repul-
sive force that decreases photodegradation. TC degradation was
shown to be independent of pH with degradation efficiencies of
85 and 87% recorded in the 3 to 11 pH range. TC has been re-
ported to be an amphoteric molecule as it is cationic at pH less
Table 1 Recently reported Bi24O31Cl10-based photocatalysts

Photocatalyst Light source Po

AgCl/Bi24O31Cl10 30 W (6) 2,
MoS2/g-C3N4/Bi24O31Cl10 300 W Xe lamp TC
BiOCl/Bi24O31Cl10 350 W Xe lamp M
BiOCl/Bi24O31Cl10/rGO 400 W halogen lamp O
g-C3N4/Eu(III) doped Bi24O31Cl10 250 W Xe lamp Rh
SnO2/Bi2S3/BiOCl–Bi24O31Cl10 Simulated sunlight Rh
Pt/Bi24O31Cl10 300 W Xe lamp M
AgI/Ag/Bi24O31Cl10 300 W Xe lamp M
Ag/Bi24O31Cl10 240 W Xe lamp Rh

© 2021 The Author(s). Published by the Royal Society of Chemistry
than 3.3, neutral in the pH range of 3.3–7.68 and anionic at pH
above 7.68.46,47 Therefore, TC will have a signicant degradation
across a wider pH range as a result of its unique nature of
speciation and characteristicS.48

Table 1 summarises the various recently reported
Bi24O31Cl10-based heterogeneous photocatalysts in comparison
with the present study. Six low wattage (30 W) Fluoro lamps
were used to carry out the photodegradation experiments in this
study and the efficiency measured in both the degradation of
2,4-D and TC showed great potential when compared to the
other studies.
Kinetics

The experiments were modelled using the zero-order, pseudo-
rst-order and pseudo-second-order kinetics represented in
eqn (5)–(7) for quantitative evaluation using the obtained result
from Fig. 4 and the rate constants and regression coefficients
are presented in Table S3 and Table S4.†

�dC

dt
¼ kapp/C ¼ C0 � kt (5)

�dC

dt
¼ kappC/ln

�
C0

C

�
¼ ktþ 1 (6)

�dC

dt
¼ kappC

2/

�
1

C

�
¼ ktþ 1

C0

(7)

where C0 and Ct are the initial concentration and nal
concentration at time t while k is the rate constant
in mg L�1 min�1, min�1 and L mg�1 min�1 in the zero, pseudo-
rst and pseudo-second-order respectively. The pseudo-rst-
order reaction kinetics is based on the Langmuir–Hinshel-
wood kinetic model which describes single component kinetics
while the pseudo-second-order kinetics describes two or more
component reaction rates.49 The results conrm that the zero-
order kinetics is not a good t to describe this experimental
data and the pseudo-rst-order and pseudo-second-order
model better ts at optimum conditions. This is consistent
with the hypothesis that intermediates will be formed during
the photodegradation experiments. The maximum rate
constants for 2,4-D and TC were at 0.5 g L�1 and 1 g L�1

respectively with 0.0045 L mg�1 min�1 and 0.0238 L
mg�1 min�1 with regression coefficient of 0.9937 and 0.9631.
llutant Degradation Ref.

4-D and TC 54.2% and 82% This study
97.5% 25

O, RhB and 4-CP 74.5%, 98.1% and 88.2% 23
FL, CIP and LVO 84.8%, 57.2% and 70.7% 15
B 91.9% 8
B 80.8% 42
O 84% 43
O and phenol 84.3% and 55.1% 44
B 95.8% 26
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According to the pseudo-second-order reaction parameters, the
reaction rate constant reduces with the increasing initial
concentration of pollutants.
Fig. 5 Effects of different quenchers on the photocatalytic degrada-
tion of 2,4-D and TC.
Mineralisation, reusability and mechanism discussion

One of the major drivers for the use of advanced oxidation
processes such as photocatalysis is their ability to degrade and
mineralize target pollutants resulting in environmentally
benign reaction products. An analysis of the total organic
carbon (TOC) present aer treatment gives an indication of the
extent of mineralisation and points towards the possible
formation of intermediate degradation products. In this study,
TOC analysis was conducted on both 2,4-D and TC aer pho-
todegradation. Degradation test removals of 54% and 81% for
2,4-D were recorded aer 4 and 24 h, respectively. The corre-
sponding TOC removals were 50% and 65% for the same time
frames. TC degradation results indicated that 85.4% had been
removed aer 4 h, and complete degradation was recorded aer
24 h. The measured mineralisation rate was 13% and 63% aer
4 h and 24 h respectively. The TOC removal depicts that inter-
mediates were formed during the degradation process. 2,4-D
also had a faster rate of mineralisation in the rst 4 h compared
to TC. It is hypothesised that since 2,4-D is a less complex
compound compared to TC, it has fewer competing interme-
diates in comparison to TC in the initial degradation period.
Researchers have identied that a range of intermediate
compounds are produced when 2,4-D and TC are degraded
using advanced oxidation processes. 2,4-dichlorophenol, 2-
chlorophenol, 3,5-dichlorobenzene-1,2-diol, 2-chlorobenzene-
1,4-diol, succinic acid and acetic acid are the major interme-
diates formed through photodegradation of 2,4-D.50–52 The
intermediates produced during the degradation of tetracycline
(C22H24N2O8) include: C22H26N2O9, C22H23NO9, C12H12O4 and
carboxylic acid.53,54 Although, 2,4-D and TC were not completely
mineralised in the experimental time, it is believed that with
a longer residence time, the intermediates will eventually be
broken down into CO2 and water.

The reusability potential of the as-prepared photocatalyst
was explored in Fig. S7.† In the photocatalytic degradation of TC
using 50%AgCl/BOC, aer three cycles of using the same pho-
tocatalyst, 79% TC removal is measured which demonstrates
good reusability and stability of the photocatalyst in polluted
water.

The photocatalytic reactionmechanism of the photocatalysts
was investigated through capture experiments (Fig. 5). P-Ben-
zoquinone (BQ), 2-propanol (IPA) and triethanolamine (TEOA)
were used as superoxide radical (cO2�), hydroxyl radical (cOH)
and hole (h+) scavengers to investigate their roles in the pho-
tocatalytic process.55 The addition of BQ and TEOA to 2,4-D
reduced the degradation efficiency by 12% and 52% while the
addition of IPA did not suppress the efficiency of the 20%AgCl/
BOC. In the degradation of TC using 50%AgCl/BOC, the addi-
tion of BQ reduced the degradation efficiency to 63% while IPA
and TEOA did not impact the degradation efficiency negatively.
The 2,4-D scavenger degradation results show that the main
reactive species responsible for the degradation are cO2� and h+
36766 | RSC Adv., 2021, 11, 36760–36768
while the reactive species in TC degradation was the superoxide
radical. This difference is attributed to the TC-sensitization that
occurred whereby TC molecules are absorbed on the surface of
the photocatalyst56 possibly taking prevalence over the activity
of holes during photodegradation. The results also reveal that
hydroxyl radicals are not an important reactive agent in this
degradation process. A photodegradation mechanism can be
proposed for the degradation when Xwt%AgCl/BOC is used in
the degradation of organic contaminants in visible light as
illustrated in eqn (8)–(12) and Fig. 6.

AgCl�BOC ����!hv
AgCl

�
e�; hþ��Ag

�
BOC

�
e�; hþ� (8)

AgCl(e�, h+)/Ag/BOC(e�, h+) / AgCl(e�) + BOC(h+) (9)

BOC(h+) + pollutants / intermediates / CO2 + H2O (10)

AgCl(e�) + O2 / AgCl + cO2
� (11)

cO2
� + pollutants / products (12)

During the irradiation and photodegradation process, Ag0 is
expected to form due to light irradiation and acts as an electron
mediator between AgCl and BOC.57 This formation was vali-
dated and illustrated in Fig. S8† where a colour change is seen
when 50%AgCl/BOC is irradiated in visible light in comparison
to being stirred in the dark. This colour is attributed to the
formation of Ag0 photoreduced on the surface of the AgCl
during irradiation.58 The formed Ag0 is photoexcited as a result
of its SPR effects,59 thereby transporting electrons from the
conduction band (CB) of BOC to that of AgCl while the holes in
the valence band of AgCl is transferred to that of BOC where it
directly degrades the organic contaminants.60 This ensures that
the photogenerated carriers are effectively separated. AgCl has
a bandgap of 3.26 eV with valence band and conduction band of
+3.20 eV and �0.06 eV (ref. 61) while BOC has a valence band
and conduction band of +1.49 eV and �1.29 eV. The reduction
potential of oxygen E0(O2/cO2) is �0.046 eV.62 The CB of AgCl
being more negative than that of oxygen means that O2 could be
reduced cO2� which is also a reactive species responsible for
photodegradation in this study. In the TC mechanism, as
a result of TC adsorbed on the surface of BOC, a TC complex is
formed39 which can be excited by visible light thereby causing
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed degradation mechanism of Xwt%AgCl/BOC in the
photocatalytic degradation of (a) TC and (b) 2,4-D.
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electron transfer from the LUMO of TC to the conduction band
of the photocatalyst.
Conclusion

In summary, a novel AgCl/Bi24O31Cl10 composite photocatalyst
was developed successfully by loading AgCl nanoparticles on
the surface of rod-like Bi24O31Cl10 and showed good photo-
degradation efficiency in the removal of 2,4-D and TC under
visible light irradiation. The heterojunction formed improved
the photoabsorption of the photocatalyst in the visible light
region and improved the separation of photogenerated carriers
which was evidenced by the improved photocatalytic activity.
Reasonable mineralisation of both pollutants at 63% and 65%
efficiency is measured. The proposed mechanism suggests that
holes and oxygen radicals are the main reactive species
responsible for the mineralisation of 2,4-D and TC. The results
show that this technology can be combined with other tech-
nologies for the successful removal of toxic pollutants in
wastewater.
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