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de modified and bismuth vanadate
decorated titanium dioxide nanocomposite
(BiVO4@HMT) for enhanced visible light
photocatalytic growth inhibition of harmful
cyanobacteria in water†

Jamshaid Rashid, ‡*ab Fatima Imtiaz,‡b Ming Xua and Irina N. Savina c

The persistence of harmful cyanobacterial algal blooms in aquatic ecosystems leads to health damage for

various life forms. In this study, a photocatalyst active in the visible light range was prepared by combining

BiVO4 with hydrogen peroxide modified titanium dioxide (BiVO4@HMT; for short), using an impregnation

method. The catalyst was used to photocatalytically inhibit the growth of cyanobacteria collected from

a bloom site. To infer the optimum pH for cyanobacterial growth, the effect of pH was studied. The

growth of cyanobacteria was favoured in an alkaline environment at pH values in the range of 8–9.5

when analysed on the 20th day of incubation. Structural and chemical analysis of pristine and composite

nano-powders was performed using XRD, SEM, TEM and XPS, confirming the heterojunction formation,

while optical and band gap analysis revealed increased visible light absorption and reduced band gap of

the composite. A small strawberry seed-like assembly of BiVO4 particles increased the light absorption in

the 15%BiVO4@HMT composite and increased the inhibition efficiency up to 2.56 times compared to

pristine HMT at an exposure time of 6 h and cell concentration at 0.1 g L−1 with an optimum catalyst

dose of 1 g L−1. The amount of chlorophyll ‘a’ decreased due to the generation of catalytically reactive

species, especially holes (h+), which caused oxidative damage to the cell wall, cell membrane and

antioxidants in algal cells. This study reports that visible light active nanocatalysts can be used as

a promising method for reducing algal blooms in water bodies.
1. Introduction

Cyanobacteria, also known as blue-green algae, are photoauto-
trophic Gram-negative bacteria, the main component of
phytoplankton in fresh, marine, and brackish waters. Cyano-
bacteria can grow uncontrollably due to prevalence of growth-
suitable conditions such as additional nutrient content, light
availability, increased temperature and pH, and variation in
climate scenarios, thus triggering cultural eutrophication,1–3

presenting the appearance of thick foam-like ‘pea-soup’ on the
surface of the water, associated with decreased water trans-
parency, increased pH, and hence deteriorated water quality.
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Cyanobacteria release taste and smell compounds such as
geosmin and methyl-isoborneol (MIB), sources of nuisance.4,5

Various cyanobacterial species, Microcystis, Anabaena, Aphano-
thece and others, release toxic compounds known as micro-
cystins or cyanotoxins (MC-LR, -RR,-YR) in water bodies, which
cause hepatic and dermal cancer, digestive and neurological
disorders, so, can pose deleterious effects on humans and
aquatic life forms.6,7

It's a huge challenge to stop, prevent and mitigate the global
expansion of harmful cyanobacterial algal blooms (Cyano-
HABs). So far, many strategies have been developed to control
their growth, which include sonication,8 physical control
tactics,9,10 chemical mitigation strategies,11 biological control
methods,12 and others. All these approaches have the potential
to control algal growth, but in practice they are too difficult to
achieve effective results in natural aquatic systems.13,14 Chem-
icals either in pure or chelated forms has disadvantages asso-
ciated with environmental persistence and toxicity to non-target
organisms,15 moreover, reinvasion of cyanobacterial cells occur
aer the toxic effects of the chemical have disappeared.16

Urrutia and co-workers17 found that ‘aquatic bio-manipulation’
can be used to control cyanobacterial biomass, but biological
© 2022 The Author(s). Published by the Royal Society of Chemistry
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control takes longer to work in natural water bodies, and the
periodic bio-manipulation can be dangerous to the food web
and biodiversity.18

Among many advanced oxidation processes (AOPs), photo-
catalysis has proven to be powerful in the modern era to mitigate
the growth of cyanobacteria and their toxins, as well as other water
pollutants, without leaving any by-products.19,20 Photocatalysis is
a light-mediated process that leads to the formation of reactive
oxidation species (ROSs) which can irreversibly damage cellular
matters, including the protein structure of chlorophyll complex,
secondary metabolites, and odoriferous compounds.21,22 In recent
years, several studies have been focused on the ability of TiO2, the
rst photocatalytic semiconductor, to kill various bacteria and
cyanobacteria. Owing to its wider band gap of 3.0–3.2 eV, activity
occurs only under the exposure of ultraviolet (UV) light (320 nm <
l < 400 nm), which limits the use of TiO2 for bloom removal.23

Therefore, it is extremely important to study various methods of
narrowing its band structure for absorption of light in the visible
range (l > 400 nm). The modication of TiO2 (Degussa P25) with
the addition of hydrogen peroxide (H2O2) has proven effective in
removing of organic water pollutants by responding the sun
light.24,25 Basically, H2O2 and TiO2 by themselves cannot absorb
light in the visible region, but when they combine, the –OOH
group of H2O2 replaces its –OH group at the surface of titania
particles resulting in the formation of titanium peroxide, forming
peroxo-complexes expressing yellowish colour. The complexes
formed, shi the absorption spectrum of titania from the UV to
the visible region.26 To the best of our knowledge, there have been
no studies involving the use of TiO2 modied with hydrogen
peroxide (HMT) to inhibit the growth of cyanobacteria. Further-
more, among Bi-based semiconductors27,28 bismuth vanadate
(BiVO4) has gained importance since the last decade due to its
remarkable properties, as a non-toxic photocatalyst with excellent
chemical, electrical and photonic characteristics. Among three
crystalline forms ‘monoclinic scheelite’ is the most active as
a photocatalyst due to its lower band gap of 2.4 eV.29 It was re-
ported that the narrow band gap of BiVO4 is achieved due to the
hybridized O 2p and 6s orbital in the valence band of Bi which
helps the ‘photoexcited electron’ travel a short distance to the 3d
orbital of vanadium.30 The literature has reported rare attempts to
disinfect water from E. coli31 and cyanotoxins32 using BiVO4 as an
active photocatalyst.

Therefore, current study reports the synthesis of H2O2

modied TiO2 (HMT) and BiVO4, as well as the construction of
BiVO4@HMT composites and their use to inhibit the growth of
locally isolated cyanobacteria. For this purpose cells were used
in experimental suspension aer harvesting the biomass
instead of their counting, thus, excluding the laborious step and
excessive instrumentation. To best of our information, the H2O2

modied TiO2 (HMT) and BiVO4@HMT have not been reported
for anti-algal applications.

2. Materials and methods
2.1. Reagents and chemicals

Bismuth nitrate (Bi(NO3)3$5H2O), ammonium vanadate
(NH4VO3), titanium dioxide (Degussa P25), hydrogen peroxide
© 2022 The Author(s). Published by the Royal Society of Chemistry
(H2O2), nitric acid (HNO3) were purchased from Sigma Aldrich
(USA), ammonium hydroxide (NH4OH), ethanol, acetone and
BG-11 ingredients were purchased from VWR International
(USA). All chemicals were of analytical grade and used without
purication.

2.2. Cyanobacterial cell culture and growth medium

The cyanobacterial cells used in this study were locally isolated
from a eutrophicated site in Islamabad. A sample was collected
from the sewage treatment plan \ (Islamabad, Pakistan). The
isolated culture was cultivated in BG-11 medium prepared and
autoclaved according to the method provided by Fraunhofer
CCCryo (Culture Collection of Cryophilic Algae) laboratories
(ESI 1.1†). The algal culture was cultivated in Erlenmeyer asks
placed in an in-house fabricated wooden chamber at 25 °C� 2 °
C, at intensity of 1000 Lux having 12/12 h light: dark cycles.
Growth asks were agitated three times a day to avoid any
cellular deposition and self-shading effect.

2.2.1. Effect of pH on cyanobacterial growth. To test the
effect of pH on cyanobacterial growth, suitable amount of
prepared BG-11 media was added to test tubes aer adjusting
the pH to a range of 2–12 with 4 M NH4OH and 4 M HNO3,
followed by sterilization. Aer cooling, each experiment and
control tube was inoculated with 1 mL of cell culture going
through its stationary phase, while the pH for control systems
was kept to be 8.05. All tubes were placed in a growth chamber
provided with cool white lights for 12 : 12 light and dark cycles
at 1000 Lux and 25 °C � 2 °C. Incubation experiments were
performed in duplicate, and the growth of cyanobacteria was
analysed by measuring the increase in chlorophyll ‘a’ concen-
tration using UV-Vis spectrophotometer 20 days aer
incubation.

2.3. Synthesis of BiVO4, HMT and BiVO4@HMT

BiVO4 nanoparticles were synthesized by the sol–gel method
according to the method described by Pookmanee.33 Stoichio-
metric amounts (0.003 M) of Bi(NO3)3$5H2O and NH4VO3 were
dissolved in 5 mL of 4 M HNO3 and 4 M NH4OH, respectively.
Aer stirring individually for 30 min, both solutions were mixed
together to generate a yellow solution. To the resulting solution
10 mL of absolute ethanol was added, and the temperature was
maintained at 70 °C with continuous stirring for 1 h. The sol
turned into a yellow gel upon addition of 5 mL of deionized
water and 0.5 mL of 1 M acetic acid. The resulting gel was dried
in an oven at 100 °C, ground using pestle and mortar and
calcined in Muffle Furnace (Ney® VULCAN) at 600 °C for 2 h
(Fig. S1(a)†).

Modied titanium powders (HMT), were produced by soak-
ing and heat-drying method,24 briey, 1.5 g of TiO2 (Degussa
P25) was soaked in 30mL of 3%H2O2. The obtained suspension
was stirred for 1 h, ltered and dried at 60 °C for 3 h. The dried
yellowish material was mechanically ground to a ne powder
using a pestle and mortar (Fig. S1(b)†).

BiVO4/HMT composites with variable percent content of
BiVO4 (5–20%) were constructed via impregnation method,
using HMT as the base material. During the composite
RSC Adv., 2022, 12, 31338–31351 | 31339
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production, the stoichiometric amounts of BiVO4 precursors
were used to obtain 5%, 10%, 15% and 20% of BiVO4, respec-
tively. The solutions were stirred for 30 min individually, fol-
lowed by the addition of the calculated amount of HMT in each
solution mixture; further process was identical to fabrication of
BiVO4 as mentioned earlier.

2.3.1. Analytical methods. The crystalline nature of the
synthesized nano-powders was characterized by X-ray diffrac-
tion (XRD, Bruker AXS- D8, Germany) using Cu-Ka (l= 1.5406
nm) as a radiation source and a secondary monochromator in
the 2q range from 10 to 80°. The surface morphologies of the
samples were investigated using Scanning Electron Microscopy
(SEM) (Hitachi S-4800) at an operating voltage of 25 kV. To
conrm the chemical and elemental composition of the mate-
rials, Energy Dispersive X-ray Spectroscopy (EDAX) analysis was
performed using the Omicron system (Al Ka 1486.7 eV X-ray
source operated at 15 KeV). To obtain images of the internal
structures of materials, Transmission Electron Microscopy
(TEM) were implemented on a JEOL (JEM-2100) electron
microscope operating at the voltage of 20 kV. The band gap was
conrmed by the plot of (ahn)1/2 versus hn; determined by the
Tauc's relation, which is written as ahn = A(hn − Eg)

n; where h is
the Plank's constant, n is the frequency of photons, a represents
the absorption coefficient, A is constant, Eg is band gap and n =

1/2 is a constant that depends on the semiconductor's transi-
tion type.34,35
2.4. Photocatalytic growth inhibition of cyanobacteria

2.4.1. Algal harvesting and cell suspension. The cultivated
cell culture was harvested during the stationary growth phase;
on about 35th day, using a Jouan centrifuge S/N 3021912 having
AB 2.14 10 000g swing rotor, where the cells were centrifuged at
3500 RPM. The harvested algae in the form of pellets were
stored at 2–4 °C. For photocatalytic experiments, cell suspen-
sions from the harvested algae at 0.1 g L−1 (dry weight equiva-
lent) were prepared, maintaining a solution volume of 120 mL.
The catalyst was added in the desired dose and exposed to
visible light in a photo-reactor for 6 h, and 10 mL aliquots of
samples were collected at 0 to 6 h.

2.4.2. Photocatalytic experiments. Preliminary experi-
ments were performed to test the inhibition of cyanobacterial
growth by exposing cells (0.1 g L−1) to synthesized nano-
materials at different doses under visible light irradiation at pH
6.9. All experiments were conducted in duplicates. To evaluate
the effect of the solution pH on the catalyst and cell, 3 pH values
(5, 7 and 9) were selected by using 0.5 M acidic and basic
solutions to adjust the pH. For all photocatalytic activities under
visible light, a Luzchem photochemical reactor (LZC-4V) was
used for studies with irradiation of (14 × 8 W each) Slovenia
cool white lamps (l = 390–700 nm) and a spectral irradiance of
17.45 mW cm−2, monitored by a Luzchem power monitor at
12 cm from the light source.

2.4.3. Chlorophyll ‘a’ analysis for growth inhibition. Cya-
nobacterial growth inhibition was indicated by measuring the
chlorophyll ‘a’ content, estimated in accordance with the bio-
protocol36 for measuring chlorophyll content (ESI 1.2.†). The
31340 | RSC Adv., 2022, 12, 31338–31351
percentage growth inhibition was estimated using the following
formula:

Cyanobacterial inhibition efficiency (%) = (C0 − Ct/C0) ×100 (1)

where, C0 refers to the absorbance of control group and Ct

corresponds to absorbance at specic time interval.37

3. Results and discussion
3.1. Morphology and microstructural characterizations

BiVO4, HMT and BiVO4@HMT were synthesized as described in
the methods. BiVO4@HMT composites with 5%, 10%, 15% and
20% of BiVO4 were prepared to analyse the effect of BiVO4

inclusion on catalytic activity. The SEM images of HMT
(Fig. 1a–c) show that the particles have nanometer dimensions
with the size range from 30 to 75 nm and irregular shape.
Agglomeration of the synthesized BiVO4 particles was evident in
Fig. 1d–f, which means that the size and shape of crystal
depends on calcination temperature,38 as at high calcination
temperature, the lattice parameters of same crystal system tend
to decrease followed by change in the size and shape of the
crystallite39,40 while these prepared particles have an irregular
disc shape with a particle diameter < 300 nm (Fig. 1e).

The TEM analysis shows the smaller size of HMT particles
(Fig. 2a and b), less than 50 and 100 nm in diameter and the
shape of the particles varies from spherical to rectangle. Fig. 2c
and d shows a 10%BiVO4/HMT composite where the surface of
HMT seems to be decorated with larger lamellar particles of
BiVO4, which have small strawberry seeds like appearances on
the surface. Fig. 2e and f shows the 15%BiVO4/HMT with
a denser lamellar appearance inside the modied titania
nanoparticles. This close contact between the two nanocatalysts
created a heterojunction that would increase charge carriers
separation. The results are in good agreement with the crys-
talline consistency shown on XRD (Fig. 3).

3.2. X-ray diffraction

The crystallinity and phases of pristine HMT, BiVO4 and their
nanocomposite 15%BiVO4@HMT were analysed using X-ray
diffraction (Fig. 3). The diffraction peaks of H2O2 modied
(HM) Degussa-P25 are in good agreement with the results re-
ported by Kang and co-workers41,42 and correspond to JCDPS
card numbers 88–1175 for anatase (A) and 84–1286 for rutile (R)
phase.43,44 The diffraction peaks of the prepared samples were
the same as those of pure P25, which indicates the purity of the
sample and the fact that the modication with H2O2 didn't
cause any changes in the crystal structure. The modication
with H2O2 and microwave drying has increased the intensities
of XRD peaks indicating improved crystallinity. The diffraction
peaks of BiVO4 were indorsed to the monoclinic BiVO4 JCDPS
card le no. 14-0688.45 Themore intense peaks appeared at 2q=
18.8° and 28.9° correspond to hkl values of (011) and (121) at
600 °C, which may be attributed to a decrease in the full width
at half maximum (FWHM) representing temperature depen-
dence of crystal size.38 The lattice parameters for the diffraction
peaks were a= 5.195 Å, b= 5.092 Å, c= 11.701 Å and g= 90.387
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of prepared nano-powders: (a–c) hydrogen peroxide modified titania; and (d–f) BiVO4 powders calcined at 600 °C.
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Å.46 Fig. 3 shows that the diffraction peaks/planes of HMT and
BiVO4 simultaneously occurred in 15%BiVO4@HMT samples;
where no other impurity peaks have been detected which were
attributed to the absence of contaminants in the impregnation
(synthesis) process. The intensity of the predominant planes of
BiVO4 andHMT, such as (121) and (101), was reduced compared
to the pristine samples. The ndings can be attributed to the
lattice alteration caused by the ‘interfacial strain’ between the
BiVO4 and HMT powders47
3.3. Elemental composition analysis

Energy dispersive X-ray analysis (EDAX) or EDS analysis was
performed to identify elemental composition of samples. EDS
of hydrogen peroxide modied titania shows, that elemental
composition of crystal is free from any impurities (Fig. S2(a)†).
© 2022 The Author(s). Published by the Royal Society of Chemistry
The peak around 1 keV and 5 keV can be attributed to the crystal
surface, where Ti are present in a smaller amount (due to
formation of peroxo complexes), while an intense peak around
4.5 keV can be assigned to bulk of Ti48 whereas, EDS analysis for
BiVO4 reveals that single phase constitutes bismuth (Bi), vana-
dium (V) and oxygen (O). In addition, calcination at tempera-
ture of 600 °C, the sharp peaks of vanadium in BiVO4 structure
are less intense compared to the sharp peaks of bismuth at 2.7
keV (Fig. S2(b)†). The peak intensities indicate that temperature
affects the existence of elements in the crystal lattice and at the
higher temperature bismuth is the more concentrated element
(Table 1). These EDS results are in good agreement with the
results reported by Longchin and co-workers.45 Moreover, the
energy values of specic X-ray radiations emitted by elements
have been recorded as; for bismuth La = 10.84, Lb = 13.0, Ma =
RSC Adv., 2022, 12, 31338–31351 | 31341
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Fig. 2 TEM images of pristine TiO2 (a and b); 10%BiVO4@HMT (c and d) and 15%BIVO4@HMT (e and f) nanocomposites.
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2.42 and Mb = 2.53 keV; for vanadium, Ka = 4.95, Kb = 5.42, La
= 0.52 and Lb = 0.51 keV while for oxygen Ka = 0.52 keV.38
3.4. X-ray photoelectron spectroscopy analysis

The formation of composite was conrmed by X-ray photo-
electron spectroscopy. Bi-5d, Bi-4f, C-1s, Bi-4d, Ti-2p, V-2p, O-1s
were detected as obvious peaks in the survey spectrum of 15%
BiVO4@HMT (Fig. 4a). XPS signals for Bi-4f (Fig. 4b) at binding
energies 164.5 eV and 159.4 eV were assigned to Bi-4f5/2 and Bi-
4f7/2, this conrms the existence of Bi as Bi3+.49 Two binding
energy peaks at 516.8 eV and 524.8 eV in the 15% composite of
BiVO4@HMT (Fig. 4c) were designated to V-2p3/2 and V-2p1/2
which can be ascribed to V5+ oxidation state of VO4

3− in the
sample.50 while the peak detected at 530 eV was attributed to O-
31342 | RSC Adv., 2022, 12, 31338–31351
1s, originating from lattice oxygen.51 The high resolution XPS
spectra given in (Fig. 4d) depict the signals of Ti-2p in composite
sample with binding energies of 458.5 eV and 464 eV for Ti-2p3/2
and Ti-2p1/2, respectively. At about 473 eV, a broad peak of Ti/
O shake-up satellite was recorded originating from ‘‘shake-up’
processes'’, thus representing the bonding between Ti and O2

species.52 The O-1s peaks at 529.98 eV and shoulder peak at
binding energy of 531.5 eV (Fig. 4e) pointed to the lattice oxygen
atoms and the binding of Ti–O on sample surface, respec-
tively.53 When compared to the binding energies of O-1s in pure
modied titania (data not shown here), which were 530.5 eV and
532.3 eV, these were changed to 529.9 eV and 531.5 eV. The
change in binding energies can be ascribed to the formation of
a strong interface between BiVO4 and HMT.54 Signals of C-1s
presented in Fig. 4f, where it was used for calibration. Signals
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05317a


Fig. 3 XRD spectra of HMT, BiVO4 and 15%BiVO4@HMT.

Table 1 Comparison of elemental net intensities in BiVO4 at different
calcination temperatures

Element and
shell name

Calcination Temperatures

400 °C 500 °C 600 °C

Bi (M) 191.32 220.89 271.01
V (K) 399.04 161.27 162.90
O (K) 22.36 17.90 8.87
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of carbon in the form of sp2 bonds usually originate at 284.8 eV
while C-1s signals at 288.6 eV can be assigned to oxygen con-
taining functional groups C]O, which arise from the carbon
tape, used for XPS measurements.52
3.5. Optical properties and band gap analysis

Optical absorption properties are essential to characterise
photocatalytic activity of samples and are believed to be critical
in catalysts formulation. So, a UV-vis diffuse reectance spec-
trum (DRS) was obtained to study the response of samples to
light. As shown in Fig. 5a the 15%BiVO4@HMT samples showed
greater response to visible light in the 400 nm to 550 nm range
(generating a yellowish-red shi) which indicates strong
absorption towards visible light. In addition, the light
© 2022 The Author(s). Published by the Royal Society of Chemistry
absorbance efficiencies of nanocomposites were estimated
from UV-visible reectance spectra (Fig. 5a) using Kubelka–
Munk (F(R) = (1 − R)2/(2R)) relationship35,52 which demon-
strated that 15%BiVO4@HMT composite have a higher light
harvesting efficiency than other samples. The band gaps
calculated from (ahn)1/2 versus hn were assessed to be 3.2 eV, 3.1
eV and 2.9 eV, respectively, while 15% composite had a smaller
band gap of 2.54 eV in comparison to the pure HMT, 1% and 5%
composites (Fig. 5b). The decrease in the band gap can be
explained by the formation of a heterojunction between the two
components, which can be activated by absorbing visible light
irradiation, thus generating more e−/h+ pairs, which will lead to
greater inhibition of bacteria growth.
3.6. Microscopic morphology of cyanobacteria

For our study, a locally isolated culture of cyanobacteria was
used. Samples observed at different magnications (Fig. 6a–c)
showed the outline of colony and the shape of the cells.
Microscopic images revealed the presence of spherical cyano-
bacterial cells. At 100× magnication, the elliptical and glob-
ular gas vesicles, important for the cell/bloom buoyancy, were
visible, as they constitute a major part of cyanobacterial cells.
These morphological revelations were consistent with studies
reporting microscopic observations of Microcystis specie.55
RSC Adv., 2022, 12, 31338–31351 | 31343
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Fig. 4 (a) XPS survey scan and high resolution XPS spectra of (b) Bi-4f; (c) V-2p; (d) Ti-2p; (e) O-1s; (f) C-1s of 15%BiVO4@HMT composite.
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3.7. Effect of pH on the growth of cyanobacteria

Generally, variations in aquatic system pH and dominant
carbon species alter the plankton's community, in case of cya-
nobacteria; the alkaline pH (low CO2 concentrations) promotes
their growth in the context of the ‘Carbon capturing mecha-
nism’ (CCM). CCM involves ve carbon uptake systems,
including CO2 uptake systems NDH-I3 and NDH-I4 and three
bicarbonate uptake systems and transporters SbtA, BicA and
Bct1. With these three systems of CCM, cyanobacteria tend to
capture the carbon in HCO3

− form via ‘symporters’ (transporter
for Na+/HCO3

−) on the cell membrane. HCO3
− ions enter the

carboxysome, where the carbonic anhydrase enzyme dehydrates
them back to CO2. In this compartment, CO2 is concentrated
together with enzyme Rubisco for the process of photosyn-
thesis, thus increasing the content of chlorophyll ‘a’, which is
31344 | RSC Adv., 2022, 12, 31338–31351
necessary for cell division.56,57 Our study demonstrates, that
upon incubation at different pH ranges, the increase in chlo-
rophyll ‘a’ content in acidic medium is limited even on the 20th

day of incubation, while under neutral and basic conditions, the
growth reached a maximum between pH 8–10 (Fig. 7a). It then
started to decrease at pH 11 and again expressed a dramatic
decline at pH 12 (Fig. 7a). These results suggested that an
alkaline pH in the range from 8 to 10 is the optimum pH (pH 8
also in case of control setup) for cyanobacterial growth, and
these results are consistent with the ndings of other
researchers.56,58,59

The poor cyanobacterial growth at pH 11 and 12 (Fig. 7a) can
be explained by the absence of CO3

−2 transporters in system;
moreover, at pH 12 and >12, CO2 become the dominant species,
again, which reduces the activity of carbonic anhydrase. It is the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-vis diffuse reflectance spectra pure HMT, 1%BiVO4@HMT, 5%BiVO4@HMT and 15%BiVO4@HMT; (b) Tauc plots of HMT, 1%
BiVO4@HMT, 5%BiVO4@HMT and 15%BiVO4@HMT

Fig. 6 Microscopic morphology of cyanobacterial culture at different magnifications; (a) 10× magnification; (b) 40× magnification; (c) 100×
magnification.
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same in the case with acidic pH, where an excess of CO2 and H+

ions inhibited the cyanobacterial growth by reducing enzymatic
activity and disrupting the functioning of CCM. Acidic
surroundings also acidies the inner environment of algal cell,
which denatures the photosystem II (PSII) of photosynthetic
machinery, affects cellular cytoplasm, which stops the Calvin–
Benson cycle resulting to PSII reactions termination.60 pH 5 and
6 starts to affect ribulose-1,5-bisphosphate (RUBP) thus
affecting the photosynthetic activity (loss in O2 evolution). It has
© 2022 The Author(s). Published by the Royal Society of Chemistry
also proposed that low pH (especially pH < 5) affects the cell
membrane and its transporters. The damage to the transporters
due to acidic environs effects the availability of nutrients and
co-factors resulting to loss in production and replication of
DNA, RNA which eventually stops the protein synthesis;
consequently, leading to cell death and growth inhibition.61,62

Cells growth in our results at pH 6 can be attributed to the
presence of Ca+ ions in cells adsorbed from growth media;
which help them to stay resilient at slightly acidic conditions
RSC Adv., 2022, 12, 31338–31351 | 31345
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Fig. 7 (a) Effect of pH on the growth of cyanobacteria incubated at different pH for 20 days; (b) growth inhibition by pristine and composite
photocatalyst (catalyst dose 1 g L−1, algal concentration 0.1 g L−1, pH 6.9); (c) effect of 15%BiVO4@HMT dose on growth inhibition (algal
concentration 0.1 g L−1, pH 6.9); (d) effect of the pH of the solution on growth inhibition activity of 15%BiVO4@HMT (algal concentration 0.1 g L−1;
catalyst dose 1 g L−1).
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(pH = 6), where they can maintain their physiological
processes.63 In summary, the results show that cyanobacteria
have a greater potential to grow in alkaline environment due to
their efficient CCM. Moreover, slightly alkaline conditions and
climate change has altered and evolved cyanobacteria to
outcompete other phytoplankton. In acidic condition, they can't
proliferate and can't compete with green algae, that's why cya-
nobacteria are uncommon in an acidied lake.

3.8. Photocatalytic inhibition of the growth of cyanobacteria

3.8.1. Effect of catalyst variation on inhibition of the
growth of cyanobacteria. Pristine BiVO4 powders have shown
the highest activity for the inhibition of growth of cyanobacteria
compared to pure HMT, where the former catalyst inhibition
percentage was about 68% while the later showed only about
26% decline in growth of algae (Fig. 7b). Preparing the
composites of pristine HMT with BiVO4 improved its catalytic
activity. The descending order of the catalytic activity was
observed as BiVO4 > 15%BiVO4@HMT > 10%BiVO4@HMT >
20%BiVO4@HMT = 5%BiVO4@HMT > HMT, respectively.
However, when compared to 15% and 10% nanocomposites,
20%BiVO4@HMT expressed lower growth inhibition efficiency
(Fig. 7b) possibly due to agglomeration of impregnated
component which lead to lowered numbers of active sites,
consequently, lessened harvesting of incoming irradiation.52,64

Although it was previously reported that TiO2 modied with
H2O2 is an efficient photocatalyst64–66 this was not applied for
these experiments on inhibition of growth of cyanobacteria. It
had a lower catalytic activity compared to other nano-
composites. This can be associated either with the
31346 | RSC Adv., 2022, 12, 31338–31351
recombination of e−/h+ pairs or with the adsorption of cellular
debris on the catalyst surface, which reduce the activity of HMT
catalyst.67 The greater inhibition of growth in the case of 15%
BiVO4@HMT composite can be due to appropriate deposition
of a large amount of BiVO4 on the HMT powders and formation
of a heterojunction, which provides efficient charge separation.

3.8.2. Effect of catalyst dose on cyanobacterial growth
inhibition. The effect of catalyst loading is an important factor
in the case of photocatalysis used to decompose organic
pollutant.52 With an increase in the catalyst dose of 15%
BiVO4@HMT from 0.25 g L−1 to 1 g L−1, the percentage of cell
degradation increased (Fig. 7c). The inhibition efficiencies of
the composite photocatalyst were 37%, 43% and 58% for 0.25 g
L−1, 0.5 g L−1 and 1 g L−1 dose, respectively. This may be due to
an increase in active sites due to an increased in the dose and
a greater formation of reactive oxidation species (ROS), which is
the result of increased absorption of light by catalysts. It is
evident from the results that a greater inhibition effect was
observed at 1 g L−1 for 15%BiVO4@HMT in visible light,
therefore it was used for the following experiments.

3.8.3. Effect of solution pH on photocatalytic cyanobacte-
rial inhibition. In heterogeneous photocatalysis, the pollutant
degradation also depends on the pH of the solution, as it plays
a crucial role by modifying the surface of both, the catalyst and
the pollutants. For this purpose, three pH ranges; 5, 7 and 9
were chosen because too low and too high pHs have not been
reported to be compatible with the CCM of cyanobacteria, as
discussed in detail earlier (Section 3.7). So, the growth inhibi-
tion activity of 15%BiVO4@HMT increased with increase of pH
in the order pH 9 > pH 7 > pH 5 (Fig. 7d), which could be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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explained by following. Increased growth inhibition or cell
rupture at alkaline pH can be explained by the production of
ROS (in bulk) followed by attacks on organic bonds (C–C, C–H,
C–N, C–O, H–O), damaging the bilipid layer of cells and
degrading proteins that got exposed to external environment.
This signicantly altered the molecules in cells and lead to cell
wall leakage and cell death.68,69 Another explanation for the
increased inhibition of growth at alkaline pH can also be
conrmed by the fact of their ability to uptake HCO3

− at alka-
line pH. In the present study, the harvested biomass was stored
in a refrigerator to avoid any contamination, so the cells
suffered from starvation. When they were exposed to alkaline
pH and visible light, cells began to develop positive zeta
potential by utilizing proton motive force (PMF) to capture
HCO3

− ions by the stimulating Na+/H+ antiporters. The zero
charge (pHPZC) point of 15%BiVO4@HMT was calculated to be
5.25 using the ‘salt additionmethod’25 using 0.1 M KCl solution.
This indicates the presence of a positive charge on the catalyst
surface below pHPZC and a negative charge at a pH above pHPZC.
So, the accumulation of a positive charge on the cell surface
forces the cells to approach the negatively charged
photocatalyst,70–72 which led to increased inhibition of growth.

3.8.4. Mechanism route for photocatalytic activity. Based
on the results of physico-chemical characterizations and pho-
tocatalytic growth inhibition performance, the plausible route
for algal cell denaturation using as-synthesized 15%BiVO4@-
HMT was proposed. Fig. 7b displays higher growth inhibition
via 15%BiVO4@HMT, it can be stated that this catalyst have
comparatively enhanced light absorption capacity owing to its
smaller bandgap, therefore, more electron–hole pairs created
over the heterojunction. So, Fig. 8 demonstrates the junction
formation between 15%BiVO4@HMT as of type-II like posi-
tioning, depicting that upon absorption of visible light, elec-
trons from the VB of BiVO4 and HMT got excited and transferred
Fig. 8 Schematic illustration of photocatalytic activity of 15%BiVO4@HM

© 2022 The Author(s). Published by the Royal Society of Chemistry
in their respective CBs, followed by rapid recombination of
photogenerated electrons in HMT's CB with photogenerated
holes in BiVO4's VB, leaving the higher energy electrons and
holes at more negative and more positive potentials with
enhanced redox capabilities. This prescribed mechanism is in
good coherence with the scavenging studies (Fig. S5(b)†) sug-
gested that holes and electrons have major contribution among
other ROSs, which was margined separately for direct oxidation
and reduction at higher potentials, thus leading to cell damage.
However, it will be truly to say that heterojunction formation
improved the exploitation of light and halted the recombination
of charge carriers at BiVO4@HMT interface; whereas the pho-
tocatalytic activity order of 15%BiVO4@HMT is; no-scavenger >
OHc > O2c

− > e− > h+ (Fig. S5(b)†).
3.8.5. Effect of photocatalysis on cyanobacterial cell and

chlorophyll ‘a’. Two possibilities have been proposed to explain
the anti-microbial or anti-algal activities of nanoparticles.
Initially, when cells meet nanoparticles, former are taken-up/
adsorbed by later or vice versa, where they are involved in
inhibiting enzymatic and metabolic activities, causing serious
damage to the cells. Secondly, production of ROS due to acti-
vation of catalyst by absorbing visible light (eqn (2)–(7)) that
have caused cell wall damages and let the cells leak their
contents owing to irretrievable lost integrity and lethal modi-
cations. These attacks become continuous due to efficient
charge separation as it trends in a Z-scheme junction32 which
are powerful enough to inactivate or kill cyanobacterial cells.73

Algal growth to be steadily declining compared to negative
control sets. The pigment absorption decreases from 0.0385 to
0.01685 aer 6 h and at 1 g L−1 of catalyst. So, based on the
decrease in chl ‘a’ content, it can be assumed that when cata-
lysts were added to a cell suspension of 0.1 g L−1, it interacted
with cells (Fig. S3 and S4†) and produced ROS which started to
attack cell wall constituents which are vulnerable to radical
T under visible light.

RSC Adv., 2022, 12, 31338–31351 | 31347
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attacks such as; ‘L-a-phosphatidylethanolamine’ (L-a-cephaline
or PE).74 Continuous attacks by ROS (say, h+) on cell inclusions
also induced a lot of damages to the chl ‘a’ structure. Moreover,
photosynthesis is reported to be stopped directly when organ-
elles and photosynthetic machinery (photo-systems) are
exposed to an environment with excessive amount of ROS, fol-
lowed by the decreasing absorbance of pigment due to breakage
of the head and tail structure of Chl ‘a’.22,75,76 From the results
presented in (Fig. 7c), the percentage of growth inhibition is
visibly bit static and does not decline rapidly until the 3rd and
4th h of photocatalytic process. This behaviour can be explained
by the activation of the defence mechanism of cyanobacterial
cells. Since blue-green alga are Gram negative, their defence
system comprises of the catalase enzyme (CAT) and super oxide
dismutase (SOD), where H2O2 decomposes into water and
oxygen and thus they convert the superoxide radical into an
oxygen molecule. Aer the 5th and 6th h of photocatalytic
exposure, the inhibition efficiency increased rapidly, which may
indicate that the ROS production in the experimental system
surpassed the ability of antioxidants to protect cells (Fan et al.,76

2019b). The proposed mechanism for generation of ROS and
attacks on cell is given in eqn (2)–(7):
Table 2 Comparison of catalyst activities for algal growth inhibition from

Nanomaterial type

15%BiVO4@HMT NPs

Ag2CO3–GO nanoparticles

Floating g-C3N4 heterojunction on EP/Al2O3 nanoparticles

Ag/AgCl@ZIF-8 nanoparticles

0.2% PDDA@NPT-EGC (poly dimethyl diallyl ammonium chloride (PDDA
doped TiO2/expanded graphite C/C oating composite (NPT-EGC)
Zn–Fe LDHs nanoparticles

TiO2, WO3 with Pt Co-catalyst

AgBiO3 nanoparticles

Fe3O4–TiO2 core/shell magnetic NPs

TiO2 nanoparticles

TiO2/Ag in chitosan nanocomposite lms

Fe2O3–TiO2 nanoparticles

CuONPs/GLYMO/4-HBPA

3D Ag2O/g-C3N4 hydrogel

Ag/AgCl@g-C3N4@UIO-66(NH2)

Ag2MoO4/TACN@LF

31348 | RSC Adv., 2022, 12, 31338–31351
15%BiVO4@HMT + hn / h+ + e− (2)

h+ + H2O / cOH + H+ (3)

e− + O2 / O2c
− (4)

O2c
− + H+ / HOOc (5)

e− + HOOc + H+ / H2O2 (6)

H2O2 + e− / OHc + OH− (7)

So, it is postulated that cellular rupture started with the
photocatalytic action of catalyst, production of ROS, initiating
the ‘radical induced changes’ in defence structures such as
phospholipids and polysaccharides in the cell wall and
membrane, and then caused oxidative damage to chl ‘a’ and
other structures.77
3.9. Comparison of catalyst activities from literature

A number of studies have been carried out on the anti-algal
activities of nanoparticles78–81 where the nanoparticles shown
promising results in inhibiting algal/cyanobacterial growth by
literature

Cell/specie type
% Growth
inhibition

Reaction
time References

Locally isolated
cyanobacteria

59%, under
visible light

6 h Present
study

Microcystis
aeruginosa

Nearly 100%,
using visible light

7 h 65

Microcystis
aeruginosa

74.4%, using
visible light

6 h 68

Microcystis
aeruginosa

98.5%, using
visible light

4 h 76

)@N–P co- Microcystis
aeruginosa

77%, using
visible light

2 h 77

Microcystis
aeruginosa

80%, using
visible light

3 h 78

Algae 87%, under
orescent lamps

— 80

Microcystis
aeruginosa

72.2%, using
visible light

4 h 82

Streptococcus
pyogenes

85%, UV-light 20 min 83

Pseudomonas
aeruginosa

About 100% was
achieved under
UV light

50 min 84

Dunaliella salina 45%, under UV-C
light

— 85

Chlorella vulgaris 99%, under
visible light

24 h 86

Chlamydomonas
reinhardtii

99%, using
visible light

— 87

Microcystis
aeruginosa

98.8%, visible
light

4 h 88

Microcystis
aeruginosa

99.9%, visible
light

3 h 89

Microcystis
aeruginosa

100%, visible
light

4 h 90

© 2022 The Author(s). Published by the Royal Society of Chemistry
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disrupting outer membranes and photosynthetic systems in
comparison to several chemical control strategies. Some
examples of growth inhibition (algal and non-algal) from the
literature are given in Table 2.

4. Conclusion

In this study, we demonstrate that modication of HMT
surface with 15% BiVO4 was found to be effective in inhibiting
algal growth compared to pure HMT and other composites.
The co-occurrence of pristine nanoparticles with high crys-
tallinity and the formation of a heterojunction due to creation
of a lamellar arrangement of BiVO4 in the composite was
shown by XRD and TEM analysis. The established junction
improved the overall reaction chemistry by preventing
recombination of electrons/holes pairs, decreasing the band
gap, and also by increasing the ability of nanoparticles to
adsorb visible light with a subsequent increase in photo-
catalytic activity. The synthesized nanocomposite catalyst
showed high growth inhibition efficiency at higher pH, where
percentage inhibition was directly related to pH, and these
results were in good synergy with the increased growth of
cyanobacterial in alkaline environment. Moreover, the use of
15%BiVO4@HMT for only 6 h was sufficient enough to induce
the death of locally isolated cyanobacterial cells. The reactive
oxygen species generated by the photocatalytic process were
active enough to disrupt the protein complex of Chl ‘a’, and
indicated growth inhibition of up to 59%. We foresee the
strong potential of this composite, which could potentially be
applied to inhibit the growth and bloom of cyanobacteria to
restore various water bodies by exploiting visible radiations.
The materials could be also used in drinking water treatment
plants to overcome the high turbidity and algal bloom
problem that cause clogging the sand lters. The catalyst can
also be used for simultaneous degradation of organic
contaminants.

5. Future recommendations

3 In regards of HABs control in real systems, development of
target oriented photocatalysts is required which will only be
capable of oxidizing harmful cyanobacterial cells rather than
every cell being encountered. This tailoring will help in
improved recovery of eutrophicated waters as well as prepara-
tion of budget friendly anti-algal nano-supplies.

3 Only limitation associated to the use of nanocatalysts,
which is present and addressed in literature, is the recovery,
separation and recycling problem specially aer anti-algal
treatment, where catalyst recovery with adsorbed dead cells
from bottom of suspension has been an issue, thus leading to
wastage of NPs' and being cost intensive. There is need to devise
such a system which should have potential to overcome this
difficulty.

3 There is a room to create extended research scopes for the
degradation of DNA, RNA, proteins or amino acids molecules
which will add fruitful perspectives in the cell denaturation
mechanism.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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