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Abstract 

Currently, there is massive generation of persistent organic pollutants, which are hazardous substances, 

owing to the exponential industrial growth and the associated waste production. Consequently, green 

and reliable strategies for decontaminating wastewater and generating value-added products are needed 

to realize the global demand of sustainability. In this study, an efficient sustainable circular process for 

water remediation with nearly zero residue production is developed using iron-rich cyanobacteria ashes. 

These cyanobacteria ashes are obtained from the combustion of Arthrospira platensis var lonar and are 

used as Fenton-like photocatalysts in different assisted photo-Fenton reactions (processes enhanced by 

light). The use of these iron-rich cyanobacteria ashes is particularly effective for the sono-enhanced 

photo-Fenton processes for water remediation (mineralization > 94.9%), with an outstanding reusability. 

At the end of the effective lifetime of the photocatalyst, the remaining ashes can be subsequently reused 
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as a supplement during the growth of new cyanobacteria, thus closing the circular process. The proposed 

approach is a green and sustainable process integrating both carbon dioxide fixation and clean-water 

production aimed at attaining sustainable development. 
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Highlights 

 Cyanobacteria ashes, especially iron-rich ones, are proposed as catalysts in different assisted Fen-

ton processes. 

 The use of sonication enhances the mineralization process. 

 Ashes long lifetime is confirmed; no significant differences are observed after five consecutive 

methylene blue degradation cycles in the iron-rich cyanobacteria ashes.  

 The cyanobacteria ashes can be directly recycled to produce more fresh cyanobacteria. 

1. Introduction 

The research on biomass is growing exponentially because it is a green, sustainable, and virtually un-

limited source of carbon to produce fuels, power, heat, and value-added chemicals to address the issue 

of the depletion of fossil fuel resources and the increasing environmental concerns (Hu et al., 2020; 

Kumar et al., 2020; Zhao et al., 2019). Yearly, billions of metric tons of lignocellulose biomass from 

plants (phytomass) and animal biomass (zoomass) are globally produced naturally as well as a conse-

quence of human anthropological activities (Borghei et al., 2019; Deng et al., 2016). The effective man-

agement and recycling of the produced biomass is extremely essential for reducing the adverse ecolog-

ical impact, powering green circular chemistry processes, and achieving sustainable development  (Deng 

et al., 2016; Keijer et al., 2019; Serrà et al., 2020).  

In this context, cyanobacteria cultivation can significantly contribute to the development of a self-sus-
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tainable process for biomass production that has promising applications in the energy–water–food–phar-

maceutics nexus (Serrà et al., 2019, Solovchenko et al., 2014). Cyanobacteria have numerous potential 

applications in a wide range of fields, such as biopharmaceuticals, nutraceuticals, cosmetics, water de-

contamination, and renewable energy (Gosset et al., 2019; Wong et al., 2018; Zhang et al., 2019). They 

are abundant photosynthetic microorganisms and can be found in oceans, lakes, and rivers; they can 

endure adverse conditions, such as wastewater and broad ranges of salinity, pH, and temperature (Liao 

et al., 2016). Note that the cultivation of cyanobacteria in wastewater has various benefits associated 

with (i) the reduction in the cultivation cost, and more importantly, (ii) the phycoremediation process, 

which simultaneously allows the sequestration of carbon dioxide, biosorption of heavy metals, and bio-

accumulation/biosorption and biotransformation of organic compounds (Kumar et al., 2020; Lebron et 

al., 2019; Pradhan et al., 2019; Ahmad Ansari et al., 2019). Consequently, they can be effective for water 

decontamination, particularly for alcohol wastewater treatment and heavy metal bioremediation. Cya-

nobacteria biomass can be effectively used for (i) the production of biohybrid materials for photocatal-

ysis or absorbents (Lobakova et al., 2016), (ii) the extraction of cost-effective high-value products, such 

as eicosapentaenoic acid and docosahexaenoic acid (Shanab et al., 2018), and (iii) the production of 

supplementary food, fodder, or fertilizers (Singh et al., 2016). Importantly, cyanobacteria biomass can 

be combusted directly, releasing heat, or be converted to biogas or biofuels (such as bioethanol or bio-

diesel) (Das et al., 2018; Tsegaye et al., 2019; Zelelew et al., 2018). It is noteworthy that the solid 

residues obtained as a consequence of the production of bioethanol or biodiesel can be also used to 

produce biopellets (Serrà et al., 2020).  However, in this last application, the use of biomass also has 

adverse effects arising from the release of a complex mixture of chemicals during combustion, which 

comprises of mainly carbon dioxide and also solid micro- nanoparticles (ashes), water vapor, carbon 

monoxide, and nitrogen oxides (Caposciutti et al., 2019; Lane et al., 2014). Consequently, the manage-

ment of these residues, particularly ashes, should be addressed when proposing a green and sustainable 

use of cyanobacteria biomass. Note that carbon dioxide fixation occurs during the cultivation of cyano-

bacteria (Serrà et al., 2019). 

The produced ashes not only from the combustion of biomass pellets but also from numerous other 

processes involving combustion, can be converted into abundant raw materials for other applications. 
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Such ashes have been promoted as complementary raw materials for asphalt technologies, hydrogen 

production, hydraulic cement, ceramic building materials, and water remediation (Alavi-Borazjani et 

al., 2019; Brooks et al., 2019; Molin Filho et al., 2019; Tosti et al., 2019). Furthermore, several studies 

have demonstrated that different types of ashes have the outstanding absorption capacities for various 

pollutants present in wastewater, such as organic dyes, pesticides, phenols, toxic metals, and numerous 

other inorganic contaminants (Johansson et al., 2016; Khodadadi et al., 2019; Yadav et al., 2014). The 

adsorption capacity of an ash depends strongly on its origin; therefore, detailed studies are required for 

individual specific industrial applications. In addition to their role as adsorbents, ashes can potentially 

be used as low-cost photocatalytic supports because they possess almost all the required characteristics, 

such as stability to light illumination, high surface area, and easy recovery (Borges et al., 2014; Katsika 

et al., 2018; Zeghioud et al., 2016). In addition, these ashes are inexpensive and mass-produced materials 

with exceptional suitability to be used in water remediation as membrane filters and photocatalysts 

(Borges et al., 2017; Ma et al., 2018; Ramírez-Franco et al., 2019). In particular, the cyanobacteria ashes 

are rich in heavy metals residues, making them potential effective Fenton-like heterogeneous catalysts 

for sunlight water decontamination. It is to be noted that the photo-Fenton process offers an inexpensive, 

sustainable, and effective process to mineralize organic compounds with the use of sunlight (Fu et al., 

2018).  It is well known that the mineralization of organic compounds based on the photo-Fenton process 

can be effectively enhanced by applying ultrasound (ultrasonically assisted catalysis or sonocatalysis) 

(Cetinkaya et al., 2018; Zhang et al., 2013). Sonocatalysis utilizes the advantage of the associated pro-

duction of bubbles that generating localized extreme temperature and pressure conditions by the cavita-

tion effect, leading to a high production of reactive oxygen species (ROS) (Gholami et al., 2019). Con-

currently, ashes (particularly vegetal ashes) have also been revealed as effective supplements for algae 

culture media (Jain et al., 2013). Specifically, owing to their low cost and efficiency, heavy-metal-rich 

cyanobacteria ashes can allow reduction in the cyanobacteria production costs, making microalgae cul-

tivation economically viable at the industrial scale. 

Herein, we report the development of a green, sustainable, and environmentally friendly closed process 

(Scheme 1) for water decontamination using Arthrospira platensis (A. platensis) cyanobacteria-recycled 

biomass. The proposed process consists of three successive steps: (i) Calcination of the cyanobacteria 
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biomass to obtain the desired photocatalytic ashes and energy. (ii) The use of the ashes as photocatalytic 

substrates in Fenton, photo-Fenton, and sono-photo-Fenton reactions for sunlight-promoted degradation 

of persistent organic pollutants (methylene blue (MB) is selected in this study as probe). (iii) Finally, to 

make the process circular, the cultivation of new cyanobacteria by the reuse of the carbon dioxide, the 

remaining microalgae ashes, and the mineralized water obtained after the sono-enhanced photo-Fenton 

process. Consequently, this study focuses on investigating the viability of the reuse and recycling of one 

of the main wastes generated during cyanobacteria-based biofuel production (i.e., residual biomass 

and/or ashes). Its uses as an effective sunlight-driven photocatalyst for the mineralization of persistent 

organic compounds and as a supplement for the preparation of competitive culture medium supplements 

to grow microalgae are explored. This is aimed at minimizing waste by offering a circular green process 

that can have important applications in the energy–water–food–pharmaceutics nexus. The proposed cir-

cular process generates clean water while fixing carbon dioxide, releasing oxygen, and recycling the 

generated residues–the photocatalysts after their useful lifetimes–in an efficient closed-circle process. 
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Scheme 1: Representation of the proposed circular process for water decontamination, energy produc-

tion, and cyanobacteria cultivation.  

 

2. Experimental section 

2.1. Strain and culture conditions 

Arthrospira platensis var lonar cyanobacteria (axenic strain – Strain No. NIVA-CYA 428) were ob-

tained from Espirulina Natural Company (Catalonia, Spain). A. platensis were cultivated in a 30 L 

glass tank at 30.0 ± 0.4 °C using Zarrouk’s medium (pH = 10), natural sunlight irradiation, intermittent 

mechanical agitation (80 rpm; 30 min-15 min on-off cycles), and air bubbling (15 min-60 min on-off 

cycles) (Zarrouk, 1966). 

2.2. Photocatalyst preparation and characterization 

Raw-cyanobacterial and iron-rich cyanobacterial ash photocatalysts were obtained after the combustion 

of cyanobacterial biomass in a Heraeus M110 Muffel oven (temperature of 900 °C). To obtain iron-rich 

ashes, cyanobacteria were immersed in a 40 ppm iron(II) chloride (> 99.0%, Sigma-Aldrich) solution 

(pH = 9) for 90 min under magnetic stirring (200 rpm) prior to combustion. After combustion, soluble 

alkaline substances and other impurities such as fibers were removed from the cyanobacterial ashes by 

washing repeatedly with Milli-Q water for 2 h under magnetic stirring (200 rpm) until the pH of the 

supernatant was equal to 7. Wash supernatants were added to the cyanobacteria tank to supplement the 

cultivation media. After washing, the cyanobacteria ashes were dried at 103 °C until the weight no 

longer changed. 

The morphology and elemental composition of the cyanobacterial ashes were characterized using a field 

emission scanning electron microscope (FE-SEM, Hitachi S-4800) equipped with an energy-dispersive 

X-ray spectroscopy detector. For FE-SEM observation 100 μL of a suspension of cyanobacterial ashes 

(0.1 g L-1) were dropped on fluorine doped tin oxide substrate and dried under nitrogen. In order to 
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obtain high quality FE-SEM images of cyanobacterial ashes, 4 nm of carbon was deposited on the sur-

face of the ashes. The carbon deposition was performed using a Leica EM ACE600 sputtering system. 

In addition, the specific surface area was determined by the Brunauer–Emmett–Teller (BET) method 

from N2 adsorption-desorption isotherms at 77 K using a Micrometrics Tristar-II. Ash elemental com-

position was carried out by X-ray photoelectron spectroscopy (XPS) at room temperature with a SPECS 

PHOIBOS 150 hemispherical analyzer (SPECS GmbH). 

2.3. Water decontamination 

Methylene blue (MB) (Sigma-Aldrich, > 97%) was selected as a model of a persistent organic pollutant. 

In order to analyze the potential of cyanobacterial ashes as photo-Fenton-like heterogeneous photocata-

lysts a single pollutant solution was selected. Note that this process is extensible to other organic pollu-

tants.  

Prior to initiating pollutant degradation, the adsorption capacity of the cyanobacterial ashes was inves-

tigated in dark conditions. Cyanobacterial ashes (5 mg of ashes) — both iron rich and non-iron rich — 

were added to 50 mL beakers containing a solution of 10 ppm methylene blue, leading to a photocatalyst 

dosage of 0.1 g L-1. The solution pH was then adjusted to the desired value (pH = 3) using diluted sulfuric 

acid, and the flasks were shaken at 200 rpm for 60 min at 25 °C. At given time points, the MB concen-

tration of the supernatant was measured by UV-vis spectroscopy. 

The degradation and mineralization of MB was investigated in the presence and absence of cyanobac-

terial ashes in darkness, under artificial UV irradiation or solar irradiation (photocatalysis) and/or with 

ultrasonic irradiation (sono-catalysis), to determine the photolytic, Fenton, sono-catalytic, UV-Fenton, 

visible-Fenton, UV-sono-photo-Fenton, and solar-sono-photo-Fenton activities. Prior to the MB degra-

dation assays, the organic pollutant solutions containing cyanobacterial ashes were kept in the darkroom 

at 25 °C for 60 min to establish adsorption-desorption equilibrium, and the solution pH was adjusted to 

the desired value (pH = 3) using diluted sulfuric acid. Next, the Fenton or photo-Fenton process was 

initiated by adding H2O2. All the experiments were thermostated at 20.1 ± 0.2°C and maintained under 

magnetic stirring (400 rpm). Table 1 summarizes the degradation and mineralization conditions used in 
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each experiment. In all assays, MB degradation was tracked across a 100-min reaction period by UV-

vis spectroscopy. The catalyst dosage and H2O2 concentration were selected based on literature regard-

ing Fenton and photo-Fenton mineralization of MB (Ahmed et al., 2016).  

Experiment Ashes / g L-1 H2O2 / mM Light Irradiation US irradiation 

Photolysis - - UV or Solar - 

Fenton 0.1 10 - - 

Sono-catalysis 0 or 0.1 - - 300 W 40 kHz 

Photo-Fenton 0.1 10 UV or Solar - 

Sono-Photo-Fenton 0.1 10 UV or Solar 300 W 40 kHz 

Table 1: Conditions of the MB degradation/mineralization experiments.  

The photo-Fenton experiments used either an 8W mercury lamp with a wavelength of 365 nm (light 

intensity of 1.4 W m-2) or natural sunlight (average light intensity 1.5 W m-2). Sonocatalytic experiments 

employed an UCE ultrasonic generator (nominal power: 300 W; frequency: 40 kHz). 

Water decontamination analysis: The photodegradation of MB was determined by UV-vis spectroscopy 

(UV-1800 spectrophotometer, Shimadzu) at a wavelength of λmax = 662 nm in a quartz cuvette with an 

optical path length of 1 cm. Each experiment was performed in triplicate under identical conditions. The 

pollutant mineralization was measured as the abatement of total organic carbon (TOC) after the 100-

min reaction period, determined on a Shimadzu VCSH analyzer. 

Catalyst reusability: To evaluate photocatalyst stability, recyclability, and reusability, the microalgal 

ashes were collected and reused for the degradation of 10 ppm MB over five consecutive cycles (UV-

sonophoto-Fenton conditions only). After the fifth cycle, the morphological stability of the recycled 

microalgal ashes was examined by FE-SEM.  

2.4. Recyclability of photocatalysts 
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After the photocatalysts lifetime, cyanobacteria ashes were recycled as a supplement for Zarrouk’s cy-

anobacteria media in the cultivation medium of A. platensis var lonar cyanobacteria. The following three 

cultivation media have been prepared: 

Medium Composition 

Zarrouk’s medium 100% (v/v) Zarrouk’s medium 

Raw-cyanobacterial ashes 20% (v/v) Zarrouk’s medium + 80% (v/v) recycled raw-cyano-

bacterial ash suspension (i.e., 1 g of ash per L of water) 

Iron-rich cyanobacterial ashes 20% (v/v) Zarrouk’s medium + 80% (v/v) recycled iron-rich cy-

anobacterial ash suspension (i.e., 1 g of ash per L of water) 

Table 2: Composition of the three cyanobacteria media.  

During the recycling experiments, the cultivation tank was set at 30.0 ± 0.4°C and subjected to natural 

sunlight irradiation, intermittent mechanical agitation at 80 rpm in two 30- and 15-min on-off cycles, 

followed by air bubbling in two 15- and 60-min on-off cycles. A. platensis grew mixotrophically in these 

three tested media over a thirteen-day period. 

Dry biomass determination: Each day, three 20 mL samples were extracted from each microalgae culti-

vation tank and filtered through pre-weighed GF/F Whatman® glass microfiber filters (WHA1825021, 

Sigma-Aldrich), which were then dried in an oven at 40 °C and weighed. Biomass production was cal-

culated as mg of dry biomass per L of cultured media.   

Photosynthetic pigments determination: Chlorophyll-a, and carotenoids concentrations in the cyanobac-

terial biomass cultivated in these three culturing conditions were spectroscopically measured using the 

Lichtenthaler and Wellburn method (Wellburn, et al., 1984; Lichtenthaler, 1987). When the stationary 

growth phase was reached, three 5-mL samples from each culture tank were centrifuged at 5,000 rpm 

for 10 min and later washed with phosphate-buffered saline (PBS, (i.e., 0.01 M of phosphate buffer, 

0.0027 M of KCl, and 0.137 M of NaCl, pH 7.4) solution three times. Once the supernatant was dis-

carded, ethanol (96% v/v) was thoroughly mixed in to the cyanobacteria residues, after which the pig-

ments were extracted in ethanol at 65 °C for 90 min. Next, the absorbance of the supernatant in the 
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ethanol solution at 470, 649, and 665 nm was measured using a UV-1800 Shimadzu UV–vis spectro-

photometer (Shimadzu Corporation). Chlorophyll-a and carotenoids concentrations were calculated as 

mg L-1.  

Glycogen determination: Glycogen was mechanically extracted from the cyanobacteria of three samples 

of these three different culturing conditions in cold PBS  using a laboratory homogenizer at 20,000 rpm 

for 3 min. Next, homogenates were centrifuged at 13,000 rpm at 4°C for 10 min, and supernatants were 

recovered for glycogen analysis and filtered through 0.2-μm syringe filters. Glycogen content was de-

termined using a glycogen assay kit (#MAK016, Sigma-Aldrich), and the analysis was performed in 

triplicate.  

3. Results and Discussion 

In this study, the cyanobacteria ashes obtained during the thermochemical conversion of cyanobacterial 

biomass into energy are used for the efficient mineralization of persistent organic pollutants and follow-

ing recycling for the effective integration of cyanobacteria cultivation. This is a green circular process 

(Scheme 1), aiming to prevent the production of any type of waste. To realize this, the residues produced 

in each individual step of this process should be used or recycled in the following one, introducing the 

concept of clean production as an approach to increase the efficiency of the use of energy, water, and 

natural resources. The thermal process of combustion converts mass, in this case dried cyanobacterial 

biomass, to energy while producing both gas (mainly carbon dioxide) and solid residue (cyanobacterial 

ashes). The produced carbon dioxide can be readily fixed during cyanobacteria cultivation, improving 

biomass production. Consequently, this study focuses on the reutilization of the ashes generated during 

the combustion of cyanobacterial biomass, first for the sono-enhanced photo-Fenton mineralization of 

persistent organic pollutants and second for the further cultivation of microalgae.  

According to ISO 17225-6:2014 standard for non-woody pellets, cyanobacteria biomass can be consid-

ered as a commercial biofuel for the fabrication of non-woody pellets provided the following require-

ments are met: ash content < 10 wt. %, moisture content < 15 wt. %, and calorific power > 14,5 MJ kg−1. 
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We recently demonstrated that A. platensis var lonar pellets comply with the abovementioned require-

ments (ash content < 6 wt. %, moisture content < 6 wt. %, calorific power ≈ 20,6 MJ kg−1). Therefore, 

we utilize A. platensis var lonar as the source of biomass both for the combustion and recycling of the 

residual products (Serrà et al., 2019). 

3.1. Photocatalyst preparation and characterization 

The potential of cyanobacterial ashes as heterogeneous Fenton-like photocatalysts was explored in this 

study. Raw- and iron-rich- cyanobacterial ashes were fabricated by the calcination of cyanobacterial 

biomass in the presence of oxygen. The iron-rich cyanobacteria biomass was easily obtained after dip-

ping the biomass for 90 min in an alkaline solution (pH = 9) containing 40 ppm iron (II) chloride. Prior 

to the synthesis of the iron-rich cyanobacterial ashes, Fourier-transform infrared spectroscopy was con-

ducted to identify the main functional groups of the A. platensis cell wall, to select the most adequate 

pH for the promotion of the biosorption of ions. Note that biosorption can involve complex mechanisms, 

such as ion exchange, microprecipitation, and electrostatic attraction. Specifically, the main biosorption 

mechanisms for the metal ion removal by cyanobacteria are ion exchange, microprecipitation, and metal 

ion interaction with the functional groups of the cyanobacteria surface. As expected, the Fourier-trans-

form infrared spectra (Figure 1) of dried A. platensis biomass revealed the presence of amino, carboxyl, 

hydroxyl, phosphate, and sulfate moieties as the main functional groups. This was because the main 

components of its cell wall are teichuronic acid, teichoic acid, polysaccharides, and proteins. Conse-

quently, the biosorption of iron ions may be higher in alkaline conditions owing to the non-protonation 

of the negatively charged functional groups.  
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Figure 1: Fourier-transform infrared spectra of the A. platensis var lonar biomass. 

Once the cyanobacteria were calcined, the presence of iron bioaccumulation was readily notable by the 

naked eye based on the color of the obtained ashes (Figures 2a and b); the raw A. platensis ashes pre-

sented a burly-wood color, whereas the iron-rich A. platensis ashes were black. Importantly, the differ-

ences in the absorption spectra (Figure 2c and d) of the raw- and iron-rich cyanobacterial ashes demon-

strated the significant effect metallic impurities (i.e., iron ions) had on the calcination process. Note that 

the optoelectronic properties, and consequently the color, are significantly affected by the particle size, 

shape, crystal defects, impurities, and other factors.       
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Figure 2: Photographs of the (a) raw-cyanobacterial ashes and (b) iron-rich cyanobacterial ashes; UV-

vis absorption spectra of the (c) raw-cyanobacterial and (d) iron-rich cyanobacterial ashes.  

The observed morphology of the cyanobacterial ashes presented that they consisted of non-spherical, 

irregularly-shaped microparticles ranging in size from approximately 1 to 50 µm. Further, they were 

composed of various aggregates (e.g., rods, geometric sheets) (Figure 3), offering openings and high 

porosity, and the Brunauer–Emmett–Teller (BET) surface areas of the raw-microalgal ashes and iron-

rich cyanobacterial ashes were high, 21.3 and 24.9 m2 g-1, respectively. The morphologies and BET 

surface areas obtained for both the types of ashes support the use of cyanobacterial ash-based photo-

catalysts as Fenton-like heterogeneous photocatalysts to promote the elimination of persistent organic 

pollutants from wastewater. 
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Figure 3: Field emission scanning electron microscopy (FE-SEM) micrographs of the (a) raw-cyano-

bacterial and (b) iron-rich cyanobacterial ashes. Scale bar: 10 µm. 

The chemical compositions of the cyanobacterial ashes (Table 2) are fundamental for their application 

as Fenton-like heterogeneous photocatalysis; this is because photocatalytic activity can be strongly af-

fected by other metals. For example, the Fenton process is limited in presence of Ni(II) ions and con-

trastingly is synergistically promoted in the presence of Co(II) or Mn(II) ions. Note that the iron content 

of the iron-rich cyanobacterial ashes was about six times higher than that of the raw-cyanobacterial ashes 

(Table 3).   

 

 Raw-cyanobacterial ashes Iron-rich cyanobacterial ashes 

Fe / mg g-1 48±3 256±4 

Mg / mg g-1 12.4 ± 0.5 12.2 ± 0.3 

Al / mg g-1 23 ± 2 21 ± 1 

Si / mg g-1 64 ± 3 63 ± 2 

P / mg g-1 12 ± 2 14 ± 2 
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S / mg g-1 16 ± 2 19 ± 3 

Ca / mg g-1 51 ± 4 55 ± 2 

Mn / mg g-1 18 ± 2 18 ± 3 

N / mg g-1 24 ± 3 23 ± 3 

Table 3: Chemical composition of raw-cyanobacterial and iron-rich cyanobacterial ashes. 

3.2. Water decontamination 

Prior to the use of the cyanobacterial ashes as Fenton-like catalysts, their adsorption capacities (under 

dark conditions) were evaluated to establish the adsorption-desorption equilibrium time sustainable. The 

results (Figure 4) revealed that the percentage of MB adsorption was higher for the iron-rich cyanobac-

terial ashes (9 %) than that for the raw-cyanobacterial ashes (5%). For both types of ashes, the adsorp-

tion-desorption equilibrium was attained after 30 min of immersion.  

 

Figure 4: Adsorption of MB (10 ppm solution) at 25.0 ± 0.1 oC in the presence of (1) the raw-cyano-

bacterial ashes and (2) the iron-rich cyanobacterial ashes. The error bars indicate the standard deviations 

from three replicate experiments.  

 

The aim of this process was the decontamination of wastewater by the total mineralization of persistent 

organic pollutants (in this case MB), which included total conversion into carbon dioxide, water, and 

inorganic species. This was achieved by catalysis of Fenton process by raw-cyanobacterial ash and iron-
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rich cyanobacterial ash-based photocatalysts under UV and sunlight irradiation assisted by sonication. 

The mineralization process is based on the classical Fenton reaction as follows: 

𝐹𝑒2+ +  𝐻2𝑂2 →  𝐹𝑒3+ +  𝐻𝑂· +  𝑂𝐻−     (1) 

Note that hydroxyl radicals (HO·), which are powerful non-selective oxidants, are produced by the re-

action between Fe(II) and hydrogen peroxide (H2O2) (Pignatello et al., 2007; Brillas et al., 2009).  Irra-

diation with light, particularly ultraviolet A light (315 < λ > 400), is known to accelerate mineralization, 

mainly by promoting the photolysis of Fe(OH)2+ (the predominant Fe(III) species in aqueous solutions 

at pH 3) and consequently regenerating the Fe(II) catalyst to produce more hydroxyl radicals. This is 

known as the photo-Fenton reaction (Pignatello et al., 2007; Brillas et al., 2009). The additional use of 

sonication induces the formation of localized bubbles in the solution, called as hot spots, where the 

extreme conditions of pressure and temperature can favor the mineralization (Naddeo et al., 2012). In 

homogeneous Fenton processes, the removal of the iron ions introduced during mineralization is expen-

sive in terms of the reagents and time required. However, Fenton-like processes can be performed using 

heterogeneous Fenton-like catalysts, which can be easily removed and re-used. Therefore, the utilization 

of cyanobacterial ashes as heterogeneous Fenton-like photocatalysts was evaluated for the mineraliza-

tion of (MB). 

Figure 5 shows the efficiencies of the photolytic, Fenton, sono-catalytic, UV-Fenton, visible-Fenton, 

UV-sonophoto-Fenton, and solar-sonophoto-Fenton degradation processes, over 100 min of irradiation, 

achieved using UV-vis spectroscopy as the determination method. In addition, the mineralization estab-

lished by measuring the reduction in the total organic content (TOC) after 100 min of irradiation is 

summarized in Table 4. This table emphasizes that the photolytic degradation of MB under UV and 

natural sunlight irradiation is practically negligible (< 2%).  
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Raw-cyanobacterial ash Iron-rich cyanobacterial ash 

MB degradation / % Mineralization (100 min)  / 

% 

MB degradation / % Mineralization (100 min)  

/ % 20 min  100 min 20 min  100 min 

Sono-catalysis 3.6±1.3 13.2±1.6 9.2±0.3 3.4±1.3 16.2±1.4 11.3±0.3 

Fenton 5.3±1.2 9.6±1.8 5.5±0.2 15.3±1.3 23.9±1.1 16.2±0.2 

UV-Photo-Fenton 68.8±2.3 96.1±0.9 64.5±0.4 89.4±2.1 99.0±0.2 86.5±0.4 

Solar-Photo-Fenton 60.5±2.3 90.3±0.3 61.2±0.2 68.7±2.4 94.7±0.2 79.1±0.2 

UV-Sonophoto-Fenton 94.1±2.2 99.0±0.6 71.4±0.3 97.8±1.3 99.3±0.2 96.1±0.4 

Solar-Sonophoto-Fenton 86.8±2.5 99.1±0.2 71.4±0.1 92.4±1.2 99.9±0.1 94.9±0.5 

Table 4: Photocatalytic MB (10 ppm) degradation of 0.1 g L-1 raw-cyanobacterial ashes or iron-rich cyanobacterial ashes at 20 ºC. 
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Under silent conditions (non-sonification conditions), after 100 min of UV (UV-photo-Fenton) and nat-

ural sunlight (solar-photo-Fenton) irradiation, 96.1% and 90.3% degradation is realized with the raw-

cyanobacterial ashes and slightly higher degradation of 99.0% and 94.7% is attained by the iron-rich 

cyanobacterial ashes, respectively. Note that after 20 min, the photodegradation of MB by the raw-

cyanobacterial ashes is significantly lower, dropping to 68.8% and 60.5% under UV (UV-photo-Fenton) 

and natural sunlight (solar-photo-Fenton) irradiation, respectively. Concurrently, when the iron-rich cy-

anobacterial ashes were used, after 20 min, comparatively higher degradation was achieved (89.4% and 

68.7% under UV and natural sunlight irradiation, respectively). As expected, the same trend was ob-

served from the mineralization values, which are determined at a particular time that is slightly prior to 

the occurrence degradation, owing to the complexity of the mineralization process. Comparing the per-

formances of the two ash types, the consistently higher efficiencies of the iron-rich ashes are explained 

by their higher iron content, which enhances the generation of hydroxyl radicals and consequently pro-

motes the oxidation of the pollutants (here MB). The high values obtained with the iron-rich ashes under 

sunlight irradiation confirm the suitability of their potential use for decontamination, evidencing that the 

use of a zero-cost light source is preferable over the cost and energy consumption of a UV-generating 

lamp.  

Under sonication, the effect of the hot spots becomes notable with the increased mineralization achieved 

by both the UV-sono-photo-Fenton and solar-sono-photo-Fenton processes. With sonication, after the 

first 20 min of irradiation, the MB degradation is 94.1% and 86.8% for the raw-cyanobacterial ashes 

and slightly higher at 97.8% and 92.4% for the iron-rich cyanobacterial ashes under UV and sunlight 

irradiation, respectively. Note that these degradation values are similar to those obtained after 100 min 

of irradiation in the photo-Fenton experiments without sonication, which demonstrates that sonication 

significantly enhances the kinetics of MB degradation. Similar behavior is observed in the evaluation of 

the mineralization after 100 min, which reaches 71.4% for the raw-cyanobacterial ashes under both the 

irradiation conditions and 96.1% and 94.9% for the iron-rich cyanobacterial ashes under UV and solar 

light irradiation, respectively.  
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Figure 5: Photolytic, Fenton, sonocatalytic, photo-Fenton, and sonophoto-Fenton degradation of MB 

(10 ppm solution) at 25.0 ± 0.1 oC in the (1) absence of any catalyst and in the presence of (2) the raw-

cyanobacterial ashes and (3) iron-rich cyanobacterial ashes. The error bars indicate the standard devia-

tions from four replicate experiments.  

The mineralization attained with the bare sono-catalysis and bare-Fenton processes are significantly 

lower than that realized by the photo- or sonophoto- Fenton processes, which illustrates their effective-

ness, particularly of the sonophoto-Fenton processes, for the mineralization of persistent organic pollu-

tants. Additionally, the iron-rich cyanobacterial ashes result in higher degradation and mineralization 



20 

 

than the raw-cyanobacterial ashes, confirming that iron content synergistically increases the efficiencies 

of Fenton-based processes. 

3.3. Photocatalyst reusability for water decontamination 

The stability and reusability of the cyanobacterial ashes were evaluated by reusing the catalyst over five 

consecutive MB degradation cycles (Figure 6a) under UV irradiation. No significant differences were 

observed in the MB photodegradation across all the successive runs, and a degradation of approximately 

99% was achieved even after five runs. Furthermore, the imaging of the ashes after the runs did not 

present morphological changes after the five successive MB degradation cycles (Figure 6b and 6c). 

Consequently, the iron-rich cyanobacterial ashes can be easily reused for the mineralization of persistent 

organic pollutants, providing a new application for cyanobacterial ash residues. The robustness of the 

cyanobacterial ashes allows their reuse without the loss of their catalytic activity. Furthermore, the ap-

plication of sonication, which is an aggressive treatment prohibited for other heterogeneous catalysts, 

does not damage the ashes and enhances the kinetics of the degradation and mineralization processes. 

 

Figure 6: (a) UV-sonophoto-Fenton reusability over five cycles of use of (1) the raw-cyanobacterial 

ashes and (2) the iron-rich cyanobacterial ashes to degrade 10 ppm MB. The FE-SEM micrographs af-

ter the fifth cycle for (b) the raw-cyanobacterial ashes and (c) the iron-rich cyanobacterial ashes. Scale 

bar: 10 µm. 

3.4. Recyclability of cyanobacterial ashes 
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Attending to reduce the production of residues after the effective lifetime of the ashes used in catalytic 

purposes the application of these inactive-cyanobacterial ashes is proposed as a tool to close the cycle. 

The proposed cultivation of A. platensis var lonar supposes the fixation of the carbon dioxide produced 

both during the combustion of the cyanobacteria pellets and on the mineralization of persistent organic 

pollutants. Furthermore, it assumes the incorporation of the remaining cyanobacterial ashes used as pho-

tocatalysts as supplements for the growth of fresh A. platensis. Note that moderate carbon dioxide levels 

when artificially injected during cultivation can effectively benefit cyanobacterial biomass growth. As 

displayed in Figure 7, both types of the ashes used are demonstrated to be suitable for the cultivation of 

additional cyanobacteria biomass. Furthermore, the utilization of an ash-based medium moderately en-

hances cyanobacterial biomass production compared to that achieved using only Zarrouk's medium. 

However, after 11 days, there are no differences in the stationary growth phases in the different tested 

culture media.  

Finally, to analyze the quality of the cyanobacterial biomass produced using these three different culti-

vation media, the contents of glycogen, chlorophyll-a, and carotenoids were determined. The glycogen, 

chlorophyll-a, and carotenoids contents in the cyanobacteria cultivated in Zarrouk’s medium were ap-

proximately 21 wt. %, 8 wt. %, and 0.1 wt. %, respectively. Those in the cyanobacteria cultivated in the 

raw-cyanobacterial ash-based medium and iron-rich cyanobacterial ash-based medium were 70 wt. %, 

3.5 wt. % and 0.4 wt. %, respectively. Note that the chemical composition of cyanobacteria strongly 

depends on the culture media composition. However, the higher glycogen content, which is generally 

obtained in a nitrate-deficient Zarrouk’s medium, can be beneficial for other applications of microalgae, 

such as bioethanol production (Serrà et al., 2019). 

Thus, with this step closing the cycle, a zero residue process was successfully developed for the simul-

taneous elimination of persistent organic pollutants in wastewater and production of microalgae bio-

mass.  
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Figure 7: Cyanobacterial biomass production in Zarrouk's medium, the raw-cyanobacterial ash-based 

medium, and the iron-rich cyanobacterial ash-based medium.   

4. Conclusions 

In this study, tests were performed to explore the use of the residues generated during the combustion 

of cyanobacteria pellets as catalysts in different assisted Fenton processes. Two types of ashes with 

different iron contents were evaluated, demonstrating that in all the cases a higher iron content favored 

degradation and mineralization.  

The iron-rich cyanobacteria ashes exhibited outstanding photocatalytic activity for persistent organic 

pollutants (e.g., MB) mineralization under sunlight irradiation and sonication, with an extended effective 

lifetime leading to an efficient strategy for water remediation. Combining radiation and sonication en-

hanced the Fenton process, particularly using the iron-rich ashes, under which conditions the minerali-

zation reached values similar to those of degradation near 100%, making it evident that a quasi-complete 

remediation process of the wastewater occurred. The ashes maintained their efficiency during consecu-

tive cycles without losing their capability. The experiments using the more efficient iron-rich microalgae 

ashes as photocatalysts demonstrated a long activity period and high reusability.  

In addition, the carbon dioxide released during the mineralization and with the remaining ash residue 

could be exploited for cultivation of fresh cyanobacteria, closing the circular process. 
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In summary, a green circular closed process using iron-rich microalgae ashes from A. platensis var lonar 

was developed for MB remediation in wastewater with nearly zero-residue production. Thus, the use of 

iron-rich cyanobacteria ashes as Fenton-like photocatalysts enables a green and sustainable process that 

integrates carbon dioxide fixation and clean-water production.  
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