
Metal removal and valorization using Dactylococcopsis salina 16Som2: 
Insights into metal binding properties and catalytic activity of 
metal-enriched biomass

Matilde Ciani a , Giovanni Orazio Lepore b,* , Giorgio Facchetti c , Karima Guehaz a,d,  
Alessandro Puri e,f, Raffaella Gandolfi c , Isabella Rimoldi c , Roberto De Philippis a,  
Alessandra Adessi a

a Department of Agriculture, Food, Environment and Forestry (DAGRI), University of Florence, Florence, Italy
b Department of Earth Sciences (DST), University of Florence, Florence, Italy
c Department of Pharmaceutical Sciences (DISFARM), University of Milan, Milan, Italy
d Laboratory for the Protection of Ecosystems in Arid and Semi-Arid Zones, FNSV, Kasdi Merbah University, Ouargla, Algeria
e Department of Physics and Astronomy, Alma Mater Studiorum – University of Bologna, Bologna, Italy
f CNR-IOM-OGG c/o ESRF – the European Synchrotron, Grenoble, France

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Cyanobacteria can efficiently remove 
heavy metals from contaminated 
waters.

• Cyanobacteria have potential as green 
catalysts in pharmaceutical 
applications.

• Their dual-purpose application reflects 
circular economy principles.

• A detailed atomistic characterization of 
metal-organic interaction is provided.
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A B S T R A C T

This study explores the dual potential of the cyanobacterium Dactylococcopsis salina for heavy metal removal and 
its application as a sustainable catalyst. Focusing on the biosorption of Cu(II), Ni(II), and Zn(II), we employed 
advanced analytical techniques, including SEM-EDX, FT-IR, and X-ray absorption spectroscopy, to elucidate the 
metal-binding patterns in both cellular and soluble fractions of the cyanobacterium. Cu(II) exhibits the highest 
biosorption affinity, accumulating in the cellular and soluble fractions at 3.7% and 7.0% (w/w), respectively. 
Our findings reveal distinct binding preferences for each metal ion, with coordination modes predominantly 
involving mixed (O,N)-(Cl,S) ligands. The (O,N):(Cl,S) ratio varied significantly based on the metal type, the 
biosorbent fraction, and the presence of multiple metals, with a ratio close to 0.5 and 0.75 for Cu(II) (fourfold 
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coordinated) in the soluble and cellular fraction, respectively; a ratio close to 0.5, that decreases to 0 when more 
than one metal is present in the solution for Zn(II) (fourfold coordinated) in both fractions; and a ratio of 1 for Ni 
(II) (exclusively bonded to O/N in sixfold coordination). The type of biosorbed metal plays a critical role in the 
determination of catalytic performances: in borylation reactions of α,β-unsaturated chalcones with bis(pinaco
lato)diboron, Cu(II)- and multimetal-enriched biosorbents demonstrated outstanding catalytic activity (up to 
94% conversion efficiency), whereas Zn(II)-enriched samples delivered modest performance. This study thus 
establishes a direct link between metal-binding chemistry of cyanobacteria-based biosorbents and catalytic 
functionality, paving the way for tailored catalyst design.

By integrating metal remediation and catalyst development, these results contribute to the advancement of 
cleaner production strategies through resource recovery and waste valorization.

1. Introduction

In the face of escalating environmental challenges, finding sustain
able solutions for environmental remediation and resource recovery has 
never been more pressing. Developing innovative strategies to address 
pollution, coupled with the efficient use of resources, including waste 
valorization, is essential for creating a more sustainable future. These 
strategies are at the core of cleaner production, which aims to minimize 
waste and environmental impact while maximizing resource efficiency. 
Cyanobacteria, photoautotrophic prokaryotic microorganisms, have 
emerged as promising bioremediation and resource recovery platforms, 
including metal biosorption and valorization sectors (Ciani and Adessi, 
2023). Beyond their recognized efficiency in bioremediation and heavy 
metal removal, cyanobacteria are increasingly valued for a wide range 
of biotechnological applications. These microorganisms serve as sus
tainable platforms for soil restoration, the production of biofuels, pig
ments (such as phycobiliproteins), and high-value bioactive compounds 
with antioxidant, anti-inflammatory, and antimicrobial properties (Do 
Nascimento et al., 2019; Franco-Morgado et al., 2023; Ren et al., 2025). 
This versatility makes cyanobacteria key components in the transition 
toward a circular economy, where biological waste is transformed into 
valuable resources (Ren et al., 2025).

The ability of cyanobacteria to remove metals is driven mainly by the 
production of exopolysaccharides (EPS) (Mota et al., 2022) that sur
round the cells through more or less condensed fractions and can be 
partly released in the medium (Rossi and De Philippis, 2016). EPS 
provide functional groups such as hydroxyl, carboxyl, sulfate, amino 
groups, and uronic acids that contribute to the binding of metal ions 
(Kumawat et al., 2021; Momin et al., 2024). Other mechanisms under
lying metal removal by cyanobacteria primarily involve surface 
adsorption, complexation, ion exchange, and precipitation (De Philippis 
et al., 2011; Priya et al., 2022; Ramesh et al., 2023). These interactions 
result in the sequestration of metals from the surrounding environment, 
often facilitating their immobilization into the biomass. The binding of 
metals to cyanobacterial EPS has been associated with different pro
cesses, such as electrostatic interactions, coordination bonds, and/or 
van der Waals interactions, all of which can contribute to the bio
sorption capacity (Momin et al., 2024; Yadav et al., 2021). In addition to 
EPS, cyanobacteria synthesize different metal-binding proteins that can 
be found inside or outside the cell, such as metallothioneins — small 
molecular weight proteins rich in cysteinyl residues with the primary 
function of metal storage and transportation — which bind to the metal 
ions through cysteinyl thiolate bridges (Chakdar et al., 2022; Yadav 
et al., 2021). These proteins are usually associated with Zn(II) and Cu(II) 
but also bind with other toxic metals such as Cd(II), Hg (II), and Pb(II) 
(Chakdar et al., 2022; Yadav et al., 2021). Nevertheless, direct infor
mation regarding the chemical environment of the metals upon binding 
is missing.

A further issue commonly faced after metal biosorption is the man
agement of polluted sludges: valorizing metal-loaded biomasses for 
applications such as catalysis, adsorption, chemical sensing, antibacte
rial materials, micronutrient fertilizers, and production of gases and 
biochar through pyrolysis has been proposed as an effective strategy to 
reduce the environmental impact of metal pollution while creating 

added-value products (Bădescu et al., 2018; Chai et al., 2022; Kirchon 
et al., 2018; Samoraj et al., 2019). Such valorization strategies offer a 
pathway toward cleaner production by transforming waste streams into 
valuable resources, reducing both environmental contamination and the 
demand for virgin materials (Diankristanti and Ng, 2024). Utilizing 
cyanobacteria in these processes could thus enhance the sustainability of 
industrial and municipal waste management by recovering metals for 
reuse and transforming the resulting biomass into bioproducts. For 
example, metal-enriched biomass can be used as a hybrid catalyst to 
develop more efficient and sustainable methods for synthesizing bio
logically active compounds—such as antioxidants or anti-inflammatory 
agents—and key pharmaceutical intermediates required for the manu
facture of drugs. Indeed, transition metal-catalyzed reactions can 
accelerate otherwise challenging chemical transformations, ensuring 
high selectivity and yield. Transition metal complexes based on iridium 
(Chauhan et al., 2024; Facchetti and Rimoldi, 2018), ruthenium (Hafeez 
et al., 2022) and copper (Facchetti et al., 2023; Shilpa et al., 2021) are 
widely used to facilitate a broad range of chemical processes, contrib
uting to the synthesis of enantiopure drug precursors or other biologi
cally relevant compounds (Compagno et al., 2023; Rossino et al., 2022).

Green catalysts have the potential to catalyze different chemical 
reactions, being an essential alternative to environmentally unsafe 
chemical mechanisms (Kate et al., 2022). Moreover, this becomes even 
more impactful within a framework of circular economy that translates 
into finding ways to recycle or recover materials endowed with catalytic 
properties, thus reducing the need for virgin metal resources (Zanetti 
et al., 2022). In this case, the metal-organic complexes obtained by 
merging the chelating properties of cyanobacteria with the transition 
metals to be removed can be adopted as hybrid catalysts by directly 
exploiting and valorizing the metals bound to the surface of the cells 
without the need for further steps for desorption and/or recovery.

The integration of bioremediation with catalytic reuse of metals 
aligns with the principles of cleaner production by closing material loops 
and minimizing the environmental footprint of chemical manufacturing 
(Gandolfi et al., 2022; Murrieta et al., 2024). Specifically, the use of 
metals from wastewater as catalysts through cyanobacteria-mediated 
bioremediation exemplifies how innovation can align with environ
mental sustainability (Al-Amin et al., 2021).

While significant progress has been obtained in exploring the bio
sorption capabilities of cyanobacteria, their binding mechanisms are not 
fully understood and the application of metal-enriched cyanobacteria 
obtained after biosorption has never been studied. Addressing these gaps 
could yield valuable insights into the binding properties and chemical- 
structural characteristics of the newly formed metal-organic com
pounds as well as promote waste valorization, embracing a circular 
economy approach. Achieving precise control over metal binding in 
biomass would enable the optimization of the biosorption process and 
synthesis of customized materials with targeted functionalities, thereby 
opening new markets for these biologically derived products.

Hence, this study aims to investigate the innovative use of two types 
of cyanobacteria-based biosorbents, derived from (i) cellular and (ii) 
soluble fractions, for the removal and valorization of Cu(II), Ni(II), and 
Zn(II) from aqueous solutions, exploring the interaction between metals 
and cyanobacteria and the possible application of the metal-organic 
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materials obtained at the end of the process. Thus, the catalytic prop
erties of the biosorbed metals in the addition of bis(pinacolato)diboron 
to α,β-unsaturated chalcones were evaluated after the optimization of 
reaction conditions. This particular substrate was chosen due to its 
innumerable uses, both as a building block for the synthesis of more 
complex molecules and for its therapeutic potential, which is mainly 
linked to its antioxidant activity (Iacovino et al., 2021; Mezgebe et al., 
2023; WalyEldeen et al., 2023). The cyanobacterium selected for this 
study was the halophilic Dactylococcopsis salina 16Som2, which had 
already shown high EPS production and metal removal capabilities 
(Ciani et al., 2024). Given the heterogeneity of biological materials, the 
interaction between the metals and the biomass was studied adopting 
two separated fractions to verify a different role in metal biosorption and 
provide more accurate information regarding metal binding properties. 
Integrating different analytical techniques, such as Scanning Electron 
Microscopy with Energy Dispersive X-ray analysis (SEM-EDX), 
Fourier-transform infrared spectroscopy (FT-IR), X-ray absorption near 
edge structure (XANES) and Extended X-ray absorption fine structure 
(EXAFS) spectroscopy, can offer a comprehensive understanding of the 
interaction between metals and heterogeneous biological materials 
(Kassem et al., 2023). By characterizing the chemical and structural 
properties of the newly formed metal-organic materials generated dur
ing biosorption, we seek to unveil the binding mechanisms and their 
potential for high-value applications. By integrating high-resolution 
structural characterization of metal binding to different fractions with 
the first assessment of metal-loaded cyanobacterial biomass as a func
tional catalyst, this study aims to establish a new, direct link between 
cyanobacteria-mediated bioremediation and sustainable resource valo
rization, thereby offering a novel pathway for the development of 
tailored, bio-derived catalytic materials in a circular economy 
framework.

2. Materials and methods

2.1. Cyanobacterium growth and biosorbent preparation

Dactylococcopsis salina 16Som2 (Genbank: OQ945751) was selected 
for its ability to produce EPS and remove metals (Ciani et al., 2024) and 
grown in sea-water medium enriched as follows (g L− 1): NaNO3, 1.5; 
Na2HPO4, 0.04; NaHCO3, 0.1; NaCl, 28; ferric ammonium citrate, 0.006; 
citric acid, 0.006; Na2 EDTA, 0.001 and 0.5 ml L− 1 of trace metal so
lution. For biosorbent production, the strain was cultivated in 1-L 
bubbled flat glass bottles supplied by a sterile air/CO2 mixture (99:1, 
v:v) at a flow rate of 0.2 L min− 1 per L of culture with continuous illu
mination provided by a LED lamp with 200 μmol photons m− 2 s− 1. The 
growth was monitored by optical density measurements at 680 nm 
(OD680) and cell counting (cell mL− 1) adopting a Thoma counting 
chamber under an optical microscope. The harvested biomass was 
centrifuged (4000 rpm, 15 min) to obtain the cellular fraction (i.e., the 
pelletized cells resuspended in distilled water) and the soluble fraction 
(i.e., the EPS-rich supernatant) or used without centrifugation when the 
whole culture was needed. The different fractions or the whole culture 
were confined into dialysis tubing (MW cut-off 12–14 kDa, Medicell 
Membranes Ltd, UK) and pre-treated with an acidic solution (HCl 0.1M) 
as previously described by Ciani et al. (2024) to remove the excessive 
amount of salts contained in the cultivation medium. The same 
pre-treatment was carried out for dialysis tubing containing the culti
vation medium (used as blank).

Cellular dry weight (i.e., the dry mass of the cellular fraction ob
tained after centrifugation and pre-treatment, DW, g L− 1) and carbo
hydrate concentration for each fraction (soluble carbohydrate, sCH2O, 
and cellular carbohydrate, cCH2O, g L− 1) were quantified as previously 
illustrated in Ciani et al. (2024). Briefly, cellular dry weight was quan
tified on pre-treated cellular fraction by filtration on dry pre-weighted 
MCE membrane filters (0.45 μm pore size, 47 mm diameter). The fil
ters were then weighed after drying at 105 ◦C for 4 h. For carbohydrate 

quantification in the cellular and soluble fractions after pre-treatment, 
the phenol-sulfuric acid method (DuBois et al., 1956) was adopted.

2.2. Experimental set-up

To investigate the interaction between the metals and the cyano
bacterium, a one-week grown culture (according to the preliminary 
assay described in the Supporting Information) was collected and 
treated for biosorbent preparation as described in the previous section. 
Pre-treated fractions were kept in contact with monometallic and 
multimetallic solutions as described in the following section (2.3), to 
investigate and compare the effect of different metals on metal binding 
properties related to biosorbent type (i.e. cellular or soluble fraction). 
After 24 h, metal-enriched biosorbents were mixed and freeze-dried 
before being chemically and structurally characterized. Finally, in 
order to find a new purpose for the generated metallic-organic materials, 
the catalytic properties of the metals sorbed on whole culture in the 
addition of bis(pinacolato)diboron to α,β-unsaturated chalcones were 
evaluated by optimizing reaction conditions.

2.3. Contact with metal ions solutions

Pre-treated fractions or the blank confined into dialysis tubing were 
dipped into aqueous solutions containing 10 mg L− 1 of Cu(II), Ni(II), or/ 
and Zn(II) obtained from stock solutions of 1 g L− 1 Cu(II), Ni(II), Zn(II) 
using their respective chloride salts (CuCl2, NiCl2, and ZnCl2). The three 
metals were added together when the multimetallic solution was tested. 
The biosorbent–sorbate ratio was 1:10 (v/v). A further test was con
ducted by dipping pre-treated fractions into distilled water (control). All 
the tests were continuously mixed for 24 h at a constant temperature 
(25 ◦C ± 1), maintained by controlling room temperature, and pH (5.0 
± 0.5), adjusted by adding NaOH or HCl 0.1M. In the following bio
sorption experiment, carried out to investigate the interaction of the 
metals with the soluble and cellular fractions, the biosorbents obtained 
after 24 h of contact with the metallic solutions were harvested and 
freeze-dried, metals were quantified on freeze-dried biomass by ICP-OES 
(inductively coupled plasma optical emission spectroscopy), and the 
samples were analyzed by SEM-EDX, FT-IR, and XAS. All analytical 
details are described in Supporting information.

2.4. General procedure for catalyzed addition of Bis(pinacolato)diboron 
on α,β-unsatured substrates

Freeze-dried metal-enriched materials adopted as catalysts (L-Me 
10% mol equiv.) and B2(pin)2 (1.2 equiv.) were added to an anhydrous 
Schlenk under nitrogen atmosphere, then half of the required anhydrous 
MeOH was added (Fig. 1). The mixture was stirred for an hour at room 
temperature to activate the catalyst, and then the substrate and the 
remaining anhydrous MeOH were added. The stoichiometric catalyst: 
substrate:B2(pin)2 ratio was 1:10:12 or 1:5:6 to potentially enhance the 
catalytic activity of the cyanobacterial sample under examination.

The mixture was stirred at room temperature overnight under ni
trogen atmosphere. It was then centrifuged at 6000 rpm for 8 min and 
the supernatant was evaporated under vacuum. Catalytic reactions were 
monitored by HPLC analysis with Jasco PU-2080 Plus equipped with UV 
detector Jasco UV-2075 Plus and AD-H Chiralcel and Lux cellulose 
column (Facchetti et al., 2020; Zanetti et al., 2022).

3. Results and discussion

The cellular and the soluble fractions of the cyanobacterium D. salina 
16Som2, already known for its ability to remove metals (Ciani et al., 
2024), were adopted to investigate the metal biosorption mechanisms 
and to characterize the chemical environment of the metals upon 
binding. The preliminary assay (results shown in Supporting Figure S1 
and Figure S2), carried out to select the harvesting time of the biomass, 

M. Ciani et al.                                                                                                                                                                                                                                   Journal of Cleaner Production 545 (2026) 147741 

3 



revealed a decrease in specific metal uptake (expressed per gram of 
cellular dry weight or carbohydrate) using the biosorbents obtained 
from biomass cultivated for more than 7 days. Indeed, despite the 
highest Cu(II) removal efficiency (43%, Supporting Fig. S2) was attained 
by the soluble fraction at the end of the growth, the higher concentration 
of biosorbent can cause a reduction in specific metal uptake likely due to 
the saturation of available binding sites and the formation of aggregates 
in the biosorbent itself that reduces the surface area for metal interaction 
(De Philippis et al., 2011; Mota et al., 2016). Thus, the following bio
sorption experiment was carried out by adopting cellular and soluble 
fractions obtained from a 7-day grown culture.

3.1. Chemical and structural characterization of cyanobacteria-based 
biosorbents after contact with metal-containing solutions

3.1.1. Metal quantification, FT-IR spectroscopy and SEM-EDX analysis
The cellular and soluble fractions were collected and freeze-dried 

after being in contact with the Cu(II), Zn(II), Ni(II) and multimetallic 
solutions for their characterization. The elemental quantification per
formed via ICP-OES on the biomasses revealed that samples exposed to 
Cu(II) solution attained significantly higher metal concentrations 
compared to the others. Specifically, the elemental Cu content was 
1.3–3.4 times higher than that of Ni or Zn (Table 1), reaching 7.02% (w/ 
w) in the soluble fraction of the monometallic samples. Although Cu 
levels decreased in the multimetallic samples, the combined concen
tration of all three metals reached 8.76% (w/w), surpassing the con
centrations achieved by any single metal in the monometallic samples.

It is worth mentioning that a reduction in the uptake of each metal 
when more than one is present in the solution is consistent with previous 
studies (Ciani et al., 2024; Pagnucco et al., 2023).

The metal biosorption potential of D. salina 16Som2 was previously 
investigated by Ciani et al. (2024) using whole culture. In that study, 
adsorption isotherms, which describe the equilibrium relationship be
tween the metal bound to the biomass and its concentration in solution 
at a constant temperature, confirmed a high affinity for Cu(II). Notably, 
Cu(II) exhibited the highest b value, the Langmuir biosorption constant 

representing affinity and free adsorption energy, with a maximum 
adsorption capacity (qmax) of 33 mg Cu/g DW. The two controls were 
analyzed by FT-IR spectroscopy (Fig. S2), and SEM-EDX. SEM-EDX mi
crographs were compared to multimetallic samples (Fig. 2). The obser
vation of the biosorbent based on the cellular fraction through SEM-EDX 
(Fig. 2a) revealed that the dominant peaks in the control were those of 
carbon (C) and oxygen (O), with minor amounts of phosphorus (P), 
sulfur (S), and calcium (Ca). The sample was compared with multime
tallic sample (Fig. 2b), where Cu was visible instead of Ca, while Ni and 
Zn were not detected.

The structure of the soluble fraction appeared as layered, thin, and 
smooth sheets (Fig. 2c–d). The binding of metals can cause a reorgani
zation of the EPS, as metal ions can bridge between functional groups in 
the polysaccharides (Flemming and Wingender, 2010), which appeared 
more fragmented and clumped after contact with metal ions. Similar to 
the cellular fraction, the dominant elements were C and O, with small 
amounts of sodium (Na), magnesium (Mg), P, S, and Ca. These elements 
are typical of the exopolysaccharide composition and the associated 
minerals from the cultivation medium (Ruffing, 2011). Cl content in 
metal-loaded samples increased, likely because all the tested metals 
were in the chlorinated form. In contrast to C and O, whose relative 
content remained roughly stable, the amount of the light metals 
decreased after contact with the multimetallic solution and Na dis
appeared from the spectra showing, instead, clear peaks for Cu, Ni, and 
Zn, suggesting that an ion-exchange mechanism may be involved in 
metal binding, as also demonstrated by Mota et al. (2016). The atomic 
and weight percentages of these elements followed the order Cu > Ni >
Zn, in agreement with the ICP-OES quantification shown in Table 1. The 
higher affinity towards Cu(II) compared to Ni(II) and Zn(II) present in 
the solutions can be attributed to its flexible coordination chemistry 
(trigonal- and square-planar, tetrahedral and octahedral coordination), 
higher electronegativity, ability to form stronger and more stable com
plexes with functional groups like carboxyl, hydroxyl, and phosphate, 
which are abundant in cyanobacterial cell walls and EPS (Fomina and 
Gadd, 2014; Freire-Nordi et al., 2005; Gu and Lan, 2021; Hazarika et al., 
2015; Salehizadeh and Shojaosadati, 2003). The ability of D. salina to 
retain Cu(II), Zn(II), and Ni(II) demonstrates its potential for addressing 
heavy metal contamination in water, highlighting a role in reducing the 
environmental impact of metal pollution.

3.1.2. XANES and EXAFS spectroscopy
XANES and EXAFS spectroscopy were adopted to explore the coor

dination environment of metals upon binding and to help identify the 
biological molecules and processes involved. The absorption edges in 
the XANES spectra of freeze-dried samples and model compounds were 
compared to determine the oxidation state of the metals after binding 
with cyanobacteria-based biosorbents. XANES results, shown for com
parison in Fig. S4 (Supporting information), suggested that the oxidation 
state of Cu(II), Zn(II), and Ni(II) did not change upon binding, con
firming their bivalent nature. The same behavior was observed also in 
previous studies investigating the interaction of metals with microbial 
biomasses and EPS adopting the same metals (Carr et al., 2017; Fang 
et al., 2011; Pokrovsky et al., 2012).

Fig. 1. General procedure for addition reaction of B2(pin)2 on chalcone.

Table 1 
Cu, Ni, and Zn content (%, w/w) in cellular and soluble fractions kept in contact 
with mono and multimetallic solutions.

Fraction Test Cu (%) Ni (%) Zn (%)

Average St. 
Dev.

Average St. 
Dev.

Average St. 
Dev.

Cellular Ctrl 0.03 0.01 0.00 0.00 0.05 0.00
Multi 1.88 0.48 0.68 0.08 0.71 0.09
Ni 0.05 0.01 1.97 0.03 0.04 0.01
Cu 3.73 0.42 0.00 0.00 0.10 0.04
Zn 0.05 0.02 0.00 0.00 1.10 0.07

Soluble Ctrl 0.03 0.02 0.01 0.01 0.08 0.02
Multi 4.25 0.94 2.28 0.14 2.23 0.11
Ni 0.03 0.00 5.46 0.63 0.08 0.01
Cu 7.02 0.87 0.00 0.00 0.07 0.01
Zn 0.03 0.00 0.00 0.00 3.43 0.37
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EXAFS analysis was conducted to investigate the molecular envi
ronments of metals. It is worth mentioning that interpreting EXAFS 
spectra for metals within biological matrices is often challenging due to 
(i) distorted geometries and a variety of neighboring atoms (O, N, S, Cl) 
in the first coordination shell, (ii) the dominance of low atomic number 
elements (C, O, N) in the subsequent coordination shells, and (iii) static 
disorder which produces a high number of scattering pathways in 
metal–organic ligand structures yielding destructive interference and 
thus weak EXAFS signals (González et al., 2016). Furthermore, since the 
scattering power of elements is directly related to their atomic number, 
it is impossible to distinguish elements with similar Z such as C, N, O or 
S, Cl. Additionally, the coordination numbers derived from EXAFS have 
reduced accuracy due to their correlation with other parameters influ
encing the amplitude of the EXAFS oscillations, particularly the 
many-body amplitude reduction factor (S0

2), which was fixed during 
fitting for this reason, and the Debye–Waller factor (σ2). As a result, the 
data can be ambiguous, and an accuracy of approximately 20% is 
generally assumed for coordination numbers (Marmiroli et al., 2020).

Here, the coordination environment of the metals in all the studied 
samples was complex and affected by the presence of a combination of 
different atoms in the first shells, mainly (O,N) and (Cl,S). At first, the 

fittings were carried out by adopting only one type of ligand in the I 
coordination shell, letting the coordination number free to vary. Then, 
the fittings were repeated considering a mixed coordination and 
adopting the bond valence method (Brown and Altermatt, 1985) to 
investigate the ratio between different coordinating atoms according to 
their valence using the procedure reported in Marmiroli et al. (2020).

The main EXAFS parameters obtained with all combinations tested 
are shown in Table 2. The EXAFS and Fourier-transformed spectra of the 
measured samples are shown in Fig. S5 of supporting information.

The optimal fitting condition for each sample was selected based on 
the analysis of residuals in EXAFS and Fourier-transformed spectra, 
along with fitting statistics (reduced chi-squared and R-factor). When 
considering a mixed coordination led to a worsening in the fit, a simple 
single-binder model was employed. It is also worth remarking that the 
fitting approach here adopted accounts for three different scenarios: one 
in which the metal binds simultaneously to both light (O,N) and heavy 
elements (Cl,S) within the same coordination shell, another where it 
binds light or heavy elements in different coordination polyhedra, and a 
last one where the previous two scenarios coexist. Taking into account 
the accuracy of the fitted (O,N):(Cl,S) ratio we can distinguish five 
distinct (O,N):(Cl,S) configurations across the samples: only heavy 

Fig. 2. SEM-EDX of cyanobacteria-based biosorbents, from the top: cellular fraction kept in contact with distilled water (a) and multimetallic solution (b); soluble 
fraction kept in contact with distilled water (c) and multimetallic solution (d). On the left, SEM micrographs (30000× magnification); on the right, the elementary 
microanalysis and the corresponding table summarizing the weight (Wt%) and atomic (At%) percentages of the detected elements.
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Table 2 
EXAFS multiparameter fit details for the studied samples.

Fraction Solution k range (Å− 1) S0
2 Path R (Å) N vi O,N/Cl,S σ2 (Å− 2)

Soluble Cu(II) 2.9-12.5 0.80 Cu-O 1.93 (2) 3.94 0.51 0.46 (17) 0.003 (2)
Cu-Cl 2.20 (2) 3.39 0.59 ​ 0.012 (2)

Cu-O 1.92 (2) 3.83 0.52 0.30 (20) 0.015 (2)
Cu-S 2.18 (3) 4.80 0.42 ​ 0.001 (3)

Cu-N 1.93 (2) 4.74 0.42 0.21 (15) 0.000 (3)
Cu-S 2.17 (2) 4.67 0.43 ​ 0.014 (1)

Cu-N 1.94 (2) 4.88 0.41 0.37 (14) 0.002 (2)
Cu-Cl 2.19 (2) 3.31 0.60 ​ 0.011 (2)

Soluble Cu(II) (multi) 2.9-12.5 0.80 Cu-O 1.93 (2) 3.92 0.51 0.44 (19) 0.002 (2)
Cu-Cl 2.20 (2) 3.46 0.58 ​ 0.010 (2)

Cu-O 1.91 (2) 3.74 0.53 0.23 (18) 0.000 (3)
Cu-S 2.19 (3) 4.83 0.41 ​ 0.013 (1)

Cu-N 1.92 (2) 4.69 0.43 0.21 (17) 0.000 (3)
Cu-S 2.18 (2) 4.75 0.42 ​ 0.013 (1)

Cu-N 1.94 (2) 4.84 0.41 0.36 (15) 0.001 (2)
Cu-Cl 2.19 (2) 3.36 0.59 ​ 0.009 (1)

Cellular Cu(II) 2.9-12.5 0.80 Cu-O 1.94 (2) 4.02 0.50 0.72 (23) 0.004 (2)
Cu-Cl 2.20 (5) 3.44 0.58 ​ 0.013 (6)

Cu-O 1.93 (2) 4.00 0.50 0.69 (26) 0.004 (2)
Cu-S 2.20 (5) 5.06 0.39 ​ 0.016 (6)

Cu-N 1.94 (2) 4.94 0.41 0.57 (25) 0.003 (2)
Cu-S 2.19 (4) 4.89 0.41 ​ 0.015 (4)

Cu-N 1.95 (2) 4.97 0.40 0.63 (22) 0.003 (2)
Cu-Cl 2.19 (4) 3.35 0.60 ​ 0.011 (4)

Cellular Cu(II) (multi) 2.9-12.5 0.80 Cu-O 1.95 (2) 4.21 0.47 0.66 (24) 0.004 (2)
Cu-Cl 2.19 (5) 3.37 0.59 ​ 0.016 (9)

Cu-O 1.95 (2) 4.19 0.48 0.64 (27) 0.004 (2)
Cu-S 2.20 (5) 4.98 0.40 ​ 0.019 (9)

Cu-N 1.94 (2) 4.91 0.41 0.55 (28) 0.015 (25)
Cu-S 2.18 (5) 4.74 0.42 ​ 0.010 (2)

Cu-N 1.96 (2) 5.18 0.39 0.55 (23) 0.003 (2)
Cu-Cl 2.19 (5) 3.21 0.60 ​ 0.014 (6)

Soluble Zn(II) 2.9-11.4 0.90 Zn-O 1.93 (10) 3.75 0.53 0.48 (43) 0.004 (9)
Zn-Cl 2.21 (4) 3.45 0.58 ​ 0.005 (6)

Zn-O 1.97 (3) 4.22 0.47 0.57 (19) 0.005 (2)
Zn-S 2.25 (2) 3.10 0.65 ​ 0.003 (2)

Zn-N 1.99 (9) 3.61 0.55 0.61 (67) 0.001 (5)
Zn-S 2.25 (6) 3.04 0.66 ​ 0.000 (8)

Zn-N 1.96 (11) 3.32 0.60 0.50 (42) 0.000 (7)
Zn-Cl 2.21 (7) 3.44 0.58 ​ 0.003 (9)

Soluble Zn(II) (multi) 3.2-13.0 0.90 Zn-Cl 2.24 (0) 3.73 0.54 0 0.005 (3)
Zn-S 2.26 (1) 4.16 0.62 0 0.005 (1)

Cellular Zn(II) 3.0-12.5 0.90 Zn-O 1.96 (5) 4.08 0.49 0.58 (34) 0.005 (4)
Zn-Cl 2.24 (3) 3.75 0.53 ​ 0.004 (3)

Zn-O 1.98 (3) 4.36 0.46 0.64 (22) 0.006 (3)
Zn-S 2.27 (2) 3.28 0.61 ​ 0.003 (3)

Zn-N 2.01 (8) 3.80 0.53 0.64 (64) 0.002 (5)
Zn-S 2.26 (5) 3.18 0.63 ​ 0.001 (7)

Zn-N 1.97 (10) 3.56 0.56 0.49 (82) 0.001 (7)
Zn-Cl 2.23 (6) 3.59 0.56 ​ 0.004 (9)

Cellular Zn(II) (multi) 3.2-12.8 0.90 Zn-Cl 2.27 (1) 4.13 0.49 0 0.006 (8)
Zn-S 2.28 (4) 4.59 0.63 0 0.006 (5)

Soluble Ni(II) 2.7-12.0 0.95 Ni-O 2.05 (1) 5.64 0.35 1 0.005 (1)
1.00 Ni-N 2.07 (1) 6.20 0.32 1 0.005 (1)

Soluble Ni(II) (multi) 2.4-11.7 0.98 Ni-O 2.05 (1) 5.72 0.35 1 0.006 (1)
0.99 Ni-N 2.07 (1) 6.31 0.32 1 0.006 (1)

Cellular Ni(II) 2.5-11.8 0.95 Ni-O 2.06 (1) 5.77 0.35 1 0.006 (1)
0.97 Ni-N 2.08 (1) 6.36 0.31 1 0.006 (1)

Cellular Ni(II) (multi) 2.5-11.8 1.00 Ni-O 2.06 (1) 5.83 0.34 1 0.007 (1)
1.01 Ni-N 2.08 (1) 6.42 0.31 1 0.007 (1)
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elements (Cl,S) or only light elements (O,N) in the first coordination 
shell, with a value of 0 or 1, respectively; a predominance of heavy el
ements within the same or different coordination polyhedron (ratio ~ 
0.25); an even distribution of heavy and light elements (ratio ~ 0.5); and 
mostly light elements (ratio ~ 0.75).

The fit results revealed that the Cu(II)–(O,N) and Cu(II)–(Cl,S) 
average bond distances were consistent across all samples, with ranges 
of 1.91–1.96 Å and 2.17–2.20 Å, respectively. The coordination 
numbers (N) varied between 3.83 and 5.12 for (O,N), and between 3.21 
and 5.06 for (Cl,S) with higher coordination numbers with N or S. These 
results agree with those observed by different authors that found Cu(II) 
in a square planar coordination with oxygen after sorption with cya
nobacterial or microalgal biomass (Belle et al., 2005; Pokrovsky et al., 
2012). Nevertheless, the Cu(II) geometry in coordination with (O,N) is 
often regarded as pseudo-octahedral, with four equatorial strongly 
bounded atoms and two axial ligands with longer and looser bonds due 
to the Jahn-Teller effect (Pokrovsky et al., 2012). Despite some attempts 
to include axial O atoms in the fits, their contribution was very weak 
without a significant improvement.

The (O,N):(Cl,S) ratio in the cellular fraction was higher than in the 
soluble fraction, suggesting the presence of more Cu(II)-(O,N) in
teractions than Cu(II)-(Cl,S). A slight decrease in the (O,N):(Cl,S) ratio 
was observed in multimetallic systems compared to monometallic sys
tems. The attempts to fit next-nearest coordination shell features resul
ted in difficult interpretation due to a weak signal as well as complex 
distribution of different elements. The addition of Cu–Cu scattering 
paths at higher distances (3.40–3.90 Å, N 4-6) improved the fits of all 
EXAFS spectra. Knowing that in biological systems 35 % of Cu ligands 
are cysteine residues (Wu et al., 2010), it is possible to suppose the 
presence of S ligand more than Cl ligand in the cellular fraction. 
Nevertheless, it's not possible to distinguish intracellular and extracel
lular ligands that may influence the (O,N):(Cl,S) ratio.

For Zn(II), the most evident difference among samples is the absence 
of (O,N) atoms in the nearest neighbors after exposure to the multime
tallic solution ((O,N):(Cl,S) ratio 0) with an increase in Zn(II)-(Cl,S) 
distances and coordination number (2.24-2.28 Å, N 3.73-4.19). Indeed, 
the addition of Zn(II)-(O,N) paths in the fitting of multimetallic samples 
did not contribute to the fitting. This huge decrease in the (O,N):(Cl,S) 
ratio compared to the value of the monometallic samples (~0.5 or 
slightly higher depending on the combinations) may suggest a higher 
affinity of (O,N) atoms towards the other metals and of (Cl,S) toward Zn 
(II). In samples treated with Zn(II)-only solutions, Zn(II)–(O,N) bond 
distances ranged from 1.93 to 2.01 Å, with coordination numbers be
tween 3.32 and 4.36, while Zn(II)–(Cl,S) bond distances ranged from 
2.21 to 2.28 Å, with coordination numbers between 3.45 and 4.09. The 
soluble fraction containing released polysaccharides is characterized by 
higher structural flexibility compared to the more tightly packed, 
structured environment typical of cells, where metals might interact 
with specific, well-defined sites leading to weaker or more distant metal- 
ligand interactions, resulting in longer bond distances. This may explain 
the higher distances exhibited in the soluble fraction. Zn has already 
been found in tetrahedral coordination as Zn phosphate or oxalate in 
several biological materials (Pokrovsky et al., 2005) but it is also known 
that it can easily bind to sulfur (Vanzile et al., 2000). In this study, 
second next-nearest shell features may correspond to O/C/N atoms 
(3.80–3.99 Å, N 4-8), thus suggesting that Zn(II) may bind to carbox
ylate or sulfur-containing groups.

In contrast to Cu(II) and Zn(II), the EXAFS fitting for Ni(II) revealed 
the absence of Cl or S atoms in the first coordination sphere of all 
samples ((O,N):(Cl,S) ratio 1). Instead, Ni(II) was coordinated with 
5.64–6.42 (O,N) atoms at 2.05-2.08 Å, suggesting an octahedral geom
etry, unlike the square planar or tetrahedral geometries observed for Cu 

(II) and Zn(II), characterized by lower coordination numbers. The lower 
Ni(II) absorption compared to Cu(II) (Table 1) along with the observed 
decrease in the O/Cl ratio in Cu(II)-samples after exposure to multi
metallic systems, may be attributed to the higher oxygen demand for Ni 
(II) coordination. In this case, the addition of Ni(II)-Ni (2.91-2.95 Å, N 2) 
and Ni(II)-S (4.09-4.28 Å, N 6) scattering paths after first coordination 
shells, improved the fits of all EXAFS spectra, suggesting the presence of 
S containing groups (e.g., sulfate groups). Information on Ni interaction 
with biological materials is scarce. It is known that cyanobacteria 
possess some metalloregulators that are Ni-responsive members, but a 
planar four-coordinate structure has been found for these molecules 
(Carr et al., 2017), contrarily to the result obtained in this study. 
However, Montargès-Pelletier et al. (2008) observed that carboxylic 
acids appeared as the main Ni ligands in plants resulting in a coordi
nation 6 with O atoms at 2.03-2.06 Å. Those results are consistent with 
what was observed in the current study, suggesting the involvement of 
carboxylic acids in Ni(II) ligation.

Cu(II), Ni(II), and Zn(II) distances here reported exclude the 
involvement of van der Waals forces in favour of covalent or ionic bonds. 
Indeed, van der Waals interactions, which are weak and non-bonding, 
typically manifest at longer interatomic distances (Alvarez, 2013). 
Various authors have tentatively attributed the EXAFS features of 
next-nearest coordination shells in biological materials to C, P, or S 
atoms at distances of 2.0–3.2 Å (Fang et al., 2011; Pokrovsky et al., 
2012). The distances reported by the authors are shorter than those 
observed in the current study. Nevertheless, it is worth mentioning that 
a weak signal—potentially caused by destructive interference—may 
hide certain features. Although all path combinations were tested, the 
results suggest that O and Cl coordination paths were most likely in 
soluble fraction as also supported by the observed increase in Cl content 
following exposure to the multimetallic solution shown by EDX micro
analysis (Fig. 2). Similarly, Adams et al. (2021) proposed a complexation 
mechanism with a mixed coordination sphere containing N and Cl atoms 
for Au(III) supplied as AuCl3 onto the surface of the alga Galdieria sul
phuraria cells by EXAFS analysis. Despite adopting O and Cl paths 
resulted in good fit parameters also in the cellular fraction, O and S paths 
also exhibited good fit results. Additionally, contrarily to the soluble 
fraction, no clear Cl peak was observed in EDX microanalysis and S is 
known to participate in metal binding in biological systems. Indeed, 
copper and zinc sulfur ligation is involved in different metalloenzymes 
and proteins (Belle et al., 2005; Cassier-Chauvat and Chauvat, 2015). It 
should be noted, however, that these fittings do not rule out the po
tential presence of both atoms (Cl and S, O and N), suggesting an even 
more complex coordination environment, which aligns with the 
inherent complexity of biological materials. Furthermore, it must be 
highlighted that metal speciation is influenced by the pH of the working 
conditions but also by the extracellular adsorption or intracellular 
assimilation (González et al., 2016). The distinct observed 
metal-binding preferences highlight the adaptability of the biosorbent to 
various metal types, enabling versatile applications in pollutant reme
diation. To investigate metal binding properties with more detail, more 
studies are needed to investigate metal localization and interactions in 
the cells at a smaller scale.

3.2. Catalytic activity

3.2.1. Catalytic potential and reaction's optimization
In order to find a new purpose for metal-enriched cyanobacteria, 

promoting waste valorization, freeze-dried samples were tested for their 
catalytic activity in a reaction of pharmaceutical interest. Preliminary 
data acquired on both the cellular and soluble fractions after contact 
with Cu(II) did not show any relevant difference in terms of reactivity. 

Notes: S0
2 
= many-body amplitude reduction factor (fixed on the base of the fitting carried out on reference compounds, except for Ni(II)-samples). N = path de

generacy. vi = valence. R = path length. σ2 = Debye–Waller factor. Uncertainties of the fit are shown within parentheses. 0 and 1 in the O,N/Cl,S column indicate that 
(O,N) or (Cl,S) bonds, respectively, were not detected.
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Thus, the following experiments were carried out using whole cultures 
exposed to metal-containing solutions.

A comparison of the data acquired during the tests indicates that the 
different samples of cyanobacteria display unmistakably dissimilar be
haviors when exposed to the same reactants (chalcone and B2(pin)2) 
under identical experimental conditions (Fig. 3).

The initial tests conducted with D. salina 16Som2 without exposure 
to metals (ctrl) provided a conversion rate of around 30% (mean value) 
measured via HPLC (Fig. 3), implying that the addition of boron to an 
α,β-unsaturated chalcone is a chemical transformation that spontane
ously happens to an extent, even in the absence of a real catalyst, and 
likely due to the addition of MeOH to the reaction environment. Indeed, 
this polar and protic solvent acts as a proton donor, promoting the re
action. The values obtained in these initial tests were used as a bench
mark to evaluate the catalytic activity of all the samples containing 
metals. The use of different metal cations bound to the cyanobacterium 
exhibited contrasting effects on the conversion rates of the β-borylation 
of chalcone (Fig. 3). The most interesting behavior was observed in the 
Cu(II)-sample leading to 94% (mean value of triplicate experiments) 
conversion rate, measured by HPLC.

This result is characterized by a high standard deviation due to the 
inevitable heterogeneity of the samples. On the other hand, Ni(II)- 
enriched samples did not exhibit any conversion of the substrate while 
Zn(II)-enriched samples showed an intermediate behavior: at low con
centrations, the reactivity resulted very low while decreasing the sub
strate:metal catalyst ratio, the situation reversed, demonstrating a clear 
catalytic effect.

The data collected from tests containing multi-metal samples were 
also interesting, as they exhibited slightly inferior catalytic activity 
compared to Cu(II)-enriched samples.

The different behavior of metal-enriched samples obtained after 
biosorption of different metals may be related to the different chemical 
and structural environment as explained in the previous section. Indeed, 
it is known that multiple factors related to the coordination environ
ment, including metal size and ligands, influence the catalytic reactions 
(Bullock and Dey, 2022; Zhang et al., 2020). Here, the catalytic per
formances according to the metals follow the order Cu > Cu + Zn + Ni >
Zn > Ni. This order is consistent with the structure of 1st coordination 
shell of the samples. Indeed, if Cu(II) and Zn(II) were coordinated with 
~4 (O,N) and (Cl,S) atoms at different ratios depending on the fraction, 
Ni(II) was coordinated with ~6 (O,N) atoms. Therefore, the absence of 
catalytic activity of Ni(II)-enriched samples may be due to the prefer
ence shown by Ni(II) to bond only oxygen atoms in octahedral geometry. 
This in turn leads to fewer available sites and restricted flexibility in the 
interaction with substrates. Also, in situ stabilization of the Ni(0) cata
lyst and competition between boronic acid formation and trans
metalation with the oxidative addition complex could further contribute 
to the observed loss of reactivity (Molander et al., 2013). Nevertheless, 
to confirm this hypothesis, further studies are needed to investigate the 
role of the coordination environment, including next-nearest coordina
tion shells, and the accessibility of metals bound to cyanobacteria-based 
biosorbents in catalysis.

To optimize the reaction, a screening was realized to identify the 
ideal reaction conditions that would nullify the conversion observed in 

Fig. 3. Conversion efficiency of 16Som2-metal catalysts obtained after contact with different metals in the addition reaction of B2(pin)2 on chalcone. The conversion 
was evaluated by HPLC using analytical conditions reported in literature (Gandolfi et al., 2022). In brackets, the catalyst:substrate ratio is reported. HPLC chro
matograms for all the substrates with analysis conditions employed and retention time of starting material and products are shown in Supporting Information.
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tests with control samples to exclusively appreciate the catalytic activity 
exhibited by Cu(II). Therefore, diethyl ether was introduced as cosolvent 
to reduce the amount of methanol required by the reaction to work as an 
activator without catalyzing any transformation when metals are not 
present in the samples. The optimal methanol:diethyl ether ratio was set 
at 1.5:1. Under these conditions, the Cu(II)-enriched samples yielded an 
average conversion of 87%.

Using the optimized reaction conditions, the data collected with 
multimetallic samples showed again slightly inferior catalytic activity 
compared to that of Cu(II)-enriched samples. The conversion rate 
calculated via HPLC analysis was 82%, which was higher than the value 
obtained in the tests conducted with the control cells (12% yield) and 
comparable to that using Cu(II)-enriched samples (87% yield) under the 
same experimental conditions. This confirmed a potential synergistic 
activity of the metals, capable of partially balancing the reduced per
centage of copper, which still requires further investigation. The cata
lytic performance of Cu(II)- and multimetal-enriched samples not only 
underscores the feasibility of repurposing biosorbents but also offers an 
environmentally friendly alternative to traditional catalysts in green 
chemistry.

3.2.2. Catalytic activity of multimetallic sample on differently 
functionalized chalcones

After confirming that the most promising hybrid catalysts were those 
containing either copper or all three metals (Cu(II), Ni(II) and Zn(II)), it 
was decided to use the latter to catalyze the same borylation reaction on 
differently functionalized chalcones, to evaluate if the presence of a 
substituent on one of the two benzene rings, in the meta or para position, 
could modify the reactivity of the molecule (Fig. 4). Indeed, considering 
the future applicability of this approach, the multimetallic samples 
would mimic more closely the final product of the biosorption process, 
carried out on real, complex effluents where more than one metal is 
usually present, whose application as new valuable catalysts would 
fulfill the circular economy principles.

As depicted in Fig. 4, the addition of functional groups such as 
chlorine (meta and para substituted) and nitro (meta substituted) had no 

impact on the catalytic activity: as a matter of fact, the mean values of 
the conversion rates obtained were above 90%, confirming that the 
functionalization of chalcone, regardless of the nature and the position 
of substituents, had no influence on the capability of multimetallic 
samples to catalyze the β-borylation of the substrate and that these new 
catalytic methods are valid and robust.

4. Conclusions

This study demonstrates the potential of cyanobacteria-based bio
sorbents, derived from Dactylococcopsis salina, as a sustainable strategy 
for both heavy metal removal and waste valorization. Biosorption 
capability by D. salina 16Som2 was higher for Cu(II), reaching 3.7% and 
7.0% (w/w) in the cellular and soluble (EPS-rich) fractions, respectively. 
Advanced structural analysis through EXAFS and XANES elucidated 
distinct coordination environments for each metal: i) Cu(II) exhibited 
four-fold coordination with (O,N):(Cl,S) ratio of 0.5 in the soluble 
fraction and 0.75 in the cellular fraction; ii) Zn(II) also showed four-fold 
coordination, but its (O,N):(Cl,S) ratio of 0.5 dropped to 0 in multime
tallic systems, indicating a shift toward heavy-ligand (Cl, S) binding; iii) 
Ni(II) was found to be six-fold coordinated, bonded exclusively to O/N 
ligands regardless of the fraction or the presence of other metals.

Finally, the study successfully demonstrated the catalytic valoriza
tion of this metal-enriched biomass. In the borylation of α,β-unsaturated 
chalcones, Cu(II)- and multimetal-enriched biosorbents achieved 
outstanding catalytic activity with conversion efficiencies up to 94%. 
These results establish that the specific chemical coordination of the 
biosorbed metal directly dictates its subsequent catalytic performance.

By integrating bioremediation with catalyst development, this study 
contributes to sustainable, cleaner production, addressing environ
mental pollution while recycling biosorbed metals through generation of 
value-added materials for pharmaceutical applications. Further research 
should focus on the scale-up of the process, expanding this strategy to 
other metals and reactions to enhance its environmental and industrial 
impact while evaluating its environmental safety.

Fig. 4. Addition reaction of B2(pin)2 on six differently substituted α,β-unsaturated chalcones adopting multimetallic-sample. The yield for each reaction is indicated 
as conversion efficiency (%).
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