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The widespread occurrence of metals in water bodies has been fueling the development of platforms for
removing and recovering these elements. Biosorption has emerged as a potential tool for metal removal
from wastewater. Among the available biosorbents, algae have been highlighted as a sustainable and
cost-effective sorbent. Despite the blooming interest in this field, most studies comprise transversal gaps
that prevent it from progressing. Herein, the application of non-living algae for metal recovery from
wastewater is discussed. Limitations such as rudimentary cultivation, water decontamination emphasis in
detriment to metal recovery and lack of reports contemplating ion and metal competition are addressed.
Due to the limited number of studies conducted in natural wastewater, a practical application of non-
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living Sargassum sp. into acid mine drainage is shown. The obtained sorption capacity values are com-
pared with those from other wastewater to evaluate the potential of non-living algae for metal sorption in
real matrices. A critical review on the cost performance of algae as opposed to commercial and waste-
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1. Introduction

Metals are valuable elements relevant to the digitalization
drive and energy transition outlook. Their overexploitation due
to anthropogenic activities is causing metal leakage into water
bodies." The large-scale production of metal-rich effluents is
raising concerns and shifting the status of metals from funda-
mental elements to persistent contaminants in the aquatic
system. Downstream wastewater processing has to tolerate feed
composition fluctuations while being cost-effective, reliable
and simple. If the designed platform cannot adjust to oscil-
lations in the effluent composition, an upstream pretreatment
must be applied to minimize this effect.> Several approaches
have been explored to recover metals from wastewater, includ-
ing electrodeposition, flocculation, chemical precipitation,
coagulation, membrane filtration, ion-exchange, bioleaching,
photocatalysis and (bio)sorption.** Most of these processes
rely on the exhaustive use of chemicals, are energy-intensive
and can lead to the production of toxic sludges. Among the
potential candidates, sorption has been proposed as an
efficient, low-cost alternative that overcomes some of the afore-
mentioned issues.’

Sorption is a general term that refers to the passive binding
of ions onto the surface of a solid material, often regarded as
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sorbent. Biosorption is a subset of sorption that relies on bio-
logical materials, including living and non-living biomass, to
remove ions from a solution in an energy-independent way.
The use of living biomass widens the metal removal mecha-
nisms as ions can be both sorbed into their surface (biosorp-
tion) and actively internalized and accumulated in living
organisms (bioaccumulation). The main differences between
the use of non-living and living biomass are summarized in
Table 1. Metal biosorption and bioaccumulation have advan-
tages and drawbacks depending on the specific application
and circumstances. Whilst biosorption is a widely studied
technique for treating metal-contaminated aqueous solutions,
metal bioaccumulation is a promising technique for in situ
remediation of contaminated environments.*” Biomass can be
a valuable tool for treating several types of metal-rich waste-
water, including industrial, mining, agricultural, and munici-
pal effluents, facilitating water decontamination and metal
recovery.®*° The application of living biomass for metal recov-
ery is challenging since recovering the internalized metals
requires cell disruption, preventing biomass regeneration and
affording an intricate metal solution.’* Moreover, wastewater
often contains high concentrations of metals, which can be
detrimental to the survival of algae.'> Upon their demise,
biomass tends to release the accumulated metals into the
aqueous solution, rendering them unsuitable for metal pre-
concentration and recovery under these conditions. Unlike
living biomass, non-living biomass is unaffected by metal tox-
icity and only interacts with metals at a surface level. The latter
feature facilitates metal desorption and recovery, enabling bio-
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Table 1 Advantages and disadvantages of using non-living and living biomass for metal remova
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l6,7

Non-living biomass (biosorption)

Living biomass (bioaccumulation)

Cost Biosorbents can be by-products and wastes.

pH A wide range of pH conditions may be applied.
Maintenance/storage ~ Non-living biomass is easy to store.

Versatility Good versatility. Binding sites may interact with

several ions.

High. Can be affected by other contaminants.
Generally fast.

Possible.

Metal uptake
Uptake rate
Regeneration and
reuse

Metal recovery Acidic or alkaline eluents enable metal recovery.

sorbent regeneration and reuse in subsequent cycles. Since
this review intends to highlight the potential of biomass for
metal recovery from wastewater, it will be mainly focused on
non-living sorbents.

Many sorbents have been explored for metal sorption,
including peat,'® fruit,"* shells,'® agricultural waste,'® algae,"”
activated carbon,'® metal-organic frameworks (MOF),"® fly
ash?® and magnetic beads.>! Despite their metal removal effec-
tiveness, some sorbents present challenges and limitations.
For instance, active carbon has been widely used for sorption
but its production demands high energy inputs; regardless of
the popularity of metal-organic frameworks (MOFs), their syn-
thesis often relies on critical and strategic raw materials.”*??
Some sorbents may also have durability and stability issues,
causing their degradation and potential particle leaching into
the environment.>**> Waste-based and natural biosorbents
have been gaining attention over synthetic and conventional
sorbents due to their enhanced green character.”® Among
these, algae have been widely applied as a natural metal
sorbent.”’*° The application of non-living algal as a metal
sorbent is thriving due to their easy handling, non-additional
nutritional requirements, enhanced sorption kinetics, biocom-
patibility, structural variety and availability.’’® Algae are
readily available and can be used directly without complex and
costly processing, saving resources and minimizing waste for-
mation.*® Algae-based sorbents are also environmentally
friendly as they eliminate harmful chemicals and solvents
often used in the synthesis and preparation of sorbents. Their
biodegradability ensures easy disposal once metals are des-
orbed. The large surface area of algae and unique structural
properties often afford good metal sorption capacities while
exhibiting high selectivity towards some metals.**** The
contact area of algae is usually further enhanced by applying a
drying and grinding step.*® However, the use of small particles
hinders algae recovery upon contact with wastewater. Algae
immobilization can overcome this issue, often improving
metal sorption.’”° Within this framework, studies of metal
sorption onto algae encompass algae cultivation, harvest, pre-
treatment, immobilization, sorption, reuse, and product recov-
ery in a simplistic overview. Parameters such as concentration,
pH, time of contact, sorbent dosage and initial metal concen-
tration are well-known to influence the sorption capacity of
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High. Living biomass requires maintenance.

Living biomass is strongly affected by pH. Only mild pH ranges
are feasible.

Requires external metabolic energy.

Poor versatility. Affected by high metal or salt concentrations.

Usually low. Living biomass has metal toxicity thresholds.
Slower than passive sorption.
Unlikely. Metals are intracellularly accumulated.

If possible, biomass cannot be reused.

algae and have been thoroughly reviewed in previous
works.**™** Therefore, this review will not delve into a detailed
discussion of these parameters.

While algae hold great promise for metal sorption, several
shortcomings remain unscrutinized. This work addresses the
main challenges of implementing non-living algae as metal
sorbents while providing insight into their potential as metal
pre-concentrators in real matrices. These challenges include
algae cultivation scale-up, algae harvesting, emphasis on algae
use for water decontamination, lack of consideration of ion
and metal competition, insufficient experimental data on
natural wastewater and the cost performance of algae.>*°™*°
In metal recovery, wastewaters with higher metal concen-
trations are advantageous due to their greater inherent value.
Acid mine drainage wastewater (AMD) is an environmental
issue resulting from the oxidation of sulfide minerals in
mining activities that usually contain a considerable metal
content and an acidic pH.*® The composition of AMD varies
depending on geological and environmental conditions, but it
can be regarded as a potential source of valuable metals. This
review introduces a proof of concept for employing non-living
algae as a metal sorbent in AMD to bridge the research gap in
algae usage in natural wastewater, thereby contributing to the
foundational knowledge required for the practical implemen-
tation of the proposed technology into wastewater.

2. Using algae as a metal sorbent

Algae are ubiquitous photosynthetic organisms with rapid
growth. Over the past decades, their natural ability to bind and
uptake metals has generated increasing interest from the
scientific community, as seen in Fig. 1.

The blooming interest in algae as a biosorbent is mainly
due to their widespread availability, renewability, sustainabil-
ity, absence of arable land requirements and deemed good
cost-effectiveness.”’”"*> Another well-established character-
istic of algae is their wide structural diversity. It is estimated
that European waters harbor around 1700 algae species.’®
Studies on algae screening for metal sorption are prompted by
their distinct characteristics, which ultimately lead to different
metal sorption capacities.>**® Despite the great algae variety,

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Number of publications per year from a Web of Science search
for reports involving algae for metal sorption from 2000 to 2022 (date
of research 16™ of January of 2023). Keywords: metal bioremediation
algae, metal sorption algae, metal recovery algae, metal bioremediation
microalgae, metal sorption microalgae, metal adsorption microalgae,
metal recovery microalgae.

only a small fraction of these is produced on a large-scale.’”
This represents a bottleneck in the industrial implementation
of algae as a metal biosorbent. The adopted cultivation tech-
niques need to be improved to warrant the industrial tran-
sition of algae. Around 68% of the European cultivation units
harvest algae directly from wild stocks, with the remaining cul-
tivation units focusing on aquaculture.’® Of the cultivation
units handling wild stocks, around 85% harvest algae manu-
ally. This approach is time-consuming and reduces the
efficiency of the process while increasing costs. Regarding
microalgae, their cultivation is mainly performed in open
ponds or closed photobioreactors, the latter having a greater
economic impact.>>®® The footprint of microalgae cultivation
is still under debate since it requires large water volumes and
can be energetically demanding.>*®' The emerging algae appli-
cations are expected to stimulate aquaculture exploration,
promote the optimization of the process and lower overall
costs.®*"**

Collecting invasive algae could bypass some current issues
inherent to algae production. Some algae are hyperprolifera-
tive, causing the formation of algal blooms.®®> Algal blooms
can release toxins, harming aquatic and coastal ecosystems,
damaging fisheries and compromising human health and
welfare.®®®” Eutrophication poses a severe environmental and
socio-economic threat, with economic losses ranging from 5.5
to 265 million euros per algal bloom.®® For these reasons, algal
bloom management is fundamental. Algal bloom mitigation is
usually done by killing or inhibiting algae growth.®®”°
Alternatively, algal blooms could be overturned into a value-
added opportunity, used for the production of biofuel, recovery
of carotenoids, lipids, proteins and phenolics and metal
sorption.”"””> Repurposing invasive algae is an interesting
alternative to landfill or incineration. Although harvesting
invasive algae does not mitigate eutrophication or its negative
environmental impact, repurposing this biosource could aid in
decreasing the economic losses inherent to algal blooms.”
The sporadic nature of algal blooms and the commitment to
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their eradication from the ecosystem constrains the continued
application of this bioresource.

Aquaculture and unintentional ship-related dissemination
correspond to over 85% of the acknowledged sources of alien
algae species, with aquaculture accounting for 54% of the new
introductions.”® Algae cultivation has to be thoroughly studied
before implementation to avoid cross-contamination and eco-
logical disasters. While algae cultivation and harvest require
improvements, the application of algae as a metal sorbent has
been widely studied in synthetic single-metal solutions.”*”>
Nevertheless, the performed studies are somehow limited
experimentally.

3. Bioremediation and metal
recovery

The use of algae for metal sorption has been mainly per-
formed from a bioremediation perspective.**”*”%”” The main
differences in using metal sorption within a metal recovery
and bioremediation point of view are summarized in Fig. 2.

The bioremediation outlook is mostly environmental,
aiming at water decontamination with no accent on metal
recovery. Perceiving metals as contaminants rather than criti-
cal elements constrains the evaluated experimental conditions.
Algae usage for metal bioremediation addresses metals with
well-known toxicity or metals deemed as widespread pollu-
tants.”® Consequently, the diversity of the evaluated metals is
restricted. Focusing on legal metal concentration limits in the
aquatic system is also common within this context.*”””°
Narrowing down the usage of algae for water decontamination
also means that the main goal is to completely remove metals
from wastewater, even under impractical conditions. Several
bioremediation studies have unreasonably high algae-to-metal
ratios to achieve maximum metal removal percentages.”*3%8!
This approach fails to reach biomass saturation, resulting in
low sorption capacity values (g, mmol g~'). Many algae-
binding sites remain unoccupied, leading to an underwhelm-
ing usage of the algae sorption potential.

Bioremediation studies often dismiss the obtained metal-
loaded algae, offering no waste management insights or valori-
zation prospects.*"”*7%% without a suitable management
strategy for the metal-loaded sorbent, the resulting waste has
to be disposed of as hazardous solid waste. Addressing the
integration of the metal-loaded algae in a regenerative loop is
fundamental to developing a sustainable process. Algae regen-
eration is usually accomplished by resorting to dilute acidic or
alkaline solutions.®*®* Enclosing algae in a packed bed
column reactor allows the development of a continuous
process by alternating sorption and desorption cycles.®*
Consecutive sorption-desorption cycles eventually result in
sorbent weight loss and performance decline, forcing the
addition of new sorbent.®® This methodology enables algae
regeneration but produces metal-bearing eluate. Altogether,
this procedure is unsustainable if metal recovery is excluded.
Ultimately, bioremediation would lead to the production of
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Fig. 2 Schematic representation of the differences in metal sorption for metal preconcentration and water decontamination.

metal-laden algae waste or metal-tainted eluate. These wastes
need proper disposal to avoid returning to the bioremediation
starting point — aquatic contamination. Although bioremedia-
tion is of utmost importance for public health, it marginalizes
the use of algae as a metal pre-concentrator for recovery. These
mindsets are not mutually exclusive and should be bridged to
avoid further gaps in this field. Metal recovery and bioremedia-
tion have been historically linked. In 1987 Volesky®® stated
that metal sorption could be used to decontaminate metal- or
radioactive-bearing wastewater, recover metals from effluents,
and strategically concentrate and recover scarce metals. It was
acknowledged that metals should be targeted based on their
toxicity and commercial value. This idea faded with time,
resulting in numerous studies entirely focusing on water
decontamination.

The growing dependence on metal-based commodities
allied with the growth of anthropologic activities and industry
intensification contributes to the formation of metal-bearing
wastewater and metal depletion.®” Some wastewaters require a
preconcentration step since they have a lower metal content.
When aiming at metal recovery, metals are strategically
selected based on their criticality, societal importance and
market value.***¥°° This approach aspires to achieve optimal
sorption capacity values to ensure maximum metal preconcen-
tration onto the sorbent resorting to minimum algae-to-metal
ratios. Saturation of the algae functional groups is promoted
while boosting their cost performance as metal pre-concentra-
tors. While the metal recovery process design does not target
water decontamination, the latter is a beneficial secondary

5778 | Green Chem., 2023, 25, 5775-5788

aftermath. One of the advantages of using algae for metal
sorption is their ability to bind metals selectively.'”*"°* This
feature is particularly relevant for metal recovery since it allows
to refine metal preconcentration.

Following metal preconcentration, the best desorption
methodology has to be ascertained. Employing eluents for
metal desorption dilutes metal again. The selection of this
approach must consider that minimal solid:liquid ratios are
required to obtain a highly concentrated metal solution
without compromising the economic viability of metal recov-
ery. Ultimately, metals can be recovered by applying conven-
tional electrochemical techniques.”” Both sorbent and eluent
should be regenerated and used in subsequent sorption-de-
sorption cycles. Instead of using eluents, the metal-loaded
algae can be converted into biochar to facilitate its direct appli-
cation.”® Metal-laden biochar can be used as a supercapacitor
or catalyst.”*®® A broad range of reactions can be catalyzed
with metal-laden biochar, including transesterification for
biodiesel production, biomass hydrogenation and biomass
hydrolysis.”®®® Developing an integrative process entailing
metal sorption from real matrices and applying the resultant
biochar might be a sustainable metal recovery
methodology.'°”'°* More studies are required to assess the
feasibility of the process. Ideally, a metal sorption assay
should be conducted in wastewater and the recovered metal-
loaded algae should be treated and applied to investigate its
potential as a supercapacitor or catalyst. Prior to advancing to
these applications, it is necessary to understand the under-
lying mechanisms of metal sorption.

This journal is © The Royal Society of Chemistry 2023
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4. Metal sorption mechanisms

The metal sorption mechanism is complex and involves a com-
bination of several independent mechanisms.® Sorption
mechanisms may include chemical sorption, physical sorption
and ion-exchange. In chemisorption, complexation between
the metal ions and the surface functional groups of the
biomass may occur, leading to the removal of metals from the
aqueous solution. Physical sorption is usually a fast and revers-
ible process occurring via polar and coulombic attraction
forces between the metal ions and the functional groups of the
algae. Ion-exchange is a fundamental mechanism for metal
sorption in algae. Since the overall charge of the biomass par-
ticle must remain neutral, ion-exchange is followed by either a
stoichiometric release of other cations, such as Ca**, Mg**, K*
and Na“, or by binding anions.**"'%> In some cases, it is poss-
ible to evaluate the release of these ions into the surrounding
aqueous solution and correlate their release with metal
sorption.**

The interaction between metals and the binding sites of
algae is influenced by factors such as the charge of the
binding sites, the nature of the metal ions and the compo-
sition of the algae.®?*'°® The algae functional groups play a
significant role in metal sorption and its extent. While syn-
thetic sorbents often display limited surface diversity, algae
contain several functional groups capable of acting as ligands
for metal ions, including carboxyl, hydroxyl, amino, thiol and
phosphate groups.*" Based on the pK, values of these groups,
carboxyl, sulfonate and phosphate are particularly influential
contributors to the overall sorption capacity. However, the
abundance of these functional groups may not translate into a
better sorption capacity as some functional groups do not con-
tribute to metal binding due to steric, conformational, or
other barriers.® These hindrances are also applicable to other
sorbents. Despite carboxyl being deemed the most relevant
functional group for metal sorption, there seems to be no cor-
relation between the oxygen content of different algae and
their sorption capacity.>® On the other hand, there is a strong
correlation between the carbon, nitrogen and hydrogen
content and metal sorption capacity. The protonation of the
algae functional groups is influenced by the pH of the sur-
rounding aqueous solution. Carboxyl groups tend to deproto-
nate as pH increases, resulting in an overall negative net
charge on the algae surface. This condition facilitates the sorp-
tion of cationic metal ions. Conversely, functional groups pro-
tonated at lower pH values have an enhanced interaction with
metal oxyanions. In brown algae, most metals exhibit optimal
or near-optimal metal sorption capacity at pH values close to
the apparent dissociation constant of carboxylic acids (pK, ~
5).1%% The influence of pH on the interaction between metals
and algae functional groups is contingent upon the classifi-
cation of the metals. Metals can be classified into three
classes, as depicted in Table 2.

Class I metals display their highest sorption capacity within
the pH range of 4 to 7 but are unable to bind to the functional
groups of biomass at pH levels below 2.'%* Conversely, class I

This journal is © The Royal Society of Chemistry 2023
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Table 2 Categorization of metals into three classes attending to their
optimal sorption pH®#%103

Metal Optimal pH

classes sorption Metals

I 4-7 Al(m), Be(ur), Cu(u), Cr(m), Co(w), Fe(m),
Ni(u), Pb(u), Zn(u), and UO,**

I <4 PtCl,>", Se0,*, CrO,*~

I pH independent  Ag(1), Au(m) Hg(u)

metals exhibit strong interactions with the ligand at low values
due to the overall positive net charge of the ligand.® However,
they are unable to interact with the functional groups above
pH 5. Finally, class III metals display stronger interactions
with the sorbent than other metals and are less affected by
variations in pH.*' This data demonstrates that non-living
algae can exhibit a certain degree of tolerance to pH fluctu-
ations without experiencing a notable decline in their sorption
capacity. While an optimal pH range exists, it does not necess-
arily imply that sorption will be significantly compromised at
other pH values. A limitation in using algae, and many other
biosorbents, arises from their susceptibility to extreme pH
conditions."! Besides damaging the ligand, extreme pH values
can hinder metal bioavailability or increase proton compe-
tition. Aqueous media with higher pH values restrict the metal
solubility, forming metal hydroxide precipitates and limiting
their sorption. At low pH values, protons and metals compete
for the available binding sites resulting in decreased metal
sorption. The effect of ion competition in metal sorption will
be further discussed in the next section.

5. lon competition

Using single-metal synthetic solutions is the most common
approach in metal sorption studies.”*”>8319171%7 Thjg simplis-
tic methodology was valuable for understanding the influence
of several factors on metal sorption onto algae while unravel-
ling the underlying mechanisms. However, this pathway is out-
dated as it no longer contributes to significant knowledge
advancements. Regardless of the focus being metal recovery or
bioremediation, the end goal is to apply the developed process
to real wastewater. Transitioning from synthetic to real waste-
water based on single-metal studies is challenging as they do
not represent the complexity of wastewater. Multi-elemental
systems resemble real wastewater more accurately since metal
competition is considered. Metal competition has an antagon-
ist effect on metal sorption, resulting in lower sorption
capacity values.'®'°® When several metal ions are in solution,
some are preferentially sorbed over others. This selectivity is
related to the complexation constant of each metal with rele-
vant sorbent functional groups.

The hard and soft acid and bases (HSAB) theory has been
used to justify the selective metal sorption behavior in a com-
petitive system.''® According to Pearson,''" metals and ligands
are categorized as hard or soft depending on their size, charge

Green Chem., 2023, 25, 5775-5788 | 5779
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and polarizability. Hard species tend to have a small ionic
radius, high charge density and are not particularly polariz-
able. Soft species have large radii, low charge states and are
more polarizable. Metals within a multi-metallic system are
categorized as soft or hard acids, and sorbent ligands are soft
or hard bases. In this situation, hard acids will tend to
complex with hard bases and soft acids will be more prone to
form complexes with soft bases. Therefore, depending on the
metal ionic radius, charge density and available complexing
agents, some metals will be preferentially sorbed over others.
The Irving-Williams series has also been employed to support
metal selectivity in multi-metallic solutions, especially for
borderline metals and intermediate ligands."">'"* According
to this series, the complex octahedral stability of first-row tran-
sition divalent metals is the following: Mn** < Fe** < Co*" <
Ni*" < cu®" > Zn®"."'*''® This trend is independent of the
ligand and refers to water replacement by other complexing
agents while being overall supported by metal ionic radius and
crystal field stabilization energy. Therefore, certain metals will
exhibit a higher affinity towards the sorbent depending on the
surface functional groups and metals in the solution. This
extends to all sorbents, including carbon-based sorbents."*®
Understanding the complexation tendencies in multi-com-
ponent systems helps predict the sorbent behavior in more
complex matrices, but it is still an incomplete depiction of
wastewater. Metal-bearing effluents also have contaminants
such as organic debris and light ions.""” Besides metal compe-
tition, it is expectable to experience interference from back-
ground ions, such as Ca**, K*, Na* and Mg>"."'#"2% Metal sorp-
tion is affected differently by various co-ions. For instance,
Ca* and Mg”" have a lower impact on metal sorption than
AP*". In binary systems, AI** can compromise metal sorption by
up to 89%, while Ca®>" and Mg>" cause a decrease of about
30%."'®121122 The negatively charged binding sites will inter-
act with background ions at high ionic strength, hindering
metal binding and decreasing the overall sorption capacity.
The extent of metal sorption inhibition depends on the com-
plexation constant of each ion with the biomass functional
groups. For example, alkali metals such as Na“ and K" bind
more weakly than metals to biomass-relevant functional
groups.'*® Since Mg®" and Ca®" have complexation constants
greater than Na' and K', the influence of the former is more
important, especially in matrices bearing metals with weaker
binding strength.'!*'1>121:123 Backeround anions are also
present in wastewater. The anions present in the solution can
form complexes with free metal ions. Experimental data shows
that metal sorption is decreased by co-anions, especially ethy-
lenediamine tetraacetic acid (EDTA) and sulfate.'?>'?%12°
Either the metal-ligand complexes have a lower affinity to the
sorbent than the free metal ion, or the anionic species interact
with the sorbent, changing the binding site state and influen-
cing sorption."” From the evaluated anions, EDTA has the
greatest impact on metal sorption due to its well-known ability
to form strong complexes with metal ions. Nevertheless, EDTA
is not expected to be widely distributed in wastewater. For over
20 years, it has been recognized that metals and other ions
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compete for the sorbent available binding sites."*""**> Despite
this, metal sorption research retracted to single-element
studies instead of engaging in more complex studies to ulti-
mately enable the application of the developed methodology to
real wastewater.

6. Algae application to wastewater
for metal recovery

Wastewater usually contains light ions and several metals in
solution.”" The pH, metal concentration, and impurities will
vary depending on the effluent source. Ion competition will
inevitably compromise metal sorption in wastewater. The scar-
city of studies conducted in real wastewater samples is a sig-
nificant gap in the field of metal sorption based on non-living
algae. This is especially astounding since the motivation
behind metal sorption research is to remove and, in some
cases, to recover metals from real matrices. Some investi-
gations conducted in real matrices use living algae, which is
beyond the scope of this work.’**™**® When non-living algae
are applied to effluents, it is common to perform algae surface
modifications, spiking wastewater with metals or using high
algae-to-metal ratios.'*®***"'3¢ Onyancha et al.''® reported the
use of pre-treated Spirogyra condensate as a sorbent for Cr** in
treated tannery effluent (Cr** concentration of 8.26 + 0.06 mg
L") and tannery sludge (Cr’** concentration of 3356.70 =+
0.25 mg L™"). While metal sorption in synthetic Cr’" solutions
was above 90%, the metal sorption percentage was under 55%
in the treated tannery effluent and sludge. The modest sorp-
tion was attributed to ion competition and the potential exist-
ence of ligands with stronger Cr** binding affinities than
algae. Another study used Turbinaria ornata as a Pb** sorbent
from municipal wastewater.'** The collected municipal waste-
water contained 0.013 mg L™ of Pb*", to which 15.2 g L™" of
dried algae was added. Although this study remarks that
T. ornate is suitable for treating urban wastewater, this is
unwary due to the hyperbolic algae-to-metal ratio.

In a previous work, we optimized metal sorption from syn-
thetic quaternary metal systems."®” Herein, we present a case
study dealing with natural wastewater to better understand the
potential of non-living algae as a metal sorbent. The reported
optimal conditions in quaternary synthetic systems were
adapted to fit the composition of the AMD collected at Sdo
Domingos mine, Portugal. The pH of AMD (1.7) was below the
reported optimal pH range. The AMD pH was adjusted to 4
and 5, to mimic the reported optimal pH value in synthetic
multi-elemental assays. The original data on AMD composition
is presented in Table 3 and experimental details are given in
the ESL.}

Precipitation of Fe** was facilitated by pH adjustment. Most
Fe®" was precipitated at pH 4 with minor losses of the remain-
ing metals. Fe*" was entirely precipitated at pH 5, although
considerable precipitation of the remaining metals was also
observed. AMD is expected to contain ions like Na* and Mg>*
but their quantification by total reflection X-ray fluorescence

This journal is © The Royal Society of Chemistry 2023
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Table 3 Concentration of different ions (mg L™ in AMD with no pre-
treatment and pH adjustment to 4.0 and 5.0 (original data)

AMD composition (mg L")

Ion No pretreatment pH=4.0 pH=5.0
Ca* 664 + 49 659 + 11 637 +15
K 7.7+0.8 7.7+0.3 14.4 + 0.8
Mn?" 142 +5 121.7 £ 0.3 114.4 + 0.8
Fe** 704 + 17 1.0 + 0.1 —

Co** 4.95 + 0.04 3.56 + 0.03 3.40 + 0.04
Ni** 2.36 + 0.01 1.84 + 0.01 1.72 + 0.03
cu® 57+1 48.97 + 0.07 18.00 + 0.08
Zn** 134 +3 125.4 + 0.9 117.8 + 0.4

spectrometer (TXRF) is not possible. After analyzing the AMD
initial composition under different conditions, the sorption
capacity of the non-living brown macroalgae Sargassum sp. was
evaluated at AMD with no pretreatment, pH 4 and 5.

Concerning our data, tweaking the pH from 1.7 to 4.0 or 5.0
significantly affected metal sorption (Fig. 3A). At pH 1.7 there
is a large amount of Fe** in AMD. At this condition, Sargassum
sp. showed good Fe*' sorption capacity. The total sorption
capacity at this pH (gtota1 = 0.67 + 0.03 mmol g~ ') was similar
to that obtained in optimal conditions in the synthetic qua-
ternary system (qeotal = 0.657 + 0.004 mmol g~ ')."*” Adjusting
the AMD pH enabled to precipitate most Fe** while improving
Cu”" sorption. However, the total sorption capacity at pH 4.0
and 5.0 was underwhelming, especially when considering that
the optimal sorption pH of Sargassum sp. was reported to
range between 4.0 and 5.0. Applying the optimized algae-to-
metal ratio and optimal pH values in AMD resulted in poor
sorption capacity values compared to multi-component syn-
thetic assays. The obtained results still portray the selective
feature of algae. At pH 1.7 a good selectivity for Fe*" was
observed. According to the Pearson hard-soft-acid-based
theory, Fe** is considered a hard acid and exhibits greater
affinity towards hard bases such as -OH and -COOH
groups.'™ Conversely, metals like Cu®**, Co** and Ni** are
classified as borderline metals, implying they have intermedi-
ate properties between hard and soft acids. Consequently,
their interactions with hard bases are generally weaker. Since
-OH and -COOH groups are recognized as important algae
functional groups for metal sorption, the presence of Fe** will
lead to its preferential sorption onto the algae biomass due to
its stronger interaction with these hard bases. At pH 4.0 and
5.0, the absence of Fe** enabled the selective sorption of Cu*",
although sorption occurred to a lower extent (Giotar <
0.14 mmol g '). The preferable Cu** sorption was also
observed in the synthetic multi-elemental assays and further
supported by the Irving-Williams series."'*''>'*” Herein,
employing Sargassum sp. in AMD was not particularly attractive
from a metal recovery point of view. Still, this macroalgae
removed 43% of the Fe*" present in AMD without wastewater
pretreatment. Since AMD usually contains a high Fe’" content,
its sorption may be appealing for developing a hybrid waste-
water treatment."*®
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Fig. 3 (A) Original data on the sorption capacity of Sargassum sp. for
each metal at an algae-to-metal ratio of 0.83 and pH 1.7, 4.0 or 5.0 and
respective Y-axis zoom. (B) Total metal sorption capacity of different
non-living algae in real wastewater, including AMD, industrial waste-
water (IWW), tannery sludge and treated IWW.118131132136.139 Gyriging|
data (pink bars) and previously reported data (blue bars) are presented.
The numbers following the wastewater label refer to their respective pH
value and the Wn numeration catalogues the wastewater number.

Other studies have struggled to apply non-living algae for
metal sorption in real wastewater, including in AMD, as
depicted in Fig. 3B and detailed in Table S1.f For instance,
Castro et al."*® employed an algae-based technique for metal
sorption in Sdo Domingos AMD (W4 and 5, Fig. 3B). Two glass
columns filled with the non-living brown algae Fucus vesiculo-
sus were used for continuous metal sorption. The sorption
capacity in both columns at pH 5 was 0.066 mmol g~' and
0.020 mmol g~' for Zn>" and Cu®', respectively. Conversely,
applying F. vesiculosus in galvanic wastewater afforded interest-
ing sorption capacity values (>1 mmol g~', W6 and 7). The
variation in pH from 4 to 5 did not significantly impact the
metal sorption capacity. Although the used AMD contained a
20-fold lower metal concentration than the galvanic waste-
water, the algae dosage was the same for both wastewaters.
The excess of algae likely contributed to the lower sorption
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capacity obtained in AMD as many binding sites remained
vacant. Another study achieved a promising sorption capacity
of Cr** from electroplating wastewater at pH 1.9 in a continu-
ous configuration using a packed bed column (W8)."*" The
column was packed with 20 g of non-living algae and it was
able to treat 2 L of electroplating wastewater containing
16 mmol L of Cr**. The algae and the effluents were not sub-
jected to any pretreatment, other than the drying and grinding
of the algae. The system displayed a noteworthy sorption
capacity of 2.1 mmol g, indicating a promising outlook for
the implementation of this technology. Conversely, using
dried and ground algae for metal sorption in petrochemical
and fertilizing wastewaters were not successful, as seen in W9
and 10."*>"*® A common characteristic among reports showing
low sorption capacity values (gt < 0.1 mmol g™') is their
focus on wastewater containing lower metal concentrations,
with the total metal content ranging from 6 to
36 ppm."®3>136139 More promising results have been
observed when dealing with natural wastewater containing
metal concentrations ranging from 400 to 3356 ppm.'&131:139
Higher metal concentrations in wastewater increase the likeli-
hood of saturating the binding sites of algae, leading to higher
sorption capacities, as supported by Onyancha et al''®
Applying the same algae-based approach to sorb metals from
treated tannery effluent (G = 0.01 mmol g~', W12) and
tannery sludge (iota1 = 2.78 mmol g~ ', W11) afforded comple-
tely different sorption capacities. Altogether, the composition
and complexity of the wastewater significantly impact metal
sorption.

As mentioned in section 5, background ions significantly
impair metal sorption. Background ions affect metals having
weak complexation constants with relevant functional groups
more. To demonstrate the effect of ion competition, a syn-
thetic quaternary solution of Co**, Cu**, Ni** and Zn** with a
total concentration of 75 mg L™ was spiked with Ca** ranging
from 8 to 204 mg L~" (Fig. 4). Experimental details are given in
the ESL.}

Increasing Ca®" concentration from 0 to 204 mg L7*
reduced metal sorption by 44%. Considering that the AMD
used in our proof-of-concept has around 650 mg L™" of Ca®", it
is not surprising that metal sorption was compromised com-

0.8 L
'gn 0.6 -\\
L .
E 04 - ~——_
3 —@
20.2 ~
S5

0.0 T T T T T T T T

0 25 50 75 100 125 150 175 200 225
Ca?* concentration (mg-L™)
Fig. 4 Impact of Ca®* concentration on the total sorption capacity

(Gtotat, mMmol g~ of the non-living Sargassum sp. at pH 5 (original data).
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pared to the quaternary synthetic metal systems.’*” The
inhibition of metal sorption at higher ionic strength is in
agreement with the literature."*® The suitability of non-living
algae for metal sorption from wastewater and the limitations
associated with their composition remain uncertain.
The compiled data suggests a positive correlation between
metal sorption capacity and metal content in natural
wastewater,!'$131132 136,139 However, further investigation is
required to determine the proficiency and constraints of using
non-living algae for metal removal from wastewater.

The use of algae as a metal sorbent has been mainly advo-
cated due to their alleged good cost-efficiency. Claiming that
algae are cost-efficient is speculative since, to the best of our
knowledge, there are no in-depth life cycle analysis reports of
metal sorption onto non-living algae for metal recovery pur-
poses. To better understand if non-living algae are more prom-
ising than other sorbents, the cost-efficiency of different sor-
bents in synthetic mono-metallic solutions is discussed in the
following section.

7. Comparing algae to commercial
and waste-based sorbents

The application of algae as metal sorbents has been endorsed
as a cheaper alternative to commercial sorbents, with macroal-
gae costs allegedly ranging from 1 to 3 € per kg and production
costs estimated to be on average 0.2 to 0.3 € per kg.'*®'*° vet,
according to Bak et al'*' the cultivation of the macroalgae
Saccharina latissima can range from 9.3 to 36.7 € per kg. The
production cost of macroalgae is not universally agreed
upon.’** Including or omitting operational, harvesting and
transportation costs contribute to these discrepancies. As for
microalgae, their production is more expensive, with values
ranging from 69 up to 573 € per kg.*>'** Despite the disagree-
ment on cost estimates, we believe it is important to consider
the algae production cost and the retail price of commercial
sorbents to compare the cost performance of different sor-
bents. The economic viability of different sorbents was
assessed by comparing the cost-effectiveness of Cu®" sorption
in single-metal solutions for different non-living algae, com-
mercial sorbents and sorbent-based wastes (Fig. 5 and
Table S2t). Some considerations need to be addressed: algae
prices refer to the market value of dry samples; sorbent prices
should be lower when purchased in bulk; the maximum sorp-
tion capacity is highly dependent on the evaluated conditions
of each study; the sorption capacity in multi-metallic systems
is expected to be lower than in mono-metallic assays; although
the ability to regenerate and reuse the sorbents greatly impacts
the cost performance of the process, this was not taken into
account in this analysis. In any case, the reusability of com-
mercial sorbents is expected to be better than biomass-based
sorbents such as algae and some wastes.

The brown algae Fucus vesiculosus is the most cost-effective
among the evaluated algae. The good alginic acid content of
brown algae promotes metal sorption via interaction with car-

This journal is © The Royal Society of Chemistry 2023
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boxyl and hydroxyl groups. This translates into a
better sorption capacity than green (e.g. Ulva rigida) and red
algae (e.g. Palmaria palmata and Gracilaria gracilis). The cost
performance of algae is comparable to that of commercial sor-
bents, except for activated carbon. Although activated carbon
is often described as expensive compared to other
sorbents,'*>'*¢ this material is more cost-effective than the
evaluated algae. Within the presented sorbents, waste-based
sorbents are the most cost-effective. The cost-efficiency of
waste sorbents is between one to two orders of magnitude
better than algae, with pristine steel slag affording the most
promising results. Even so, the presented cost-effectiveness of
waste-based sorbents may be underrated due to cost overesti-
mation. Waste management represents a significant economic
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burden to the industry. For example, the annual bill for egg-
shell discharge produced by an egg processing industry is esti-
mated to be nearly 100 000 €.'°>'%® Delegating waste at no cost
or for a small fee to other companies would allow reducing
expenses while prompting waste valorization. This symbiotic
partnership would eliminate waste management expenses and
reduce the raw waste purchase cost leading to improved cost-
effectiveness values. To assess the feasibility of each sorbent
application, it is relevant to consider the current price of Cu**
(0.53 € per mol)."®* From all sorbents, only eggshell, banana
peel and pristine steel slag would be profitable for Cu** sorp-
tion without considering downstream processing. Naturally,
the process would be more economically viable if these
materials were applied to wastewater composed of more valu-
able metals, such as Ni** (1.44 € per mol) and Co>" (1.96 € per
mOl].165’166

As previously mentioned, the sorption capacity depends on
the conditions of each study, including pH, initial metal con-
centration, sorbent dosage and time of contact. For this
reason, comparing cost-efficiency values within the same
experimental conditions is a more unbiased assessment.
Cochrane et al.'*® reported Cu®** removal efficiency by Fucus
vesiculosus, peat, crab carapace, activated carbon and ion-
exchange resin Dowex® 50WX4. At the same conditions (pH =
4.2, t =12 h, 100 mg L' of Cu** and 5 g L' of sorbent
dosage), the metal removal percents increased as follows: peat
< macroalgae < activated carbon =~ ion-exchange resin = crab
carapace. Crab carapace waste, ion-exchange resin and acti-
vated carbon achieved close to complete metal removal
percent while macroalgae and peat had ~80% and ~50% of
Cu** removal, respectively. Regarding the sorption capacity of
each sorbent, only the calculated sorption capacity values for
crab carapace, ion-exchange and macroalgae are provided:
1.24, 1.12 and 1.81 mmol g, respectively. Attending to the
metal removal percents, the maximum sorption capacity of the
macroalgae Fucus vesiculosus is likely to be overestimated.
When comparing the ratio of the sorbent purchase price and
their sorption capacity, shell carapace is the most cost-effective
(1.9 € per mol), followed by macroalgae (26 € per mol) and the
commercial ion-exchange resin (780 € per mol). This particular
resin is expensive, hampering its cost performance. Even
under the same conditions, waste-derived sorbents are the
most cost-effective.

Besides cost-effectiveness, the selection of sorbents should
also consider parameters such as environmental impact, food
chain competition, and public and animal health
guidelines.'®>'®” Algae are attractive from an environmental
point of view since they contribute to CO, capture. Yet, algae
are susceptible to contamination, productivity variations, sea-
sonality, geographic limitations and climate change.'®®'®°
Since seaweed consumption in Asia is well-established and
their incorporation in European gastronomy is expanding,
using edible algae as a biosorbent would compete with the
food industry."””® Commercial sorbents mitigate some of these
concerns while having similar cost-effectiveness to algae.
Waste-based sorbents outperform commercial sorbents and
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can be a viable and cost-effective alternative for metal sorption.
Using wastes for metal sorption is also a sustainable way of
managing them and contributing to a circular economy.'”! A
life cycle analysis found that using alginate extraction waste
for metal sorption affords lower environmental impacts than
activated carbon in several categories, including acidification,
climate change, eutrophication, human toxicity, and photoche-
mical oxidation.'”*> Moreover, using waste-based sorbents like
calcinated eggshells can effectively increase the pH of the
wastewater."”? The pH increase is attributed to the high
content of calcium hydroxide in the eggshells, and it provides
a solution to the inherent challenges posed by wastewater
acidity. A hybrid eggshell and living microalgae system have
been proposed for treating AMD.'’* However, a life cycle ana-
lysis determined that employing living immobilized acid-
adapted microalgae to treat AMD is more environmentally sus-
tainable than using the conventional limestone or the pre-
viously mentioned hybrid microalgal treatment.'”® No similar
studies were found for non-living algae.

Scaling-up algae-derived applications demand significant
cradle-to-grave processing developments. Algae have a lower or
similar cost performance in single-metal solutions than com-
mercial and waste-based sorbents. Although many studies con-
clude that non-living algae are adequate alternatives for metal
removal in wastewater, these conclusions are drawn based on
results obtained in synthetic solutions.*”"'*®'7® More studies
on the application of algae as a metal sorbent in wastewater
are required to evaluate their potential to pre-concentrate and
recover metal from secondary metal sources.

8. Challenges, knowledge gaps and
future perspectives

The implementation of non-living algae as metal pre-concen-
trators needs to overcome several limitations and more studies
are required to connect the dots. The large-scale production of
algae faces various challenges that must be addressed. These
include the development and implementation of integrated
algae systems on a large volume and the efficient harvesting of
algae.*®> Algae production demands continuous attention to
temperature, light exposure, culture integrity, carbon dioxide
availability, reliable water source and supply of (micro)nutri-
ents. These parameters are embedded in algae growth and pro-
ductivity, but their complexity is regarded as a barrier to large-
scale algae production. The cost-efficiency and footprint of
algae cultivation should also be improved. Using wastewater as
a microalgae culture medium can reduce the water footprint
by around 35%, alleviate some of the costs associated with
nutrient supplementation and decrease greenhouse gas
emissions.®>®!

Despite the dual role of algae in metal preconcentration
and water decontamination, most literature is focused on the
use of algae for environmental decontamination.*>*®'”” This
is problematic from a metal recovery perspective since these
studies tend to focus on simplistic scenarios involving low-
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concentration single metallic solutions and often overlook the
potential of metal-laden algae.*®*” These studies do not rep-
resent the higher metal concentration and the diversity of ions
dissolved in wastewater. Among all the Cu(u) sorption studies,
only 2% targeted natural wastewater.”> Conducting more
multi-elemental studies encompassing both synthetic and real
wastewater is vital to gaining a more comprehensive under-
standing of the non-living algae potential for metal recovery
from effluents. Broadening the scope of research to include
metal recovery and considering the unique characteristics of
wastewater will highlight the limitations and opportunities
associated with using non-living algae for metal recovery from
effluents. This knowledge will facilitate the development of
more efficient metal removal and recovery strategies from
wastewater.

Employing algae as a metal sorbent has been promoted due
to their biocompatibility, renewability, wide distribution and
perceived low cost.>"*> However, the presented cost perform-
ance comparison with commercial and waste-based sorbents
reveals that the suitability of algae for metal recovery is not
straightforward. The compiled cost performance data suggests
that algae are not as competitive as waste-based sorbents that
can be obtained at lower or no cost.'”> Enhancing the selecti-
vity and performance of algae for metal sorption can be
achieved through various approaches, including surface
chemical modification, development of nanoparticles based
on algae and genetic engineering."’® These modifications
could also improve the performance of algae at acidic pH
values. Nevertheless, this fine-tuning will inevitably increase
the cost of the sorbent, so a careful cost performance must be
conducted. A life cycle analysis should be carried out to ident-
ify the environmental and economic aspects of employing
non-living algae for metal sorption from wastewater, especially
compared to other sorbents.
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