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Abstract

Looking for new green and environmentally friendly bio sorbents for metal removal from polluted
wastewater, the present study investigates the potential new bio sorbent for Cd(ll) removal from
wastewater namely, the mechanism and uptake capacity of Cd(Il) by brown algae, Fucus vesiculosus
from the Irish Sea. This work takes a comprehensive approach involving the combination of qualitative
and quantitative information collected from macro to atomistic scale, in a direct and non-destructive
manner. Our results demonstrate that Cd(ll) is adsorbed on the algal surface based on carboxylic of
alginate groups. Effective Cd(Il) adsorption is achieved at pH conditions between 5 and 7, at which the
uptake occurs rapidly (~2 h), with increasing Cd(ll) concentration. Cd maximum uptake capacity (i.e.,
1.203 mmol Cd g dried algae) in first adsorption cycle show superior uptake as opposed to other
species. Quantitatively the bio sorbent has an increasing uptake capacity (more than two folds) in the
second cycle, after metal elution and biomass surface sites functioning. Desorption of Cd(ll) and the
regeneration of the biomass is effectively achieved with HCI (10 mM) and EDTA (1mM), but they can
only be used for two cycles, before the efficiency decreases. Microprecipitation occurs at high pH (>9)
when using NaOH as an eluent. Results from this work shed new light on understanding Cd(ll) binding

mechanisms on Fucus v., providing crucial information for further process optimization, pilot testing,
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scaling up and implementation as a clean, environmentally friendly biotechnology applied to wastewater

treatments.

Keywords: Cadmium ion, Irish Fucus vesiculosus, adsorption, synchrotron spectroscopy,

quantitative and qualitative uptake, algae reuse.

Introduction

Laboratory studies have shown the promising use of green and environmentally friendly
biotechnologies for removal of toxic species from wastewater and soils (Ahmed et al., 2017; Brinza et
al., 2005, 2007; Gavrilescu and Chisti, 2005; Hayat et al., 2017; Isildar et al., 2019; Kapahi and
Sachdeva, 2019; Rodriguez-Couto et al., 2021; Saxena et al., 2020; Schlosser, 2020; Shah et al., 2021).
They used different algal species to uptake, remove, immobilize, totally or partially degrade toxic species
through biosorption, bioaccumulation, bioconversion, biodegradation and bio catalysis (Ahmed et al.,
2017; Schlosser, 2020). These methods use green products (i.e., whole or parts of raw biomass), waste
bioproducts from other industrial processes or marine abundant species that may pose a threat in
specific settings (e.g., algae bloom on naval traffic) (Gavrilescu, 2004; Mazur et al., 2018). Biosorption
is one of the methods commonly used because of its high uptake efficiency, selectivity, biomass
reusability and low cost(Abbas et al., 2014; Arumugam et al., 2018; Brinza et al., 2007; Bwapwa et al.,
2017; Davis et al., 2003; He and Chen, 2014; Kanchana et al., 2014; Sweetly, 2014; Zeraatkar et al.,
2016). One interesting approach is the reuse of biomass material in subsequent cycles by the elution of
already adsorbed metals. When exhausted after a final elution for decontamination the bio sorbent may
be safely disposed; closing the life cycle of both components involved in the bio sorption process and
making the application sustainable (Gavrilescu and Chisti, 2005; Mazur et al., 2018; Sweetly, 2014;
Zeraatkar et al., 2016). Practices such us making usage of waste industrial product, product recycling,
reuse, and final disposal of biomass as fertilizer, ensure the requirements of a green, circular and eco-
friendly clean up technology as well as the 6Rs concepts that are in the support of sustainable products
and development and life sustainability (Bdour et al., 2009; D'Amato et al., 2017; Raftowicz-Filipkiewicz,

2016; Santibanez Gonzalez et al., 2019; Werkneh and Rene, 2019).
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Several studies have shown that brown algae species have better adsorption capabilities that
their counterparts, green and red species, likely because of their high polysaccharide content within
their tissue and cell walls which are mostly responsible for meal binding (Davis et al., 2003; Fernandez
et al., 2018; Hannachi and Hafidh, 2020; He and Chen, 2014; Kanchana et al., 2014; Kizilkaya et al.,
2012a; Kizilkaya et al., 2012b; Mata et al., 2009; Mazur et al., 2017; Zeraatkar et al., 2016).
Macromolecular quantitative studies, that were manly obtained from laboratory studies using monion
synthetic solutions, have demonstrated that brown algae can uptake Cd(ll) behaving simultaneously as
a cationic ion-exchange resin and as a bio sorbent. Particularly, our previous research has been focused
on brown Irish kelp, that has not been study before as a potential bio sorbent for metals. First quantitative
and qualitative investigations that considered Zn uptake from Zn polluted waters, showed promising
uptake capacity for Zn (ca 0.5 mmol g') and initial comparative studies indicated even higher potential
for Cd.,. However, the complex uptake process depends on process conditions and metal chemistry in
solution as well as bio-sorbent related parameters (i. e., algae habitat, metabolism, seasonal growth)
(Brinza et al., 2007; Brinza et al., 2009; Cardoso et al., 2017; Cardoso et al., 2016; He and Chen, 2014;
Kizilkaya et al., 2012b; Luna et al., 2010; Mata et al., 2009; Mazur et al., 2018; Mazur et al., 2017;
Romera et al., 2007), thus it mechanisms as well as maximum uptake capacity needs to be clearly
identified for each individual metal - sorbent system at laboratory scale before testing the bio sorbent on

real effluents and scaling up to pilot or industrial level.

Understanding the mechanism of metals uptake is very significant aspect of the biosorption
process, as brings crucial molecular information that will help in: further bio sorbent manipulation/ pre-
treatment, making the choice of an efficient eluent for metal recovery and bio sorbent reuse in repetitive
adsorption-desorption cycles. Various approaches have used to evaluate the uptake mechanism and
quantify adsorption of metals on bio sorbents. For example, estimation of adsorption using kinetic
models that compare different adsorbents at similar conditions (process and environmental) through
specific parameters (e.g., weighed uptake capacities, adsorption rates and contact time to reach
equilibrium) (He and Chen, 2014; Mata et al., 2008; Mazur et al., 2018; Moreira et al., 2019; Nasab et
al., 2017; Sari and Tuzen, 2008). Kinetic models use various assumptions that do not represent real
conditions and, therefore, they only provide limited indirect and empiric information (Fang et al., 2020;
Ho, 2006; Hubbe et al., 2019; Nie et al., 2016; Simonin, 2016; Wu et al., 2009; Yuh-Shan, 2004). Fourier

Transform Infrared (FTIR) spectroscopy has been also used to derive mechanistic information on metals
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sorption under various process conditions, providing information about organic molecules (e.g.,
carboxyl, ether, alcoholic, and amino groups) that are potentially involved in metals binding (Ahmady-
Asbchin and Jafari, 2013; Fang et al., 2011; Herrero et al., 2006; Jayakumar et al., 2015; Kaparapu and
Prasad, 2018; Moreira et al., 2019; Sheng et al., 2004). High resolution in-situ synchrotron techniques
such as X-ray Absorption Spectroscopy (XAS) and X-ray Fluorescence (XRF) allow direct measurement
of unaltered metal bonding environment at atomic scale and its micro spatial distribution (Brinza et al.,
2014; Diaz-Moreno et al., 2012), this help us to unveil mechanistic information at molecular level and to
understand the adsorption process in greater detail. Few studies have used synchrotron techniques to
study metal binding mechanisms on various bio matrices (e.g., mussels, mosses, leaves, algae) which
have demonstrated that these techniques provide direct speciation information without metal specie
alteration(Gonzalez et al., 2016; Huguet et al., 2012; Manceau et al., 2019; Mari et al., 2015; Yan et al.,
2020). Our previous laboratory based, supplemented by synchrotron investigations on zinc [Zn(ll)]
adsorption onto marine kelp Fucus vesiculosus (Brinza et al., 2019; Brinza et al., 2020) allowed us to
elucidate combined mechanisms for Zn(ll) sorption on the complex and heterogeneous algae surface
(ion exchange of light metals, H bonding, covalent bonding with carboxyl functional groups from alginate
and cellulose components of the algae cell wall, in specific proportions as a function of pH, metal
concentration and algae dosage or metal/sorbent/solution ratios). Qualitatively, the synchrotron micro X
Ray analyses showed direct evidence of Zn bonding by carboxylic functional groups preponderantly of
alginate and less cellulose components of the algae cell wall, Zn been surrounded by 5 - 6 oxygens at

atomic distance of 1.98-2.03 A(Brinza et al., 2019).

Comparative quantitatively, the results suggested that particularly the Irish Fucus v. as opposed
to other algae or Fucus v. from other seas, is a promising material to become bio sorbent for Zn and
other cations with high toxicity (e.g., Cd(Il), Cr(VI), Pb(ll), etc). Accounting on the potential seen in our
previous results (i.e., for Zn), the need of investigating the maximum uptake capacity and the mechanism
of the Irish kelp for other metals has raised. Although generally from metals chemistry point of view
metals may behave similarly in solution, their chemical speciation differs slightly as a consequence of
their variation in electronegativity. Thus, their adsorption on sorbents varies significantly, fact that was
seen comparatively in our previous study at a low and single metal concentration: Cd(Il) was adsorbed
almost twice as Zn on the dried Irish kelp (Brinza et al., 2019). In this work, we extend our previous

investigations of metals biosorption onto dried algal biomass Fucus vesiculosus from the Irish Sea, in
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particular, focusing on quantitative and qualitative assessments of cadmium [Cd(ll)] uptake using the

novel synchrotron approach besides the ordinary laboratory based and modelling ones.

Our goal is to study Cd(ll) sorption capacity and mechanism onto Fucus v. as a cleaner
alternative for Cd(Il) removal, which is compatible with current water treatments, addressing the
following research questions as objectives: (i) what are the optimum pH value(s) at which maximum
Cd(ll) adsorption is reached? (ii) Cd (ll) adsorption on Fucus v. is reversible? So, we can use the bio
substrate in repetitive cycles? (iii) which eluent will reach highest elution efficiency? (iv) can we
regenerate the absorption capacity of the biomass after elution to ensure sustainable use? (v) what are

the species involved in the adsorption process and the mechanisms involved?

Materials and Methods

Materials and Instruments

The Irish Fucus vesiculosus (Fucus v.) alga was collected in July 2016 from the intertidal shore
of the Stratford Lough, Belfast, Northern Ireland, (UK) at N 54° 26’ 40 and W 05° 35’ 40 of the Irish Sea
with a salinity of 35 ppt. The algae material was washed with DI water, sliced in 2-3 cm size cuttings
and dried, before being tested as a bio-sorbent in adsorption experiments. All chemicals used in this
work were Sigma Aldrich high purity grade [(Cd(NOs)2-4H20 (CAS # 10022-68-1), CdCl2 (CAS # 10108-
64-2), C4HeCdO4 (CAS: 543-90-8), NaOH (CAS # 1310-73-2), HCI (CAS # 7647-01-0) and EDTA (CAS
# 60-00-4), CH2-COONa, Na alginate, ALG, (CAS: 9005-38-3), (CH2-COOQO) Na — Na carboxymethyl
cellulose, CMC, (CAS: 9004-32-4)]. Organic mixtures such as (CsH7Os)2Cd = Cd(ll) alginate and (CHa-
CO0O0)2Cd = Cd(ll) carboxymethyl cellulose (CMC) were synthesized by mixing 10% ALG and 2% CMC
with 5 mM Cd nitrate solution. Cd foil, CdClz, Cd(NO3)2, C4HsCdO4, CdSOs, and boron nitride, BN
(10043-11-5) as well as the synthesised Cd(Il) organic mixtures were used as standards and reference

materials for spectroscopy measurements and as well as to aid data processing and interpretation.

For adsorption experiments, we used a pH stat Titrator (SI Analytics7000) which aids to maintain
a constant pH for the duration of the experiments by continuous monitoring of the pH, and the addition
of specific volumes of either acid or base as necessary. A multi-element lamp Flame Absorption Atomic
Spectrometer (FAAS) (FAAS ContrAA 300) was used to measure Cd(ll) concentrations from
supernatant solutions after sorption experiments. A Field Emission Gun Scanning Electron microscope

(CANSCAN Scanning Electron Microscope) was used to collect images from the algae tissue before
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and after exposure to Cd(ll) solutions. A micro—Fourier Transform Infrared (FTIR) bench top
spectrometer (Nicolet 6700 Thermo equipped with a Smart Orbit ATR and a diamond window) was used
to collect infrared spectra of untreated algae sample (blank) and algae samples after sorption
experiments at various Cd(ll) concentrations and pH values. Synchrotron micro—X-ray Fluorescence
spectroscopy (XRF) and X-ray Absorption Spectroscopy (XAS) analyses were performed on the 118

beamline at Diamond Light Source.

A series of software such as Origin pro (OriginLab, 2007), Geochemist Workbench (Bethke,
2002) and Athena from Demeter Strawberry Pearl package (Ravel and Newville, 2005) were used for
data plotting, adsorption kinetics and equilibrium isotherms modelling and statistics; geochemical

modelling and liner combination fitting spectroscopy data processing, respectively.

Cd(ll) geochemistry in solution

The speciation of Cd(ll) in solution was calculated and plotted at working concentrations of 1
and 10 mM using the geochemical modelling software, Geochemist Workbench (Bethke, 2002). We
used thermos.vdb (thermodynamics), comp_2008.vdb (components) and type6.vdb (solids) databases
for the modelling as they contain the relevant parameters and constants for Cd(ll) compounds evaluated

at the conditions of this work and they are referenced by National Institute of Standardization (NIST).

Adsorption experiments

Effect of pH and Cd(ll) concentrations

To investigate the effect of pH and Cd(Il) concentrations on Cd(ll) adsorption onto Fucus v., the
experiments were performed under dynamic regime assured by a magnetic stirring at 150 rpm for 180
min in 100 mL solution, in 125 mL reaction vessel that simulates a batch reactor. Dried algae samples
were used in all the experiments at three different pH values (5, 7 and 9) and at room temperature
(~21°C). 1 g of dried algae L' was allowed to interact with 1 mM Cd(ll) nitrate solution at different pH
values to evaluate the effect of pH, and at concentrations of Cd(ll) nitrate between 1 mM and 10 mM
nitrate to investigate the effect of concentration. The pH was continuously measured and maintained
constant with the potentiometric titrator (SI Analytics7000) by adding either acid (HCI, 10 mM) or base
(NaOH, 1M, 100 mM, and 10 mM) in volume steps of 0.01 mL as needed. The Cd(ll) solution at 10 mM

had an initial pH of 5.8, while that at 1 mM had a pH of 6.3. Aliquots of 5 mL were taken at various time
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series, filtered through 0.45 um cellulose nitrate membranes, acidified and prepared for Cd(ll) analysis
by FAAS with a detection limit of 0.5 mg L. Adsorption experiments as a function of pH were performed
in triplicates to meet the requirements of statistically relevant number of samples, and for which a
standard deviation was calculated below 5%. Blanks (algae in solution with no Cd(ll)) were included to
check whether Cd(ll) is originally present in the algae habitat, and to find out the buffering capacity of

the algae during the adsorption experiments.

Eluent for Cd(ll) desorption, algae functionalization, and reuse in repetitive cycles

Adsorption experiments for Cd(ll) desorption, algae functionalization and reuse in multiple
cycles were performed in a rotary mixer (Biosan Multi Bio SR-60) under a dynamic regime using 1g L™
of biomass and a fixed volume of 50 mL of eluent. For cyclic adsorption studies a solution of 10 mM
Cd(Il) was used. Sacrificial replicates were performed for each eluent type, and we run experiments in
triplicate to evaluate the reuse of biomass. The supernatant solution was filtered after experiments and
prepared for FAAS analysis. A sacrificial algae sample from consecutive sorption cycle, before
desorption, was kept for FTIR spectroscopic characterization and synchrotron XRF and XAS

measurements.

Adsorption kinetic modelling

Experimental kinetic profiles were fitted to chemical reaction-based models such as pseudo first
order (PFO)(Lagergren, 1886), pseudo second order (PSO) (Ho, 2006; Ho and McKay, 1998) kinetic
models, Elovich model and Webber Morris — intraparticle diffusion (W-M) kinetic model (Anastopoulos
and Kyzas, 2015; Azari et al., 2019; Azari et al., 2017; Brinza et al., 2009; Kumar et al., 2016; Kumar

Yadav et al., 2018) (Table Sl 1). Best fits were evaluated as highest R? value and the lowest chi-square,

%

For Cd(ll) desorption, solutions of 10 mM HCI and NaOH and 1mM EDTA were used as
individual eluents aiming to functionalize and regenerate the biomass which would allow us to use this
biomaterial in multiple adsorption cycles. A volume of 50 mL eluent per 0.05 g (to yield a concentration
of 1gL") of biomass were mixed in a rotary mixer (Biosan Multi Bio SR-60) for 2 hours. Statistically
relevant replicates (at least three) were desorbed in 50 mL of HCI (10 mM), NaOH (10 mM) and EDTA

(1 mM - solubility did not allow use of higher concentration) for 30 minutes. The solids from the sacrificial
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replicate recovered from each experiment set were kept for characterisation and synchrotron analyses
(i.e., FTIR, XRF and XAS). 5mL of supernatant from all replicates were filtered, acidified and analysed
for Cd(ll) by FAAS. At the start of the second adsorption cycle, the pH of the solutions was for HCI (4.1),

NaOH (5.0) and EDTA (5.5).

Adsorption isotherms

Batch systems were used for the adsorption isotherms experiments using 10gL" of algae
concentration and concentrations of Cd(ll) between 10 uM and 10 mM. The adsorption isotherms data
were plotted as uptake capacities versus Cd(Il) concentration at equilibrium. The modelling was
performed by using Langmuir (Langmuir, 1916) and Freundlich models (Azari et al., 2015; Azari et al.,
2019; Azari et al., 2017). The models are presented and described in the Sl. Briefly, both models are
theoretical and / or empirical expression of adsorption equilibrium, and they involve various assumptions
used to derive indirect mechanistic information but they can be used to obtain and compare adsorption
capacities of various adsorbents for specific adsorbates or of various adsorbates for the same
adsorbent, under similar or ideally identical process conditions (Al-Ghouti and Da'ana, 2020; Ayawei et

al., 2017): (Azari et al., 2020).

Algae characterization

Algae surface was imaged after adsorption experiments using a CANSCAN Scanning Electron
Microscope (SEM) at 20 keV. Identification of mineral precipitates formed in the experiments at pH 9
was performed using a Shimadzu X-ray diffractometer (XRD) (Cu Kq radiation at 40 kV, and 30 mA,
scanning range 10 - 90 theta, scan speed 2 degree min', step size 0.02 degrees). Evaluation of
diffraction patterns and identification of the Cd(Il) phase present was performed using the Joint
Committee on Powder Diffraction Standards (JCPDF) database (Otavite, R050677-1).

To quantify the spatial distribution of Cd(ll) adsorbed onto the algae surface, we performed X-Ray
Fluorescence (XRF) mapping on 118 microfocus beamline at Diamond Light Source, UK. [18 uses a Si
(111) monochromator and Kirkpatrick-Baez mirrors for focusing the beam on the sample and two silicon
mirrors were used for the rejection of higher order harmonics. For the analyses, algae samples removed
immediately after adsorption experiments were analysed without further treatment. Small sections (~
5x5 mm?) of algae were mounted on sapphire discs and placed on a cryostat holder (Microstat HiReslI,

Oxford Instruments), which maintained the samples at 10 K to prevent any radiation damage during the
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measurements. To avoid absorption of the low fluorescence energy signal in air, the samples were kept
in a helium environment in which the cryostat and detector were enclosed. Maps covering areas of circa
200 x 200 um? were collected from different parts of the algae surface with a resolution of 3 pm and
dwell time of either 0.5 or 1.5 sec per point. A 4-channel Vortex detector was used at 45° geometry and
the excitation energy was 5 keV. Cd(ll) was identified by the fluorescence lines Lq1 at 3133 eV, L1 at
3315 eV and L2 at 3526 eV. XRF data were processed and displayed in PyMCA software which allowed

deconvolution of fluorescence peaks to overcome the partial overlap with K peak.

Local bonding environment of Cd(ll) onto or within bio matrices was quantified by X-ray
Absorption Spectroscopy (XAS). X-ray Absorption Near Edge Spectroscopy (XANES) scans were
collected between 3400 eV and 3510 eV with an energy step of 5 eV and acquisition time of 1s; then
between 3510 eV and 3530 eV, an energy step of 1 eV and acquisition time of 1 sec was used; between
3530 eV and 3570 eV, an energy step of 0.3 eV and acquisition time of 3 sec were used; between 3570
eV and 3650 eV, the data were collected using an energy step of 1eV and acquisition time of 1s; and
finally continued with an energy step of 2 eV and acquisition time of 1 sec to the final energy of spectra,
3730 eV. The beam size for XANES analysis was 3 um. Spectra were collected on areas of high,
medium, and low Cd(ll) concentrations selected from the XRF maps at points of interest (POI) where K
was absent. Spectra from Cd(ll) organic (i.e., (CsH7Os )2Cd=Cd alginate and (CH2-COQO)2Cd = Cd(ll)
carboxymethyl cellulose) and inorganic (i.e., CdClz, Cd(NOs)2, C4HsCdO4) standard species were also
collected to aid with data interpretation. XANES spectra were background subtracted, normalized and

processed in Athena for direct comparison or linear combination fitting (LCF).

FTIR spectroscopy was used to identify organic functional groups on the algal surface by
detecting vibration frequencies and their possible shifts before and after Cd(Il) adsorption using wet
algal tissue. 512 scans per spectra were recorded in the mid-infrared range from 4000 to 600 cm™' at a
resolution of 4 cm™" using a Nicolet 6700 Thermo Scientific bench top spectrometer with a Smart Orbit
ATR using a diamond window. The FTIR spectra from standards were also collected as mentioned in

material section.

Results

Cd(ll) speciation in solution
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To understand the processes and mechanisms of Cd(Il) adsorption in a bioprocess, it is
important to understand its chemistry in aqueous media before reacting it to the algal surface. Therefore,
the geochemical modelling package was used to provides fundamental information about Cd(ll) species
that are stable under specific pH and concentration conditions. Figure 1 shows Cd(ll) speciation in

solution as a function of pH and concentration under standard conditions (1 atm and temperature of

25°C).
O T T i T T T T T T 0 T
a) [25°C b) |25°C
=) _2_ B
2 Cd(OH),
g, |+ g Otavite |
e] e]
Q | (@)
S cd* & cd+
= 1 =767 Cd(CO,),” |
372
‘8' ’:E"__ EE-_ _8_ +rn |
cd(oH)=-{ 2T S 3
S— © 25
"10 T T T T T "10 T T LJT = T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
pH pH

[IFigure 1. Cd(ll) speciation in solution in the absence (a) and the presence (b) of CO:2 (from the
atmosphere), expressed as a function of pH and logarithmic activity of Cd?* ions, calculated in
Geochemist Workbench software (Bethke, 2002).

Under ideal conditions at low concentrations of Cd(lIl), acidic pH in a closed system (no
interaction with air and other ions), Cd is essentially found in solution as divalent ion (Figure 1). At pH
above 10 and concentrations below ca. 10uM (log a Cd -7), Cd(ll) can form hydroxylate aqueous species
positively (from pH 10 to 10.2), neutral (from pH 10.2 to 13) and negatively (above pH 13) charged.
However, as Cd(ll) concentration increases in solution, the saturation of Cd(Il) ions occurs, and
precipitation initiates. In the current diagram, Cd(OH)z is an example of mineral which can form by ions
when the saturation in solution is reached. In the particular case of a system that is equilibrated with
CO: from the atmosphere, otavite, CdCOs is the most stable specie (Figure 1 b). Obviously, this
information can be only used as a guidance because in real systems the occurrence of simultaneous
process (i.e., desorption of light ions, ion exchange from sorbent surface) will generate a mixture of Cd

species. In addition, the presence of ions from seawater (Brinza et al., 2009) or those naturally present

10
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in the algae, increases the complexity of the system changing the activity coefficient of each ion and
therefore modifying the sorption capacity (Moreira et al., 2019). On the other hand, it was noted, that
the Geochemist Workbench software uses databases that in some cases contain non standardized
parameters and constants or incomplete for certain conditions (i.e., temperature and pressure). It is
therefore recommended to check the databases before using them as the model can yield
inconsistencies in the Cd(ll) species found even when using the same database. An example of these
inconsistencies is shown in (Figure Sl 1). It is also advisable to check more databases and their inputs
for specific species and compounds and use those referenced by NIST. In addition, in practice for real
application purposes, geochemical simulation of ions speciation in solution can be computed
considering the elemental analyses of polluted water which need to be treated or depolluted. As opposed
to other metals in a simple ideal system, i.e. Zn, from the above diagrams it is observable that Cd is
found as free bivalent ion in solution over a larger pH interval. This may also impact on the adsorption
capacities (positive effects in COz2 free systems such as column type reactors and negative effects in

open systems such as batch reactors, potentially used for adsorption process) over a large pH interval.

Effect of pH and initial concentration on Cd(ll) adsorption

Kinetic profiles of Cd(ll) adsorption onto Fucus v. as a function of pH and initial concentration of Cd(ll)
using four most popular kinetic models (i.e., PFO, PSO, Elovich and Webber —Morris intra-particles
diffusion model) are shown in Figure 2. They show that the adsorption of Cd(ll) onto dried algae takes
place relatively fast, reaching a steady stage after two hours; the weighted Cd(ll) uptake capacity of
Fucus v. at the three pH values studied were similar (pH 5, 0.547+0.020 mmol g™ ; pH 7, 0.610 +0.044
mmol g'and pH 9, 0.512 +0.035 mmol g'') (Figure 2a). Considering the dissociation constants for short-
chained carboxylic acids (4<pKa<6) and hydroxyl groups and 9<pKa<11) it may be interpreted that
adsorbed Cd(ll) at low pH is mostly associated with carboxylic groups, while at high pH, the non-

precipitated Cd(ll) ions could mostly be bind to hydroxyls groups (Fang et al., 2011).

Varying the initial concentration of Cd(ll) from 1 to 10 mM at pH 5, increased two times the
concentration of Cd(ll) adsorbed onto algae surface (1.019 + 0.057 mmol g'') (Figure 2b). In addition,
the higher concentration of Cd(ll) allowed to reach faster (1 h) the steady state of adsorption, indicating
a faster saturation of adsorption sites on the algae surface. It should be noted that Cd(Il) precipitated in

the solution at pH 9 and therefore, not all the Cd(Il) separated from solution can be accounted as
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310  adsorption. Cd precipitate formed at pH 9 was filtrated and identified by powder diffraction as otavive,

311  CdCOs (see Figure Sl 2).
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314  Figure 2. Cd(ll) adsorption profiles onto dried Fucus v. at pH 5, 7 and 9 (a); and for 1ImM Cd(ll) and 10
315 mM Cd(ll) (b), including kinetic fits to pseudo first order (straight line), pseudo second order
316  (discontinued line), Elovich (dotted line) and Webber-Morris (alternating line and dot line) kinetic
317  models.
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Adsorption kinetics and equilibrium isotherms modelling

Adsorption kinetics

Depending on pH, our data fit better to different adsorption models (see Table 1). At pH 5, the
best fit was achieved using the PFO kinetic model (Adj. R? = 0.9912), while at pH 7 the fit was better
achieved using the Webber Morris model (Adj. R = 0.9961); and at pH 9, a good fit was obtained using
the Elovich model (Adj. R? = 0.9863). This may suggest a change in sorption mechanism as a function
of pH and Cd(ll) concentration. For experiments at pH 5 and for both Cd concentrations, 1 mM and 10
mM, the weighted values of ge at equilibrium, derived from PFO model fits (0.547 mmol g™ and 1.019
mmol g') are in good agreement with the experimental data (0.517 mmol g’ and 1.04 mmol g') fact

that confirms the effectiveness of the model chosen.

According to our results at low pH (5) and concentrations between 1 mM and 10 mM Cd, Cd(ll)
adsorption on the surface of Fucus v. is predominantly a physical mechanism (PFO kinetic model) based
on weak interactions such as hydrogen bonds or Van der Walls forces (Kumar et al., 2016; Vafajoo et
al., 2018; Zeraatkar et al., 2016). These interactions were suggested to occur rapidly as a function of
metal concentration, presumably in excess, but they were limited to the available adsorption sites on
the algae surface leading to a rapid saturation as the concentration increases (Hubbe et al., 2019; Qiu
et al., 2009). However, our fit results to the PSO kinetic model (Adj. R? = 0.9861 for Ccd 1 mM and Adj.
R2 = 0.9127 for Cca 10 mM at pH 5) indicate that besides physical sorption, a chemical adsorption may
also take place to a certain extent involving covalent bonding, particularly as Cd(ll) concentration

increases.

At neutral pH, the mechanism for Cd(ll) adsorption is likely the diffusion through the thick
hydrated layer of the interface from solution to algae surface sites (Webber-Morris kinetic model), which
was quantified through potentiometric titration as being significant due to the fact that the pH value of
zero charge of Fucus v. is near the neutral (Brinza et al., 2019; Brinza et al., 2009). This would be the
limiting step of the adsorption process. Good fits were obtained at neutral pH to the Elovich model (Adj.
R? = 0.986) and the PSO kinetic model (Adj. R? = 0.984), indicating a possible chemisorption mechanism

in the system, involving strong chemical bonding such as ionic and covalent bonds.

Table 1. Summary of fitting parameters of the kinetic profiles modelling with the Pseudo-First Order,
Pseudo-Second Order, Elovich, Webber Morris Kinetic Models.
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Kinetic profiles modelling parameters

System Parameters PFO model PSO model Elovich model W-M  diffusion
and statistics model
pH9, Qe = 0.51 £0.035 Oe = 0.596 +0.041 | a = 0.066+0.0176 | ka =  0.039%
Cca 1TMM ki = 0.034 £ 0.007 | k2 =0.07 £0.0219 | B =8.624+ 0.864 | 0.0051
C =0.061 +0.042
Red. X2 0.0023 0.0011 5.441E-4 0.00315
Adj. R? 0.942 0.971 0.986 0.921
pH 7, ge = 0.61 £0.04 Oe =0.777 £0.059 | a = 0.032+0.004 |kad = 0.045%
Cca 1TMM ki =0.018 £ 0.003 | k2 =0.023 + 0.006 | B =5.983+0.470 | 0.0013
C =0.016 £0.010
Red. X2 0.0016 8.009E-4 6.962E-4 1.904E-4
Adj. R? 0.968 0.984 0.986 0.996
pH 5, ge = 0.547+0.020 e =0.70£0.049 | a=0.027+0.003 | kia = 0.042 £ 0.004
Cca 1TMM ki = 0.020+0.002 k2 = 0.027+0.007 | B =6.253+0.555 | C =0.012 +0.034
Red. X? 3.807E-4 6.027E-4 8.129E-4 0.00207
Adj. R? 0.991 0.986 0.981 0.952
pH 5, Ccq ge =1.01940.057 Qe =1.112+£0.111 | a =1.061 £ 2.613 | kia = 0.070 £ 0.024
10mM ki =0.064 £0.015 | ke =0.089 +0.055 | B =6.623 +3.224 | C=0.267 +0.198
Red. X? 0.0088 0.0150 0.0218 0.0692
Adj. R? 0.948 0.912 0.873 0.598

Note: ge (mmol g'); ki (min'); ka2 (g mmol™ min™"); a (mmol g min); B (mmol g mg™); kis (mmol g*
min"/2)

Several studies have combined kinetic models and interpret metal adsorption data onto Fucus
v. from other places around the world (Ahmady-Asbchin and Jafari, 2013; Brinza et al., 2019; Brinza et
al., 2020; Brinza et al., 2009; Castro et al., 2017; He and Chen, 2014; Henriques et al., 2017; Mata et
al., 2009). Most of the studies on metal adsorption onto brown algae, including Fucus v., have obtained
good fits to the PSO kinetic model (He and Chen, 2014; Herrero et al., 2006; Lodeiro et al., 2005; Mata
et al., 2009). A study investigating Cd, Ni and Pb adsorption onto Fucus v., collected from a Brazilian
farm, obtained a good fit to the Elovich kinetic model compared to the W-M intraparticle diffusion model
(R?=0.999), the Pore and surface mass diffusion model (R?= 0.997), and the PSO kinetic model (R?=
0.996). Based on the desorption constant of this model, the authors suggested that the algae surface
had a greater affinity to adsorb Cd(ll) than Pb. Additionally, based on these results, they suggested that
adsorption followed a diffusion-controlled mechanism and that particularly, the main contributor to the
biosorption process was the diffusion boundary layer. They concluded that external transport of the
metal was directly affected by particle size of the bio sorbent, in their case at the scale of microns
(Moreira et al., 2019). The discrepancy of the results in similar experiments lies on the different
conditions used (e.g., biomass type, habitat, preparation, metabolism stage, time of collection, etc), as
well as the chemistry of the solution (e.g., metal source type/salt and the presence of counter and
competitive ions), both of which have a direct impact on the chemistry of the algae surface (Brinza et

al., 2005, 2007; Kumar et al., 2016; Kumar Yadav et al., 2018).
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Adsorption isotherms

The experimental data yielded a better fit to the Langmuir isotherm (R?= 0.994) compared to the
Freundlich isotherm (R? = 0.953) (Table 2 and Figure 3). The calculated positive parameter (RL)
indicated that adsorption is favourable and that the adsorption may occur as a monolayer with a
maximum uptake capacity of 1.203 mmol g'. Comparing our data with the maximum Cd(Il) uptake
capacity reported for other brown algae from various places around the world (i.e., Spanish Ca pre-
treated Sargassum muticulum (0.45 mmol g); Chilean Lessonia nigrescens (0.32 mmol g') and
Durvillaea antartica (0.4 mmol g') as compiled in a recent review by Mazur et al. (Mazur et al., 2018),
the Irish algae Fucus vesiculosus is a very good sorbent for Cd, placing it close to or above species like
Sargassum muticum and Laminaria japonica (Mazur et al., 2018), or other Fucus species such as Fucus
Serratus (Ahmady-Asbchin et al., 2008) or even the same species, Fucus v. from various places around

the world (Ahmady-Asbchin and Jafari, 2013; Mata et al., 2009; Mata et al., 2008) (see Table Sl 2).
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Figure 3. Cd(ll) adsorption isotherms modelling with the Langmuir and Freundlich Models
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Table 2. Summary of fitting parameters from adsorption isotherms modelling with the Langmuir and

Freundlich Models.

Langmuir isotherm Freundlich isotherm
Parameters Omax = 1.203+0.035 mmol g Ks = 0.428 +0.047 mmol g™
b =1.143+0.116 n=2.28 +0.27
R.=0.08045
Statistics Adj. R2=0.994 Adj. R?2=0.948
R?=0.995 R? = 0.953
Red. X2 = 0.0007082 Red. X2 = 0.0063

A comparison of our results with previous studies on green, red and brown algae, which found the
maximum Cd(ll) uptake within the range 0.5 -1.17 mmol g at pH values between 4.0 and 5.5 (He and
Chen, 2014), classes our Cd(ll) adsorption results on the Irish Fucus v. (1.203 mmol g') as superior.
As examples, Cd(Il) uptake capacity onto Spanish Fucus v. (Pontevedra, Spain) has been reported to
be 0.9 mmol g at pH 6.0 in experiments using a biomass concentration of 0.5 g L' that was washed,
pre-treated with CaClz, dried and grinded to powder (Mata et al., 2008). Other works using different
Fucus species from different habitats have reported uptake capacities values for Fucus serratus (0.72
mmol g'), Fucus v. (0.79 mmol g, 0.85 mmol g'), Fucus Ceranoides (0.65 mmol g'), indicating that
the Irish kelp has a better efficiency for Cd(ll) uptake. However, differences in algae habitat,
experimental preparations, and process conditions can explain some of the above variations (Brinza et
al., 2019; Brinza et al., 2020; Brinza et al., 2009; Herrero et al., 2006).

Comparing the current Cd(Il) quantitative results for the Irish Fucus v, with our previous results on Zn
uptake by same algae specie it can be noticed that the Irish kelp is a better bio sorbent (as referred to
the uptake capacity at pH 5 under same process conditions, which is four times higher) for Cd(ll) than
for Zn (Brinza et al., 2019) over a wider pH interval.

In contrast to other low cost adsorbents currently explored (e.g., activate carbon, walnut shell, rice husk,
oak bark, chestnut bur, banana peels, mandarin peel, tea waste, maple leaves, coffee grounds,
sunflower plants), which have a maximum Cd(ll) uptake capacity of 0.22 mmol g (Pyrzynska, 2019),
Fucus vesiculosus, is an efficient and effective low cost reusable adsorbent. All the above comparisons
enhance the feasibility of the selected algae specie as a highly potential green by-product for its

application to clean bio technologies used for metals uptake from polluted waters.

Cd(ll) adsorption — effect of desorption eluent types and biomass reuse in repetitive cycles
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Figure 4 shows the results of desorption experiments from multiple adsorption cycles using
HCI, NaOH and EDTA. It can be observed that regardless the eluent used, the algae uptake efficiency
increases in the second cycle, being the maximum absorption, before decreasing substantially. The
uptake capacity of Cd(Il) onto Fucus v. from four adsorption repetitive cycles using 10 mM HClI is shown
in Figure 4a. On the first cycle, the Cd(ll) adsorbed onto dried algal biomass was ~ 2.15 mmol g and
increased to 2.88 mmol g' on the second cycle. This indicates that HCI induced Cd(ll) desorption likely
through the protonation of the sites on the algae surface. On the third cycle, the uptake capacity
substantially decreased to 1.6 mmol g (~ 60%) and this behaviour continued on the fourth cycle to 0.5
mmol g dried algae. The increasing uptake capacity in the second and the third cycle as compared to
the maximum uptake capacity obtained for the Irish kelp suggest that the use of HCI, beside metals
elution, also clean and protonate the algae surface, increasing the amount of sites suitable and available
for Cd(ll) bounding. The decreasing Cd(Il) loading on the third cycle results indicate that HCI at the
concentration used in this work, likely caused biomass degradation, further suggesting future tests using
lighter concentrations of acid.

When NaOH was used as an eluent, ~ 1.5 mmol g dried algae remained adsorbed (~30% less
than HCI) after the first adsorption cycle (Figure 4.b). On the second cycle Cd(ll) was quantified as
twice as much as in the first cycle, precisely 3.2 mmol g dried algae. In the third and the fourth cycles,
Cd(ll) adsorbed was ca 2 + 0.1 mmol g dried algae, which could be considered very good as compared
to the first (ca 25% more) and the second (ca. 30% less) cycles. Cd(ll) elution by NaOH, might have
occurred by microprecipitation and desorption. It is to be noted that for the NaOH system, the efficiency
of adsorption in the adsorption-desorption cycles after the first, is the highest among the three eluents
chosen. However, these superior values should be interpreted cautiously by considering the fact that

they include the microprecipitation which was not quantified separately in this study.

The use of 1 mM EDTA was found to be a good concentration to desorb Cd(ll) while
regenerating the biomass. After the first cycle, Cd(ll) was adsorbed ca. 1.4 mmol g, similar to that when
using NaOH (Figure 4c¢). The biomass uptake capacity increased considerably with up to 2.85 mmol g
1, similar value with that from using HCI. The decrease of Cd(ll) sorption capacity in the third and fourth
cycles was relatively significant lower (1.5 + 0.2 mmol g ) in comparison to the NaOH and HCI systems.
These results indicate that EDTA does not degrade the algal tissue at the same extent as HCl in the

fourth cycle, and provides a great functioning (such as CHz2 and -COOH) of the bio sorbent surface that
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439  ensured significantly more Cd(ll) uptake in further cycles and biomass reuse, as opposed to Cd(ll)

440  maximum uptake capacity obtained from thermodynamic isothermal studies.
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Figure 4. Uptake capacity of Cd(ll) onto Fucus vesiculosus from 4 consecutive adsorption — desorption
cycles (labelled A1-A4) using as eluent (a) HCI; (b) NaOH and (c) EDTA.

Only few studies are currently available in the literature regarding the reuse of algae biomass
for pollutant uptake applications, and reports about eluent types are scarce. A recent study looking at
the uptake capacity of the brown algae, Sargassum muticulum, for methylene blue dye and Pb(Il) from
polluted water in column tests reported good performance in up to five adsorption-desorption cycles
performed. Another work investigated Cu(ll) adsorption on the brown macroalgae specie, Ascophylum
nodosum, using HCI and CaClz in multiple cycles at various concentrations in both batch and column
experiments. This work reported that high efficiency of Cu (II) elution is achieved when using 3% HCI
for up to four cycles without damaging the biomass (Mazur et al., 2017). Another study on Cu desorption
from the marine green algae, Helimeda gracilis, found that 200 mM HCI solution desorbed up to 98% of
the Cu(ll) adsorbed on the algal surface (Jayakumar et al., 2015). This would indicate that lower
concentrations of HCI could be used for the desorption of Cd(ll) from Fucus v. but this needs to be tested

in future experiments.

Algae characterization

SEM images of algae talus tissue at a scale from 100 to 3 microns are presented in Figure 5. A wrinkled
pattern of 10 - 20 microns in size is observed in Figures 5a - 5f. These patterns were enhanced by the
process of algae drying as the images were acquired under vacuum; they show the cellulose fibres
forming the algae tissue. These fibres are also observed in the transversal sections of the algae

(Figures 5¢g — 5i), thallus also showing Cd(Il) precipitation (~ 2-5 um) as was observed onto the algae
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surface. This indicates that solutions with Cd(ll) at concentrations >10 mM precipitates, besides the
uptake by the algae. The presence of the precipitates seen are supported by the geochemical modelling
results displayed in Figure 1b.- that indicates the formation of otavite precipitate in open systems

equilibrated with atmospheric COa.

(a)

(g) =

Figure 5. SEM micrograpfs of sections of Fucus v. before (a), (b) and (c) and after Cd(Il) (10mM)
adsorption (d)-(i), showing the algae surface structure, with a wrinkled pattern of 10 - 20 microns (a) —
(f), transversal section of the algae tallus showing cellulose fibers (g) — (i) and Cd(ll) microcrepitates
formed on algae surface (d) — (i). Scale is 100 microns for (a), (d) and (g), 10 microns for (b), ( €) and
(h) and 3 microns for (c), (f) and (i).

Given the size of the CdCO:s precipitates, one can interpret that they resulted from the combined
effect of sample preparation and drying under the electron beam; however, further investigations using
synchrotron XRF spectroscopy under cryo-conditions confirmed that precipitation occurred as an

influence of alkaline pH (see Figure 6 below).

Synchrotron XRF and XAS

XRF maps showing the distribution of Cd(Il) on Fucus v. at pH values of 5, 7 and 9 are presented
in Figures 6b, ¢, d. All the maps show the distribution of Cd(ll) (red) onto the algae surface with respect
to the resolution used for data collection, of 3 microns step size. The distribution has various degrees of
heterogeneity and is most visible as hotspots at pH 9, indicating the formation of micro precipitates

(Figure 6d). Spatial distribution correlations between Cd(ll) (red) and other elements like Ca (blue) and
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485 K (green) were observed and quantified at pH 5 and 7, which may be related with the exchange of lighter
486  ions by Cd(ll) at the algae surface (Brinza et al., 2019). We used XRF maps to guide the selection of
487  several points of interest (POls) for XANES analysis containing high, medium, and low concentrations

488  of Cd(ll).

489
490 Figure 6. XRF elemental maps showing the microscale distribution of Cd(Il) (red), K (green) and Ca

491  (blue) onto the algae surface as collected from the sea (blank with no Cd, only K and Ca), (a) and after
492 adsorption at: pH 5, Ccagy 1mM (b), pH 7, Ccaay 1mM (¢), pH 9, Ccamy TMmM (d), pH 5, Ccaay 10mM (e),
493 after the fourth cycle using 10 mM HCI, pH 5, Ccagy 10mM (f), after the third cycle using 10 mM NaOH,
494  pH5, Ccay 10mM (g), and after the forth cycle using 1 mM EDTA, pH 5, Cca 10mM (h). Marked on each
495  map as white stars, from simple stars with 4 corners, stars with 5 corners to more complex ones with 6
496  corners, respectively, are the selected POls, POI1, POI2 and POI3, at different Cd(Il) concentrations,
497  from which XANES spectra were collected. Step size resolution is 3 microns, and the map scale is in
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millimetres. Acquisition time per point is 1.5 sec per point for map (a, e, f, g, h), and 0.5 sec per point
for maps (b, ¢, d).

Figure 6b and e show the spatial distribution of Cd(ll) onto Fucus v. at different concentrations. High
concentration of Cd(ll) in solution (10mM) led to a homogeneous distribution of Cd(ll) adsorbed onto the
algae surface indicating even adsorption and saturation of algae surface sites (Figure 6e). This supports

the kinetic profile presented in Figure 1b.

Figure 6b, ¢, d show the distribution of Cd(ll) (red), Ca(blue) and K(green) on Fucus v. at pH values of
5, 7 and 9. Some areas on maps at pH 5 and 7 show coexistence of Cd, K and/or Ca indicating possible

exchange of lighter ions with Cd(ll) at the algae surface (Brinza et al., 2019).

Figure 6 also shows the spatial distribution of Cd(ll) in repetitive sorption desorption cycles using HCI,
NaOH and EDTA as eluents; after the first adsorption cycle (Figure 6e), after the fourth cycle using 10
mM HCI (Figure 6f), after the third cycle using 10 mM NaOH (Figure 6g), and after the fourth cycle
using TmM EDTA (Figure 6h). All these maps show a heterogeneous spatial distribution of Cd(Il) with
localized concentrations in regions of ca. 50 microns (Figures 6f, 6h). This indicates that Cd(ll) is still
adsorbed in a substantial amount after algae reuse, even in some regions, Cd(ll) concentrations have
become richer likely forming agglomerates or microprecipitates. Cd XANES spectra collected at
selected POls at various Cd(ll) concentrations from samples at pH 5, 7 and 9, and after desorption

cycles using HCI, EDTA and NaOH are presented in Figure 7.

The fingerprint assessment and comparison of the Cd-Ls Edge XANES show similarities among spectra
collected from POls and standards (Cd(ll) in alginate and Cd(Il) in CMC) with respect to general features
such as: pre-edge at ca 3540.5eV, white line pre-shoulder at about 3550 eV, white line around 3566 eV,
and first amplitude after the white line, of which its highest amplitude vary from 3610 to 3620 eV.
However, the spectra are not identical among them and are different to spectra of pure Cd(ll) organic
standards indicating that Cd(ll) speciation at the algae surface consists in a mixture of Cd(Il) species
bound onto functional groups of cellulose fibres and alginate, which are major constituents of the algae
cell wall. Thus, XANES spectra of each representative POI collected from the samples were further
analysed using LCF analysis (Table 3). Tables Sl 3 — 5 shows all the fits for each spectrum and the

ones highlighted in bold are considered the best achieved in terms of R-factor and red 2.
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Figure 7. Cd(Il) L3 adsorption edge XANES spectra of standards and the selected POls marked on the

XRF maps (Figure 5). POI1, POI2 and POI3, are marked on each map as white stars, from simple stars

with 4 corners, stars with 5 corners to more complex ones with 6 corners, respectively. The last two

POls at pH 9, the XANES spectra were cut because there was a K absorption edge starting to appear

and this would have led to Cd spectra alteration.
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LFC results from samples at different pH values indicate a variety of Cd(ll) species are bound onto the
algae surface; Cd(NOs3)z in 2%CMC contributed significantly to the spectrum (33 to 60%), Cd(NOs3)z in
5%ALG (4-42%) and CdClz in 2%CMC (26%) (Table 3 and Table Sl 3). These results suggest that
Cd(ll) at pH 5, is mainly bound to carboxylic functional groups of cellulose fibres and alginate. As pH
increases to 7, the LCF results show that Cd(ll) species bound onto algae surface are the cellulose type,
with a high proportion (67%) of Cd(ll) as CdClz in 2%CMC alike species and up to 52% as Cd(NO3)z in
2%CMC alike species. This may suggest an increasing role of cellulose functional groups in Cd(ll)
uptake at neutral pH likely combined to enhanced activity of seawater chlorinated compounds. In
contrast, a single type of species of Cd(ll) bound to cellulose functional groups was identified at pH 9 as

indicated by the fit to the CdClzin 2%CMC standard.

Table 3. Summary table of Cd-Ls edge XANES - Linear combination fittings (as best R and ¥ of all
combinations of normalized Y(E) from-20 to +150eV around the edge, namely 3527-3697 eV) results
(weights sum forced to 1, weights not forced between 0 to 1, fitted EQ, 240 data points and 5 variables)

POls ID/ STD Cd(NO3)2 in CdCl; in Cd(N03)2 in CdCl; in Cd(N03)2 R-factor Reduced

5% ALG 5% ALG 2% CMC 2%CMC pellet chi-square

pH 5 POI1 42.943.7 2.0+0.4 60.4+4.2 0* 9+0.8 0.00109 0.000148
pH 5 POI2 28.5 +4 1 3.8+0.6 32.9+3.2 26.3+5.6 8.4+8.7* 0.00085 0.000118
pH5POI3 __ 39#43  47:02 36743  26.0:7.4 _ 28.7+#2.9 _ 0.00132 _ 0.000174
pH 7 POI1 NI FE 52.3+5.5 47.7+5.8 NI 0.00413 0.000543
pH 7 POI2 9.5+0.8* EF 23.0+4.9 67.6+4.7 NI 0.00184 0.000249
pH 7 POI3 43.6+6.8 0* 27.1+£7.0 10.241.4 24.4+4.6 0.00353 0.000454
pH 9 POI1 FE FE 0* 57.9+3.0 45.0+£3.2 0.00109 0.00019

pH 9 POI3 0* FE FE 1000 0* 0.00252 0.000406
Cd 1mM POI1 0* 3.0+6.7* 43.243.8 18.3+4.3 38.0£3.4 0.00071 0.000105
Cd 1mM POI2 NI NI 54.14£3.5 25.54£3.3 20.445.5 0.00109 0.00015

Cd 1mM POI3 18.3+7.1 3.0+1.8 52.4+5.0 21.0+4.0 5.310.9 0.00109 0.000156
Cd 10mM POI1 0* 7.512.2 83.8146.4 8.510.7 0 0.00181 0.000239
Cd 10mM POI2 4.4+1.0* 1.8+1.7 49.5+5.8 19.348.2 25.0+3.1 0.00193 0.000263
Cd 10mM POI3 0* 0* 37.3+3.0 0* 54.6+2.7 0.00093 0.00013

HCI POI1 15.742.8 0* 34.2+2.9 24.8+5.6 27.1+2.6 0.00048 0.000068
HCI POI2 FE FE 59.7+4.7 14.54£3.5 25.8+2.4 0.00113 0.000155
HCI POI3 0.940.8* 0* 54.4+3.6 16.314.3 34.7+6.9 0.00089 0.000123
EDTA POI1 7.210.6 0* 61.5+6.0 0* 39.0+4.2 0.00138 0.000186
EDTA POI2 5.0+2.0" 4.8+1.8 76.217.0 0* 42.7+4.2 0.00131 0.000176
EDTA POI3 NI NI 56.4+5.8 12.943.5 30.7+2.2 0.00107 0.000148
NaOH POI1 Not processed, XANES spectra very much alike CdCO5 "°, suggesting Cd(ll) precipitation

as otavite.

NlI=not included, FE=excluded by the fit* = compound not significant in this POls as either the error was
too large, or it has a negative weight which suggests that these are not in the sample POI.
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The best fits with the 0* compared to and as opposed to the ones without the 0*species (labelled as NI)
indicate that the 0* are not in the mixture of the POl and suggests that potentially other species (to which
we lack the standard spectra for) are part of the mix.

A visual comparison of the spectra from the different POls with different concentrations of Cd(ll) (1 and
10 mM Cd(ll), Figure 7¢) show minor differences among the spectra. Spectra from the algae exposed
to the highest concentration of Cd(ll) used (Cd_10mM; POI2 and POI3) showed distinctive features on
the pre-shoulder in the region of the white line (3540 — 3550 eV) that are not present in other POls. A
similar feature is observable in the spectrum of the Cd(NOs)2 standard, potentially indicating that some
Cd(Il) was adsorbed as Cd(NOs)2 onto the algae surface. Other features vary among the spectra, the
position and intensity of the white line as well as the intensity of first amplitude after the white line (3610
- 3620 eV). These minor differences were validated and quantified by LCF analysis in Table 3 and

Table Sl 4.

A major difference in the fingerprint of the XANES spectra was observed when NaOH was used as
eluent (POls 1-3, Figure 7e). The three spectra show a prominent feature between the pre-edge and
the white line at an energy of ca. 3556 eV. Unfortunately, none of our standards were alike these spectra,

but a similar spectrum has been reported for CdCOs (Siebers et al., 2012).

Spectra from algae samples after desorption using HCI and EDTA eluents showed minor differences
among them (Figures 7d — f), which were quantified by LCF and presented in Table 3 and detailed in
Table Sl 5. When HCI solution was used as eluent, Cd(ll) species onto the algae surface did not change
significantly between the first and the fourth adsorption cycle. Thus, the majority of Cd(Il) remained
adsorbed as Cd (NOsz)2 onto CMC (HCI_POI2 - 59%), followed by up to a quarter of Cd(Il) species been
alike CdCl2 onto CMC (HCI_POI1 - up to 24%,) and the rest alike Cd (NO3)2 (HCI_POI3 - up to 34%).
These results suggest that 10mM HCI led to protonation of hydroxyl and carboxyl functional groups of
cellulose fibres playing an essential role in Cd(ll) uptake. The presence of chloride ions led to a sensible
increase of CdCl2 alike species bound onto algae surface. When EDTA was used as an eluent, a
substantial increase (from 56-76%) of Cd(ll) species alike Cd(NOs)2 in 2% CMC, (EDTA_POIs 1-3 in
Table 3 and Table Sl 5), with additional species alike Cd(NOs)2 pellets was derived from LCF analyses.
This indicates that Cd(ll) has preponderantly bound onto cellulose functional groups potentially

complexing and additionally micro precipitating as nitrate.

LCF analysis for the spectra collected from the reused algae eluted with NaOH could not be carried out
due to the fact that the spectra looked very different from the ones above and from any organic and
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inorganic standards scanned during the beam time, in addition to the lack of an appropriate
representative standard. Reported data of Cd Lsz-absorption edge XANES are very limited in literature
and databases (Cibin et al., 2020; Ewels et al., 2016; Mathew et al., 2018); however, a CdCOs spectra
(Siebers et al., 2012) was found alike to the ones obtained from our algae samples eluted with NaOH
solution and reused. This led us to conclude that a relatively strong (concentrated) basic eluent, such
as 10 mM NaOH, used in repetitive cycles appeared to enhance Cd(ll) precipitation, as CdCOs at the

algae surface. This agrees with solution chemistry simulation (Figure 1) and diffraction data confirmation

(Figure Sl 2).

As Cd Ls edge XAS data on algae biomass systems are not available in literature, a direct comparison
of our results is limited; however, to emphasise on the applicability of the new approach for atomic
investigation of the uptake mechanism, two studies found in the literature are briefly mentioned.
Comparing XAS results of other metals absorbed onto Fucus v., we have previously shown in
experiments at low pH that Zn(ll) is bound onto the Irish Fucus v. mainly by carboxylic groups from the
alginate components, such as guluronic and mannuronic residues in which Zn coordinates with 5 and 6
O atoms at distances of 1.98-2.03 A (Brinza et al., 2019). Cd XAS results in comparison to those of Zn,
using the same bio sorbent (Brinza et al., 2019) confirms similarities of metals uptake mechanisms
regarding their binding to carboxyl and hydroxyl functional groups in alginate and cellulosic components
of the algae, to a certain extent. Interestingly, LCF indicate that at low pH, Cd, as compared to Zn, has
a greater affinity for cellulosic component of the Irish kelp cell wall and less for alginate. In addition,
current Cd XAS results showed evidence of Cd(ll) microprecipitation as carbonates on the algae surface

at high pH when basic solution is used as eluent biomass reuse.

From the algae habitat point of view, Zn-XANES data has showed that Zn adsorbed onto the Baltic
Fucus v., bounds predominantly to the cellulosic component of algae cell wall, as opposed to the alginate
one. The binding dependency to specific functional groups is a function of algae seasonal metabolism,

harvesting, and the Zn source (Brinza et al., 2020).

FTIR results

FTIR data of wet algae tissue before and after adsorption and desorption treatments are presented in
Figure 8 and interpreted in the text aided by vibrations identification as in Table Sl 6. Variable and broad

vibrations in the range of 3200-3600 cm™" are assigned to —OH, hydroxyl intermolecular functional
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groups (Andy, 2015; Jawad et al., 2020). This broad peak is present in all spectra of the algae species
as well as alginate and cellulose standards. It is observable that the large peak of all algae with Cd(ll)
are shifted towards higher wavenumber suggesting their involvement to Cd(ll) binding.

The large peak at 2893 cm™ present in cellulose standard (Figure 8 b) indicative of C-H stretching is
separated in two peaks (at varying wavenumber from about 2922 to 2852 c¢cm™) in all algae spectra
containing Cd(Il) and lightly visible in spectra of the blank algae. This indicates that the C-H cellulose
functional groups may also be involved in Cd(ll) accommodation within cellulose fibres or binding,
potentially via H bonding.

A shoulder at about 1730 cm™ is observable in the algae spectra from multiple elution cycle experiments
with HCI and EDTA. This feature can be assigned to acyl chloride (-COCI) functional groups (Brunning,
2015), which may have derived from reactive carboxylic acids that were chlorinated by HCI and/ during
metal desorption by elution and algae functioning or seawater chloride traces that remained on algae
surface.

Carboxyl (-COOH) functional groups are identified in the range of wavenumbers from 1670-1760 cm™
for C =O groups and 1000-1300 cm™" for C-O groups (Boenke, 1998; LibreTexts, 2019).FTIR signal
at around 1620 cm™ could be assigned to C=0 stretching in carbonyl functional groups or/and double
C=C stretching in alkenes. These vibrations which are most probable indicative of C=0 functional groups
from carboxyl of alginate and cellulose (as they are present in both standards, but slightly shifted and
less intense) and are present in all Fucus v. species. They are very intense/strong in algae samples
after interaction with Cd(ll) solutions and less intense in blank Fucus v.; however, they are all slightly
shifted (1632 - 1618 cm™), towards higher wavenumber as compared to the signal in the spectra of
alginate standard and blank algae. This indicates that likely the C=0 functional groups of alginate are
involved in Cd(Il) binding. It is noticeable that the vibration at around 1620 cm™ is shifted coherently
towards lower wavenumber as the pH decreases (surface protonates) and the Cd(ll) concentration
increases (more Cd(Il) species are available), indicating that these functional groups play an important
role in Cd(ll) binding.

The broad peak with higher intensity at 1454 cm in the blank spectra is indicative of in-plane bending
of —OH (Michalak et al., 2018). The same vibration is present as a small shoulder in the spectra at pH 5

but absent in the rest of the spectra. Accounting on surface saturation with Cd at lower Cd(ll)
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concentration (see kinetic results, Figure 2) this may be indicating unoccupied hydroxyl groups at algae
surface.

Broadened and shifted towards lower wavenumber peaks at 1420 cm™, 1419 cm™ and 1415 cm-
for samples at pH 5, 7 and 9 respectively, might be associated with symmetric bending of CH2 and/or
symmetric stretching of CO3 (Coates, 2006; Michalak et al., 2018). In agreement with our XRD and
solution chemistry simulation results, these vibrations, which shifted coherently toward lower
wavenumber as pH increases, indicate the presence of carbonates ions in higher concentration as the
pH increases. These vibrations appear very intense in the spectra of the algae eluted with HCI and
EDTA, indicating the presence of CH2 and carbonates ions in the system and at algae surface post
adsorption, respectively, that were unveiled by washing the existent algae carboxyl and by
supplementing them on algae surface by complexation with COOH and CH: from EDTA. The
quantitative increase of these functional groups for the HCI and EDTA systems supports the higher
quantitative uptake of Cd in subsequent cycles as shown in Figure 4 and described in appropriate
section above. Interestingly, this vibration is very broad and has its high intensity extended to 1376 cm-
'for the spectra of Fucus v. reused in multiple adsorption cycles and eluted with NaOH, which could be
related to the overlap of an C-H compounds as they are characterised by vibrations at 1373 cm -
(Michalak et al., 2018).

Double vibration with the highest intensity of the peaks at 1190 cm™ and 1300 cm™ are
observable in the spectra of all algae species. They can be associated with various functional groups
like C-O stretching in carboxyl functional groups, wagging vibrations of C-H (Andy, 2015), bending
vibrations of C-H and O-H, rocking vibrations of CH: in polysaccharide or tertiary amine bands (Michalak
et al., 2018).

Finally, vibrations between 1200 cm™ and 900 cm™' are also present in all the spectra, which we can be
assigned to stretching vibrations of C-O-C and C-C, rocking vibrations of CHz, stretching vibrations of
carbonate (COs?) and mono-protonated (HCOs') carbonates ions as well as bending vibrations of a ring,

possibly from cellulose structure (Michalak et al., 2018).
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Figure 8. FTIR spectra of algae after adsorption at (a) various pH values, (b) various Cd(ll)
concentration, and (c) various type of eluents used.

Overall, our FTIR results suggests that functional groups involved in Cd bonding are C-O or
C=0 or COCI from carboxyl (-COOH) as well as hydroxyl (-OH) groups of alginate and cellulosic
components, in various degree of substitutions. C-H and CHz play and important role in Cd binding and
carbonate (COs?) and mono-protonated (HCOs') proves the formation of otavite. In addition, sulphur
and phosphorus groups, amino and nitro groups as well as carbonyl and methyl and methylene groups
were identified on the algae surface in agreement with reported data (He and Chen, 2014).

Comparing our FTIR results with the literature findings, a good agreement could be seen

and additionally, the current results show evidence of carbonate functional groups been involved in
Cd(Il) uptake by carbonate formation and microprecipitation (Abbas et al., 2014; Ahmady-Asbchin
and Jafari, 2013; Brinza et al., 2019; He and Chen, 2014; Henriques et al., 2017; Kanchana et al.,
2014; Lodeiro et al., 2005; Mata et al., 2009; Mazur et al., 2018; Zeraatkar et al., 2016).
In relation to the above computing and experimental approaches (i.e., geochemical modelling, XRD,
and XAS), the FTIR results supports that Cd(ll) coordinates to the oxygen atoms of hydroxyl groups,
carboxy! groups, pyranose cycle and carbonate, forming weak bonding such as H bonds, strong
chemical bonding via substitution or complexation and microprecipitation.

From a mechanistic point of view, generally, our studies so far on the Irish kelp showed that Zn
and Cd uptake occurs via ion exchange, chemical and physical adsorption mechanisms, involving
covalent and hydrogen bonds respectively. Main functional groups that are involved in metals binding
are carboxyl and hydroxyl — function of solution pH. Additionally, the new approach of using synchrotron
investigations, beside FTIR, showed that Zn has preferential affinity for carboxyl! functional groups from
alginate component of the cell wall, while Cd binds preferentially, but not exclusively, on carboxyl
functional groups of cellulosic components. The results also suggested that the mechanisms of metals
uptake as well as quantitative assessment vary as a function of metals type, biomass specie, cell wall
components and their habitat, as well as process conditions, fact that encourages further test of other
metals on the chosen Irish kelp, as bio sorbent, before its testing on real effluents and further process

optimization and scaling up.
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Conclusions

Our comprehensive qualitative and quantitative investigations of Cd(ll) speciation in solution and at
algae surface, took the usually laboratory based investigations to a next level by employing highest
resolution synchrotron micro XRF and XAS techniques, as a least common approach and chemically

nondestructive analytical techniques, to provide direct information about biosorption mechanism.

Quantitatively wise, the surface of the Irish brown algae (Fucus v.) is a very good sorbent for Cd(ll)
species (max uptake capacity of 1.203 mmol g''). Cd adsorption initiates rapidly (~2 h) before reaching
a steady stage over a range of pH between 5 and 7. Based on our kinetic modelling, the adsorption
predominantly occurs as a physical mechanism involving weak interactions (i.e., hydrogen bonds or Van
der Walls forces), followed by the formation of stronger chemical bonds (chemisorption) and at high pH
(>9) - micro precipitation. FTIR results and linear combination fitting (LCF) of XANES spectra
demonstrate that Cd(ll) adsorbed by the Irish kelp occurs in various chemical forms depending on the
type of eluent used. The most common species at low pH (5) are Cd(Il) bound to carboxylic functional
groups of cellulose fibers (26 to 60%) and Cd(ll) bound to alginate (4-42%). At pH 7, Cd(ll) is

preponderantly bound to cellulose.

The use of HCI at low concentration (10 mM) allows Cd desorption and the restoration of weak binding
forces; however, this process can only be performed up to 3 cycles before the algae tissue become
affected. The use of EDTA (1mM) activates the surface for stronger chemical interaction providing good
results for metal elution and algae reuse in 2-3 cycles. The results suggest that the use of less
concentrated solution of HCl and EDTA may lead to algae reuse in more than 3 cycles, avoiding algae
tissue damage. Interestingly, the use of HCI and EDTA eluents for metals recovery and bio sorbent
functioning led to significative increase of Cd uptake (quantitatively more than double) as compared to
the first cycle. This increase was due to eluents effect on surface sites, namely: (a) HCI most probably
desorbed not only Cd but also other ions, freeing and/or protonating new binding sites for more Cd to
be adsorbed in subsequent cycles and (b) EDTA desorbed Cd and potentially other ions, by
complexation, and functioned new active surface sites for more Cd to bind in subsequent cycles. The
use of NaOH (10 mM) impacted negatively the performance of the brown algae as an adsorbent for

Cd(ll) being effective only for the first cycle and promoting Cd(Il) micro precipitation after multiple uses.
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Overall, Fucus v. is an excellent bio sorbent to immobilize and remove Cd(ll) from aqueous media, with
applications to the current water treatments, through future optimization and scaling up to an algal based
biotechnology. We suggest that further studies must be performed in pilot experiments to test the bio
sorbent in fixed-bed and fluidized-bed column reactors using real Cd(Il) polluted effluents. Also, the
results have significant implications on our understanding of the uptake of Cd(ll) onto algal biomass
under the context of algae potential to become a green bio adsorbent in clean, environmental eco-
friendly biotechnologies — concept and strategy in assistance of environmental sustainability. In addition,

these outputs might be transposed to the context of marine algae - as a potential food supply.
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