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Abstract: Heavy metals, such as Pb(II), Cr(III), and Cd(II), are frequently discharged into the envi-
ronment, resulting in a threat for the health of living organisms. Microalgae represent an ecological
method for the removal of these pollutants. The capture capability of active and dried Chlamydomonas
reinhardtii towards both mono-ionic and multi-ionic solutions is evaluated to study the bioremedia-
tion in low-polluted wastewaters. Several characterization techniques have been performed to study
morphology, composition, and the interaction between the metals and the microalgal functional
groups of the wall. The effect of the operating conditions, such as contact time and pH, is assessed;
an increased contact time of 4 days did not influence the adsorption yields of Pb and Cr, but it
had a negative effect on Cd adsorption, while the impact of pH was mainly affecting the chemical
speciation, rather than the adsorption capability. The microalga showed a larger affinity for Pb and
Cd, respectively, 80 and 76% (w/w) of adsorption, while only the 65% (w/w) of the total Cr was
adsorbed, suggesting a preferential biosorption.

Keywords: bioremediation; microalgae; heavy metals; biosorption; wastewater treatment

1. Introduction

Increasing anthropogenic and industrial activity leads the water streams to be easily
contaminated by a wide variety of organic and inorganic pollutants. Among other sources
of environmental pollution, heavy metals (HMs, hereafter), which are toxic even at a
low level of exposure, can be found in the majority of wastewaters due to their usage
in many industrial branches [1–3]. In particular, the removal of Pb, Cr, and Cd is of
paramount importance, since they can cause different serious pathologies such as kidney
necrosis, anaemia, and hypertension [4–9]. Unlike organic substances, HMs are non-
biodegradable, thus persistent [10]. HMs have a high mobility in water and they can be
adsorbed to and accumulated in the environment and in living organisms such as plants
and animals, causing them various disorders and health problems [11]. The spread of
HMs can lead to the deterioration of agricultural land, phytotoxicity, and disequilibrium in
soil microbial processes. Hence, wastewaters must be treated before their reintroduction
into the environment, mainly due to the presence of HMs in low concentrations [12–15].
Furthermore, there is an increasing awareness that the prevention of emissions, rather than
remediation of damage, is a more cost-effective and efficient approach for the mitigation of
impacts on the environment and on human health [11].

Various methods for heavy metal removal have been proposed [16–18], for instance
chemical precipitation, ion-exchange, membrane filtration, coagulation-flocculation, flota-
tion, and electrochemical methods. However, these methods are expensive and require
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high energy and the usage of harmful chemicals. Moreover, conventional methods are only
feasible for high metal pollution concentrations. Adsorption presents a successful technol-
ogy thanks to a wide variety of available sorbents, high recovery efficiency, fast extraction
time, low cost, and low consumption of organic solvents. In this respect, common examples
of sorbents are activated carbon, clay minerals, inorganic oxides, porous organic polymers,
or organic-inorganic hybrid materials. However, considering the new circular and greener
economy paradigm, the development of more environmental sustainable sorbents is a key
point [19,20].

An innovative strategy to treat wastewater is presented by the use of microorganisms
such as microalgae, being cost effective, very efficient in the presence of low metal concen-
trations, and, in principle, recyclable and reusable [9,10,21–26]. Microalgae are unicellular
and eukaryotic microorganisms which can be solitary or colonial, some of them are able to
move thanks to flagella [27]. Microalgae can be autotrophic or heterotrophic depending
on the mechanism of energy production, the first one being related to photosynthesis with
CO2 consumption, while the second one to redox reactions [28]. According to [29], many
factors may influence the biosorption of HMs by means of microalgae, such as the initial
metal concentration, temperature, pH, time of contact, micronutrients, CO2, light and time
of lightness, stirring, and microalga characteristics, e.g., the microalga species.

The capture of heavy metals by microalgae can occur both actively or passively [30].
Passive capture occurs as biosorption of the metals on the cell surface. Active capture
implies two mechanisms: first biosorption at the cell wall, via passive chemical and physi-
cal processes, and subsequently bioaccumulation inside the cell, via active transport. The
HMs are then deposited in different organelles inside the cells. This last mechanism is
metabolic- and energy-dependent; hence, living microalgae are more susceptible to toxicity,
and environmental parameters. Bioaccumulation occurs more slowly than biosorption
and, in principle, it is not reversible and more stable since the metals are accumulated in
cell organelles [29]. In passive capture, the interaction occurs between the algal cell wall
(negatively charged) and the metal ions (positively charged) with the functional groups
present at the surface; the process is metabolic-independent, fast, and reversible [29]. Metal
binding can occur with different mechanisms, such as electrostatic interaction, surface
complexation, ion exchange, and precipitation, that can occur individually or in combina-
tion. During the adsorption process, the cell wall characteristics are of upmost importance.
Indeed, different algal biomasses are characterised by different types of cell wall and thus,
by various functional groups (-COOH, -OH, -NH2, -SH) able to bind metal ions [31,32]. For
biosorption, dried microalgae are advantageous since they are not affected by the toxicity of
HMs and do not require a continuous supply of nutrients. The reversibility of biosorption
on one side is an advantage, allowing for the sorbents’ reusability, but, on the other hand, it
could lead to instability of the capture.

The application of microalgal biomass in wastewater treatment systems should also
include a systematic economic evaluation. The removal of heavy metals through an
adsorption process includes the costs of production as well as, concerning the dried biomass,
those of the drying process. According to [33], the operational and energy consumption
costs depend on the technology chosen for harvesting and dewatering the microalgae. Of
upmost importance is also the kind of cultivation used; generally, close reactors require
lower operational and energetic costs than open ponds. Drying process costs can be
lowered by using by-products coming from different waste streams as possible biosorbents;
moreover, dried biomasses can be, in principle, easily regenerated and reused, reducing
the costs of the cultivation step [34].

Different algal strains, such as Chlorella vulgaris, Spirulina maxima, Spirulina platen-
sis, Scenedesmus sp., Scenedesmus almeriensis, Chlorella sorokiniana, Parachlorella sp., and
Chlamydomonas reinhardtii, Chlorophyceae sp., are potentially suitable for heavy metal re-
moval [10,23,35–43] (Table S1). Among the others, Chlamydomonas reinhardtii (C. reinhardtii,
hereafter) has received lot of attention in recent years thanks to simple culture conditions
and to its high tolerance to heavy metals [37,42,44]. In the literature, to determine the effect
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of solid/liquid ratio among different heavy metal ions, high metal concentrations have
been used [35,45].

The Best Available Techniques (BATs) reference documents of different productive sec-
tors emissions in wastewaters, e.g., ceramic manufacturing, ferrous metals processing, and
surface treatment of metals and plastics [46–48], report the industrial wastewaters pollution
data (Table S2). Here, low concentrations of heavy metals are released in wastewaters.
However, Italian and EU regulations impose strong limitations of HMs concentrations in
water streams before their reintroduction into the environment and for human consumption
(i.e., Pb < 0.005 mg/L, Cr < 0.025 mg/L, and Cd < 0.005 mg/L, [49]).

In this paper, the green microalga C. reinhardtii is exploited in its dried form to remove
HMs from low-polluted environments. The aim of this work is to study the capture
capability of dried microalgae towards low concentrations of HMs, such as Pb(II), Cr(III),
and Cd(II), present in different productive sectors. Initial metal concentrations were
fixed at 0.5 mg/L, 0.2 mg/L, and 0.2 mg/L, respectively, for Pb(II), Cr(III), Cd(II), and
are related to real data reported by the BATs reference documents of industries such as
ceramic manufacturing, ferrous metals processing, and surface treatment of metals and
plastics [46–48]. Low concentration adsorption onto dried C. reinhardtii, with a preliminary
comparison of Cd adsorption with living C. reinhardtii, was performed.

The biosorption of Pb(II), Cr(III), and Cd(II), in both mono-ionic and multi-ionic
solutions, static environment, and room temperature, to a dried strain of C. reinhardtii is
discussed. Moreover, the effect of the operating conditions, such as contact time and pH
is assessed. Finally, a preliminary comparison of metal capture behaviour of active and
dried C. reinhardtii is performed by contacting algal material with a solution containing
Cd ions. Metal-sorbent interaction, before and after metal adsorption, is also studied
by means of different techniques such as Scanning Electron Microscopy (SEM)equipped
with Energy Dispersive X-ray analysis (EDX), and Fourier Transformed Infra-Red (FT-IR)
spectroscopy in Attenuated Total Reflection (ATR) mode. The chemical composition of
the liquid solution, before and after the treatment, was analysed by Inductively Coupled
Plasma—Optical Emission Spectroscopy (ICP-OES).

2. Materials and Methods
2.1. Materials

In this study, living microalgae C. reinhardtii (strain 11-32b), supplied by Culture
Collection of Algae of University of Göttingen (international acronym SAG), were used
to prepare the biosorbent. Stock solutions of heavy metals Pb(II), Cr(III), and Cd(II),
having a concentration of 1 mg/mL, were diluted with distilled water to obtain the desired
concentration (respectively, 0.5 mg/L, 0.2 mg/L and 0.2 mg/L). During the experiments,
the pH was adjusted through the addition of HCl (1 M) or NaOH (1 M) (supplied by
Sigma-Aldrich, St. Louis, MO, USA) when necessary.

2.2. Biosorbent Cultivation and Preparation

Living microalga grew in Erlenmeyer flasks properly sealed with a gas permeable
membrane to prevent contamination and assure ventilation. Growth was performed in a
suitable medium, Kuhl medium, whose composition is reported in (Table S3). The growth
of the microalgae occurred under a light emitting diode (LED) growth panel light AC
100–240 V with a 12:12 h light–dark cycle, and a room temperature of 20 ± 1 ◦C. After
1 week of cultivation, microalgae were harvested by centrifugation at 4000 rpm for 5 min
and washed 3 to 5 times with MilliQ water (Arium® pro ultrapure water systems, Sartorius,
Gottingen, Germany) to remove the culture medium. Then they were recovered and put
into a freezer (−20 ◦C) for few hours. In the end, freeze-dried algae were obtained by means
of a freeze-drying process (L10E, Dieter Piatkowski equipment, Petershausen, Germany),
operating at a temperature of −50 ◦C for 48 h. Unit operations describing the preparation
of the dried microalgae are sketched in Figure 1.
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Figure 1. Dried microalga preparation scheme.

2.3. Biosorption Procedure
2.3.1. Dried Cells

First, biosorption from single-ion solutions were performed. Stock metal solutions of
1 mg/mL stored at room temperature (20 ± 1 ◦C) were used to reach the desired concen-
tration of metal in the contacting aqueous solution. After adjusting the pH of the metal
solutions to pH 6 and pH 7 (Hanna Instrument HI 221 pH Meter, Woonsocket, RI, USA)
by means of NaOH (1 M) and HCl (1 M), the biosorption of Pb(II), Cd(II), and Cr(III) ions,
respectively, 0.5 mg/L, 0.2 mg/L, 0.2 mg/L (data coming from BATs reference documents
of different productive sectors: ceramic manufacturing, ferrous metals processing, and
surface treatment of metals and plastics [46–48]), was carried out by contacting the solu-
tion with the microalgal biomass (0.3 g/L corresponding to 5 × 109 ± 1 × 109 cells/L).
Throughout all the experiments, the pH remained constant at the fixed initial pH, with a
maximum variation of ±0.5. After the reaction time of 2 days, samples of 10 mL of solution
were taken and filtered by syringe filters of 0.22 µm pore diameter (Rotilabo®, Karlsruhe,
Germany) to remove all the cells. The filtrate was analysed with ICP-OES (Spectro Ame-
tek, Spectro Analytical Instruments GmbH, Kleve, Germany), to determine the residual
metal concentration. The remaining solution was centrifuged, to recover the biomass, or,
when necessary, it was kept continuing the experiment. Centrifugation was performed at
4000 rpm for 5 min, followed by washing with MilliQ 3 to 5 times. Then, the recovered
algae were frozen at −20 ◦C for a few hours and then freeze-dried at −50 ◦C for 48 h to
obtain metal-loaded algal biomass (Figure 2). Also, multi-ion experiments were carried
out, maintaining the same initial concentrations and operative conditions as the single-ion
adsorption experiments: 0.5 mg/L of Pb(II), plus 0.2 mg/L of Cr(III), plus 0.2 mg/L of
Cd(II), for a total heavy metals amount of 0.9 mg/L.
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2.3.2. Living Cells

After that, experiments with living C. reinhardtii were conducted. The stock culture
of the algae was maintained in Kuhl medium (Table S3). For the experiment, a portion
of the microalgae were taken off the medium and washed 5 times with MilliQ water to
remove any residue of the medium. Then, the still living cells (determined by their moving)
were added to Cd(II) solution to reach a concentration of 0.2 mg/L, as done for the dried
cells. The cell concentration was 5 × 109 ± 1 × 109 cells/L (same as for the dried cells),
and the pH was kept at pH 6. The algae were further cultured at room temperature ±20 ◦C
and at 12 h/12 h LED illumination. After 2 and 4 days, samples of 10 mL of solution were
taken off the experimental flask and filtered by syringe filters of 0.22 µm pore diameter
(Rotilabo®, Karlsruhe, Germany). The filtrate was analysed with ICP-OES (Spectro Ametek,
Spectro Analytical Instruments GmbH, Kleve, Germany), to determine the remaining
Cd(II) concentration and calculate the adsorption to living cells. The still living cells were
harvested after 2 and 4 days, frozen at −20 ◦C for a few hours, and then freeze-dried at
−50 ◦C for 48 h. The freeze-dried cells were further analysed by FTIR-ATR and SEM-EDX.

2.4. Materials Characterization

Liquid solutions were analysed before and after algae treatment by ICP-OES, to
understand their chemical composition and to investigate the biosorption of the HMs by
microalgae.

Chemical speciation in solution as a function of pH was calculated a priori by means
of the Hydra-Medusa software v0.1.1 [50], which contains a database with logK data at
25 ◦C. Running the program, it is possible to obtain information on ionic species at the
equilibrium as a function of a selected parameter, in this case, pH.

C. reinhardtii was characterized by different characterization techniques before and af-
ter the adsorption of metals. Zeta potential (ZP)–Zero Point Charge (ZPC) was determined
by a Zetasizer Nano ZS (Malvern Instruments Limited, Malvern, UK). Dynamic Light
Scattering (DLS) at 90◦, with a Non-Invasive Backscatter (NIBS) optics was used for the
measurements. The measurement was performed on a concentration of microalgae of 5 g/L,
at the pH of the algae in water (pH 6.5). Fourier-Transform InfraRed (FT-IR) spectroscopy
was used to analyse the functional groups of the pristine microalga and their interaction
with heavy metals when adsorbed. Samples were analysed using a ThermoNicolet Nexus
equipped with Smart iTX accessory (Thermo Fisher Scientific, Waltham, MA, USA), dia-
mond window, (ATR technique) and OMNIC acquisition software v7.2, with 100 scans
and 4 cm−1 of resolution. Scanning Electron Microscopy (SEM) analysis was performed
for the C. reinhardtii surface before and after being contacted with metals. Analyses were
performed with a Zeiss EVO 50 EP (Zeiss, Jena, Germany) combined with Oxford INCA
energy 2000 spectrometer (Oxford Instruments, Abingdon, UK). The SEM-EDX equipment
was operated at an electron high tension (EHT) voltage of 15 and 20 kV, a probe current of
120 and 300 pA, and at high vacuum (about 10−4 Pa) conditions. Before the analysis, the
samples were gold coated (layer thickness: 10 nm) with an Edwards Sputter Coater S150B
(Edwards, Crawley, UK) to provide conductivity to the sample and to avoid electrostatic
overcharge.

3. Results
3.1. Biosorbent Characterization

Dried C. reinhardtii was fully characterized by different techniques. Upon drying, the
surface of the microalga was characterized by a negative ZP of −18.8 mV.

A FTIR (ATR mode) full spectrum of the dried biomass is plotted in Figure 3 and the
low frequency region is magnified in Figure S1. Additionally, for clarity, the characteristic
bands found by FT-IR analysis and their assignation are summarized in Table S4.
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Analysing the spectrum, different regions can be identified.
The first is region I (4000–2000 cm−1) (Figure 3). In the high frequency region of the

spectrum, a broad and complex band at 3400–3200 cm−1, centred around 3290 cm−1,
is visible due to the overlapping of the -OH and -NH functional groups’ stretching
modes [35,36,42]. The band broadness is typical of the H bonding interaction of the OH
groups. The complex bands located around 2955–2855 cm−1 are assigned to the CH stretch-
ing modes [35,36,42] while the very small band at 3010 cm−1 is assigned to the unsaturated
=C-H stretching [36].

The second is region II (2000–1000 cm−1) (Figure 3 and Figure S1). In the medium
frequency region of the spectrum, the main bands are centred at 1645 cm−1 and 1539 cm−1,
and they can be assigned to the amide I and amide II bands of the peptide linkage in
proteins. The former band is associated mainly with C=O stretching vibration, while
the latter band mainly with a combination of N-H in plane bending and CN stretching
vibration [35,42,51,52]. The amide III component falls between 1320–1230 cm−1, thus
partially overlapping with other vibrational modes as discussed in the following. A
shoulder at 1720 cm−1 can be related to C=O stretching bonds in carboxylic groups or, more
likely, in ester groups in acylglycerols, and thus in the lipid fraction of the biomass [36,51,52].
The complex band at 1454 cm−1 represents the CH2 and CH3 bending [35,52], while the
band at 1244 cm−1 can be assigned to the phosphate P=O group and to the OCO vibrational
mode of the ester group [36,52].

The third is region III (1000–500 cm−1) (Figure 3 and Figure S1). Here, the complex
envelope of bands with several maxima at 1030/1000 cm−1 is due to C-O and C-C stretching
modes of the polysaccharide fraction [35,36]. The bands near 881 cm−1 refer to out-of-
plane OH bending. Thus, the FT-IR spectrum of dried C. reinhardtii matches those found
in the literature where the alga cell wall has been described as a “multi-layered wall”
consisting of hydroxyproline-rich molecules, glycosidically linked to galactose (mainly)
and to arabinose [53,54].

The morphology of the dried C. reinhardtii was analysed by SEM images to check
possible modification of the cell wall upon drying (Figure 4b). In Figure 4a,b the typical
spherical structure of CR cells is observed, along with indication of cell disruption, possibly
due to the freeze-drying process.

In the literature it is reported for Chlorella vulgaris that signs of pitting and damage on
the cell wall, distortion, and collapse are consistent with the drying process [55]. Therefore,
similar effects can be inferred regarding pristine C. reinhardtii upon freeze drying, as
clearly shown by SEM picture at higher magnification (Figure 4b). To study the chemical
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composition of C. reinhardtii, EDX analysis was also performed (Figure S2). The presence of
light metals, such as K(I), Ca(II), and Mg(II), and an intense phosphorous (P) peak could
be identified. These essential elements are present in all cells and supplied by the growth
medium (Table S3) [52].
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Figure 4. Scanning Electron Microscopy (SEM) pictures of pristine dried C. reinhardtii at different
magnifications: (a) 2.50 KX and (b) 5.00 KX. (c) Optical microscope image of the living algae.

3.2. Biosorption on Dried Algae
3.2.1. Single-Ion Solutions

The adsorption process of Pb(II), Cr(III), Cd(II) to dried C. reinhardtii was studied
by contacting the dried microalga with single-ion solution at a fixed initial concentration,
namely 0.5 mg/L for Pb(II), 0.2 mg/L for Cr(III), and 0.2 mg/L for Cd(II). Experiments
were performed at two different contact times, 2 and 4 days, and two operating pH, i.e., 6
and 7. The remaining concentration of these metals after the contact time was recorded by
ICP-OES. Results of ICP-OES on the supernatant solution after centrifugation are plotted in
Figure 5a,b, and summarised in terms of absolute values in Table S5.
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Adsorption of about 80% (w/w) for Pb(II) and Cd(II), and 65% (w/w) for Cr(III) were
reached after 2 days of contact time (Figure 5a). A longer contact time of 4 days does not
enhance the biosorption, and it gets worse in case of Cr and Cd ions. Accordingly, 2 days
was considered as the correct contact time and it was applied to all further experiments.
The effect of the operating pH was studied by varying pH through the addition of NaOH
(1 M) or HCl (1 M). The solution pH was fixed at the required value at the beginning and



Appl. Sci. 2024, 14, 11057 8 of 19

then it was monitored throughout the experiment. Maximum pH variation during the
contact time was ±0.5; hence, no further pH correction was required. It is evident that by
operating at pH 6, a larger amount of Pb and Cr ions were captured by the microalgae,
while no or negligible pH effect occurred in the case of Cd solution (Figure 5b). Accordingly,
pH 6 was adopted for further experiments.

After the adsorption process, the algae were dried and further characterized. FTIR
spectrum of C. reinhardtii after metal adsorption at pH 6 is plotted in Figure 6; here, the
spectrum of the pristine alga is reported for comparison (full spectra of the microalga
before and after adsorption at pH 6 can be found in Figure S3). The biomass structure is not
heavily affected by metal adsorption, given that the positions of the main FTIR bands of
the exhausted C. reinhardtii are close to those detected in the pristine microalga (Figure S3).
However, small differences common to all the spectra of the used biomass, regardless the
adsorbed metal ion, can be noticed. First, the main and broad band, centred at 3291 cm−1, is
reduced in intensity, the small band at 3010 cm−1, associated to the =C-H stretching mode
disappears. Also, a slight modification of the complex band at 2955–2855 cm−1 is evident.
In Figure 6, the shoulder around 1720 cm−1 almost disappears, and the band at 1244 cm−1

is strongly reduced in intensity, as well as the band at 881 cm−1. Some variations are also
detectable in the region of CO/CC stretching around 1030–1000 cm−1, characterising the
carbohydrate component, whose bands are more defined after adsorption.
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Figure 6. FTIR-ATR spectra of the alga before (pristine alga) and after the adsorption of the HMs at 
pH 6 low frequency region. 

SEM analysis of C. reinhardtii after single-metal adsorption of HMs is reported in Fig-
ure 7a,b. By comparing the images of the algae after HMs adsorption with those of the 
pristine one, no remarkable differences are evident, even at large magnification (Figure 
7b). As already reported for the pristine alga, only the typical spherical structures of the 
C. reinhardtii cells arise, as well as the effect of the freeze-drying process effects. Indeed, 
signs of pitting and damage of the cell as well as distortion and collapse are clear, together 
with a residual number of undisrupted cells. This suggests no or limited effects of the 
metal on the pristine C. reinhardtii morphology. 
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metals, such as Mg(II), K(I), Ca(II), and small amount of P, already present in the pristine 
microalga were detected. 

  

Figure 6. FTIR-ATR spectra of the alga before (pristine alga) and after the adsorption of the HMs at
pH 6 low frequency region.

SEM analysis of C. reinhardtii after single-metal adsorption of HMs is reported in
Figure 7a,b. By comparing the images of the algae after HMs adsorption with those of the
pristine one, no remarkable differences are evident, even at large magnification (Figure 7b).
As already reported for the pristine alga, only the typical spherical structures of the C.
reinhardtii cells arise, as well as the effect of the freeze-drying process effects. Indeed, signs
of pitting and damage of the cell as well as distortion and collapse are clear, together with a
residual number of undisrupted cells. This suggests no or limited effects of the metal on
the pristine C. reinhardtii morphology.

In EDX analysis of Cd(II) and Cr(III) treated algae, the adsorbed ions are not visible
(Figure S4), only Pb(II) is barely evident. Moreover, in EDX analysis, a small amount of
metals, such as Mg(II), K(I), Ca(II), and small amount of P, already present in the pristine
microalga were detected.
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Figure 7. SEM pictures of the microalga before and after metal adsorption in single-ion solutions at
pH 6 at different magnifications: (a) 2.50 KX and (b) 5.00 KX (5.21 KX for Cr).

3.2.2. Multi-Ion Solutions

Wastewater streams are complex solutions containing different pollutants. To better
study microalgae behaviour in polluted water streams, and their ability to remove HMs,
multi-ion systems maintaining the previous concentrations were studied.

In Figure 8, metal capture by dried cells in multi-ion solution at pH 6 is reported and
compared with the corresponding single-ion ones, while quantitative results are reported
in Table S6. In multi-ion solution, the removal of Pb(II) and Cr(III) increased, respectively,
from 80%/w/w) to 91% (w/w) and from 65% (w/w) to 85% (w/w), while the capture of Cd
ions decreased from 76% (w/w) down to 59% (w/w), suggesting a possible competition
effect.
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Figure 9. Metal capture in µmolion/gmicroalgae in both single- and multi-ion solutions. 

Figure 8. Comparison of metal capture in multi- and single-ions solutions.

Results of metal capture in µmolion/gmicroalgae in both single- and multi-ion solutions
are plotted in Figure 9 and reported in Table S7. The overall absolute capture behaviour of
the microalga follows the same trend in both systems: Cr(III) > Pb(II) > Cd(II). However,
the multi-metal system pictures a total increase in captured moles; in particular, Pb(II)
adsorption increases by 0.8 µmoles, and Cr(III) by 2.5 µmoles, while Cd capture decreases
by 1 µmole. The decrease of Cd(II) adsorption (1 µmoltot/gmicroalgae) does not account for
the total increase of Pb(II) and Cr(III) (3.3 µmoltot/gmicroalgae).
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Also, the effects of metal-treated algae upon adsorption experiments in multi-ion
solutions were fully characterized. In Figure 10, FT-IR spectra of the pristine alga before
and after metal adsorption in multi-ion systems are plotted.
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Figure 10. FTIR-ATR spectra of the alga before and after metal adsorption in multi-ion systems.

No marked differences were found when spectra of the treated algae were compared
with those of the pristine one (Figure 10). A broadening of the main band, centred at
3291 cm−1, occurred, as well as of the complex band at 2955–2855 cm−1. Broadening is also
observed for the shoulder around 1720 cm−1, while the band at 1244 cm−1 is reduced in
intensity. However, the most remarkable difference between mono- and multi-ion systems
regards the region around 900 cm−1, where the out-of-plan bending of the OH groups
is still visible. This band completely disappeared upon the adsorption of metal ions in
all single-ion solutions, while it is still weakly visible in the plot of multi-ion solution
(Figure 10). This result suggests that, upon contacting the bio-sorbent with the multi-ion
system, a different interaction of the metals with OH functional groups are active. Thus,
a possible different adsorbate–sorbent interaction is possible, related to the modification
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of the binding sites and/or different ionic species to be adsorbed. However, this point,
considering the system complexity, deserves further studies to be confirmed.

In Figure 11, SEM micrographs of the alga before and after the metal capture in multi-
ionic solution are reported at two different magnifications and compared with those of the
pristine alga.
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Also, in this case, only the effect of cell drying, such as pitting, cell damage, distortion
and collapse, is observable [55], with no evidence of the algae–metal interaction. Similarly,
EDX analysis (Figure S5), did not show any evidence of Pb(II), Cr(III), and Cd(II) adsorption,
and only Mg(II), K(I), and Ca(II), and P originally present in the pristine algae, were
detected.

3.2.3. Preliminary Comparison of Adsorption to Living and Dried Algae: Cd(II) Case

A preliminary comparison between living and dried algae adsorption behaviour
was performed on Cd solution, applying the same conditions reported above. Results of
the comparison of the adsorption capacity, measured by ICP-OES of the initial and final
solution of the living and the dried algae are summarized Table 1.

Table 1. Comparison between Cd adsorption in living and dried algae.

Ion
Initial Metal

Concentration (mg/L)
pH Contact Time

Dried Algae Adsorption Living Algae Adsorption

mg/L % (w/w) mg/L % (w/w)

Cd(II) 0.2 ± 0.002 6
2 days 0.151 ± 0.001 76 0.156 ± 0.001 78

4 days 0.125 ± 0.001 63 0.182 ± 0.001 91

After 2 days of contact time, both living and dried algae were able to capture the same
Cd amount, i.e., 78% (w/w) and 76% (w/w) of the total. However, when the contact time
was prolonged for 4 days, the living algae were able to capture a larger amount of ions, up
to 91% (w/w), while in the dried one, Cd adsorption is even lower (76% (w/w) and 63%
(w/w) at 2 and 4 days of contact time, respectively).

After the contact reaction, the living cells were freeze-dried and characterized by
FT-IR-ATR analysis (Figure 12).
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Figure 12. FTIR-ATR spectra of the living and dried algae after Cd(II) adsorption. Untreated algae
spectrum is reported for comparison. Living cells were dried after being contacted with Cd solution.

No significant differences are present in the high frequency region of the living and the
dried microalga after adsorption. The band centred at 1244 cm−1 appears to be less intense
than the pristine one, but more intense than the dried microalga. Also, the low frequency
region, around 800 cm−1, changes following the same behaviour as before: lower intensity
than the pristine, and higher intensity than the living microalga.

The morphology of the living and dried algae before and after Cd capture was analysed
by SEM analysis, pictures are reported in Figure 13 at two different magnifications, namely
2.50 KX (above) and 5.00 KX (below). In dried algae (Figure 13b), only the typical effect of
the drying process on the cells manifests itself. Similarly, the living algae show signs of cell
wall damage [55]; however, in this sample, cells appear slightly smaller, oval-shaped, and
less grouped. Also, in this case, EDX analysis (Figure S6) did not evidence any adsorption
of Cd ions.
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4. Discussion

Heavy metals, such as Pb(II), Cr(III), and Cd(II), can be found at very low concen-
trations in the wastewaters of different productive sectors, e.g., ceramic manufacturing,
ferrous metals processing, and surface treatment of metals and plastics [46–48]. The aim of
this work is to understand the applicability of the microalga C. reinhardtii to treat low con-
centrated wastewaters (0.5 mg/L Pb(II), 0.2 mg/L Cr(III) and Cd(II)), before reintroducing
them into the environment, following European regulation and limitations [49].

Despite the observed cells damage due to the applied freeze-drying process, pristine
C. reinhardtii maintains its original metal ion adsorption capability. This result is not
surprising when considering the dried biomass as a natural sorbent, consisting mainly of
cellulose or proteins. Both biopolymers, are reported to be able to interact and capture
metal ions [29,35,41]. The sorption capability is strictly connected to the residual functional
groups present in the dried biomass as well as to the operating conditions, contact time,
and pH adopted during the adsorption process.

Two days of contact were found appropriate to reach the 65–80% (w/w) of metal
capture depending on the considered metal ion. Apparently, the algae have a larger affin-
ity for Pb(II) and Cd(II), respectively, 80% (w/w) and 76% (w/w) of adsorption, while
only 65% (w/w) of Cr(III) is adsorbed. However, looking at µmolion captured by 1 g
of sorbent material, it is possible to observe that Cr(III) is the most captured ion, nom-
inally 8.3 µmolCr/gmicrolgae, while Pb(II) and Cd(II) have, respectively, been adsorbed
6.5 µmolPb/gmicroalgae and 4.5 µmolCd/gmicrolgae. A prolonged contact time of 4 days did
not influence the adsorption yields of Pb(II) and Cr(III), which remained almost constant,
but it had a negative effect on Cd(II) adsorption, which decreased from 76% (w/w) down
to 63% (w/w), thus from 4.5 µmolCd/gmicrolgae to 3.7 µmolCd/gmicroalgae, suggesting a re-
versibility in the adsorption–desorption reaction of Cd. Similar results were reported in the
literature by [10], on HMs sorption by different algal strains (Chlorella vulgaris and Spirulina
maxima) studied over 10 days. By evaluating the metal removal every 2 days, the authors
showed that the adsorption equilibrium was dependent on the metal type, the alga strain,
and the amount of the biosorbent used in the experiment.

Regarding the observed pH effect, the affinity between the biosorbent surface and the
ions species in the solution should be considered to explain the different behaviour. As a
matter of fact, according to Romera et al. [56], solution pH impacts two aspects: ion solu-
bility and biosorbent total charge, which both affect the equilibrium of the system [57,58].
Therefore, the influence of pH on the metal sorption is dependent on the functional groups
of the biosorbent and on the presence of different metal species in the solution, thus gov-
erning the adsorption behaviour [59,60]. To reach a deeper insight, chemical speciation in
solution was calculated as a function of pH by means of the Hydra-Medusa software [50],
the plots for the single-ion system are reported in Figure S7a–c. As a general consideration,
at every pH, positive charged or neutral metal species are present; therefore, the interaction
with the negative charged surface of the dried alga is favoured. Considering the complexity
of the equilibria and species distribution of Figure S7a–c, in Figure 6 the possible main ion
species present at pH 6 and 7 are summarized.

At pH 6, the Pb ion is present in the stable form of Pb2+, and in a negligible amount in
the form of PbOH+. The main species in solution of Cr-containing system are Cr2O3 and
CrOH2+, accompanied by a limited amount of Cr(OH)2

+ and Cr(OH)3. Cd metal, instead,
is always present as Cd2+. At pH 7, the presence of Pb2+, PbOH+, Cd2+, and Cr2O3 is
confirmed, while all the other species are negligible.

The constant and high capture of lead can be explained by the interaction of charges of
opposite sign; the simple positive ion species Pb2+ easily interacts with the negative surface
of the bio-sorbent (ZP = −18.8 mV). On the contrary, the decrease of chromium adsorption,
observed for increasing pH, can be related to the progressive formation of neutral species,
i.e., Cr2O3, which are able to interact with the sorbent in a weaker way (e.g., Van Der Waals
interaction) than the charged ones, i.e., CrOH2+, present at pH 6. It is not surprising that a
lower Cr adsorption is detected at pH 7, where the progressive increase of neutral species
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formation occurs at the expense of the charged Cr(OH)2
+ and CrOH2+. Moreover, Cr(III)

adsorption at pH 7 could be affected by a higher steric hindrance of the Cr species, despite
charged one, thus preventing higher metal capture. This is different to the case of Cd(II),
where pH effect on the adsorption is not explained by charge interaction. Indeed, Cd ions
are always present as Cd2+, and the formation of low amount of neutral species, as reported
by [61], is not able to fully explain the observed marked adsorption decrease from pH 6 to
pH 7 (from 76% (w/w) down to 65% (w/w)). It can be hypothesized that charged species at
different pH are characterized by different water molecules’ coordination spheres which
imply a larger steric hindrance at pH 7, hence a decreased availability of the adsorption
sites. As a matter of fact, more sterically encumbered species cover larger surface portions
and/or suffer for repulsions due to overlapping of the coordination sphere.

The nature and the extent of the coordination sphere of the different ions can be
explained by considering ionic radii and charge density. Indeed, Pb(II) ions are reported
to be weakly hydrated because of their low charge density. Pb(II) compounds normally
crystallize without water coordination and thereby are unable to form a complete hydration
shell [62]. On the contrary, complexes with high coordination number are reported for Cd
ions, such as Cd2

+(H2O)6(H2O) [63]. Accordingly, the resulting steric hindrance can be
accounted to explain the difference in metal capture, mainly at higher pH. Furthermore,
considering this algal biomass, a correlation has been proposed between the ionic radii of
the metal cations and the affinity of the biosorbent; the larger the ionic radius the stronger
the affinity [37]. Considering the ionic radii ranking, Pb2+ (1.32 Å) > Cd2+ (1.03 Å) > Cr3+

(0.65 Å) [64], a preferential biosorption of Pb ions, followed by Cd and Cr, may occur.
According to the performed characterization studies, an electrostatic interaction be-

tween the metals and some microalgal functional groups, i.e., amino, hydroxyl, acyl-
glycerol, and phosphate groups, is suggested by FT-IR analysis. Indeed, these are electron-
rich groups that are able to interact with the positively charged cations consistently with
the negative ZP measured, and the process conditions do not affect their availability to the
adsorption phenomena. The EDX results show a decrease of the peak-intensity of the light
metals (i.e., Mg(II), K(I), and Ca(II)) naturally present in the pristine alga upon Pb, Cr, and
Cd solution, suggesting an ion-exchange mechanism between those ions already present
on the cell surface and those of interest. The absence of Cr(III) peak EDX spectra can be
related to the very low metal amount used and to the overlapping of detection regions [65].

Considering the evidence of (1) experimental data, the (2) nature of the species in solu-
tion, the (3) effect of steric hindrance, and (4) ionic radii, the affinity ranking Pb > Cd > Cr
is considered highly plausible in case of the use of C. reinhardtii as biosorbent in our
conditions.

The comparison between the microalgal adsorption at pH 6 in single-metal systems
and in multi-metal systems is reported in terms of captured µmolion/gsorbent in Table S7,
to correctly compare the behaviour of the alga toward a complex matrix. The overall
absolute capture behaviour of the microalga follows the same trend in both systems:
Cr(III) > Pb(II) > Cd(II). However, the multi-metal system displays a total increase in cap-
tured moles, in particular, Pb adsorption increases of 0.8 µmole, Cr of 2.5 µmoles, and Cd
capture decreases of 1 µmole.

Ionic species distribution in single- and multi-ion solutions, calculated by Hydra-
Medusa, reported in Figure S8, are compared in Table 2. As can be observed, the main
species arising are the same both in the single-ion system and in multi-ion systems.

4.1. Pb(II) and Cd(II) Ions in Multi-Ion Systems

At first glance, in multi-ion systems at the studied operating conditions (reported at
Section 2.3), Pb(II) and Cd(II) adsorption seem to be subjected to site competition. Similarly
to single-ion systems, the difference of capture between Pb(II), showing a higher adsorption,
and Cd(II), showing a lower adsorption, can be related to the nature and to the charge
density of the ions. Pb(II) has a lower charge density and a higher ionic radius. Cd(II)
forms highly coordinated complexes, implying a low availability of the adsorption sites,
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and has a small ionic radius. According to the discussion on single-ion adsorption, a lower
charge density is related to a smaller extent of the coordination sphere, and a higher radius
is related to a higher affinity. In these terms, they display a respective increase and decrease
of adsorption of 1 µmol. With both ions being bivalent, a site competition is proposed.

Table 2. Main ionic species by Hydra-Medusa calculation and corresponding ionic strength (single-
ions reported for comparison).

Metal Ion
Single-Metal Multi-Metals

Species Ionic Strength Species Ionic Strength

Pb(II) Pb2+

PbOH+ 7.23 Pb2+

PbOH+

32.75Cr(III) CrOH2+

Cr2O3
20.22 CrOH2+

Cr2O3

Cd(II) Cd2+ 5.34 Cd2+

4.2. Cr(III) Ions in Multi-Ion Systems

At the studied operating conditions, the multi-ion system shows a strong increase in
Cr(III) adsorption. Cr(III) is trivalent, in this sense its adsorption sites may be different
from the bivalent ions and it will not be subjected to site competition. By considering the
initial concentration in µmolion/gmicroalgae, the higher the particle concentration, the higher
the probability of collision, thus the higher the aggregation rate [66]. The ionic strength
of the multi-ionic system is higher than those of single metal solutions (Table 2), this
influences the precipitation of the species. Moreover, the higher the ionic strength, under
certain concentrations (0.15 M reported by [67]), the higher the aggregation probability
and thus, the higher the precipitation. Therefore, in these specific operating conditions,
chromium capture increase can be related to aggregation and precipitation reasons, rather
than adsorption itself.

Also, in this case, FT-IR analysis suggests an electrostatic interaction between the
metal cations and the electron-rich microalgal functional groups. Although it is not possible
to clearly evaluate a preferential interaction of the different cations with specific groups,
it is possible that in multi-metal experiments, hydroxyl groups are more affected by the
adsorption process than in single-metal adsorption. This should be due to the higher total
amount of metal ions in solution. Concerning SEM analysis, the co-presence of the three
ions has no or limited effects on the microalga morphology. The absence of representative
peaks in EDX analysis must be considered as related to the very low concentration under
study.

4.3. Adsorption to Living and Dried Algae: Cd(II) Case

In this experiment, living microalgae were treated with Cd for 4 days. After 2 and
4 days, the remaining concentration of Cd in the solution was investigated and the Cd
adsorption to the microalga was calculated. After the experiment, i.e., after 2 or 4 days, the
algae were freeze-dried and further analysed. Up to two days, Cd adsorption appears to be
almost the same for both dried microalga and living microalga. However, by continuing the
experiment for another two days, a decrease in adsorption is visible for dried algae, while
an increase occurs in living microalgae. This difference highlights the reversibility of the
adsorption process to dried microorganisms and the stability in living microalgae, probably
due to bioaccumulation inside the alga itself. By bioaccumulation, the living microalgae
take up the metals’ ions and store them inside the cells. In living cells, two mechanisms of
uptake of metal ions occur: first biosorption, i.e., the adsorption of metals ions onto the cell
surface due to negatively charged functional groups and secondly, bioaccumulation, by
which the metals are transported into and stored inside the cells.

FT-IR spectra show the same trend both in living and dried sorbent, with a slightly
higher intensity in two regions: 1244 cm−1 and 1000 cm−1. This can be interpreted as a
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lower interaction on the surface of living microalgae, due to bioaccumulation inside the
cell, contrary to what happens to dried microalgal surface.

SEM images of living adsorbent show smaller, oval-shaped, and less-grouped cells.

5. Conclusions and Future Developments

Microalgal adsorption represents a sustainable solution for the removal of heavy
metals from polluted water streams. The biomass of dried C. reinhardtii is able to capture
Pb, Cr, and Cd from water solution, even when in low concentration, showing a high
efficiency removal up to 80–90% (w/w). The capture process is governed by the negatively
charged surface wall of the dried C. reinhardtii, which can electrostatically bind the positively
charged ions, and weakly (e.g., Van der Waals interactions) bind the neutral species. The
exposed electron-rich functional groups of the algae cell wall are involved in the interaction
with cations through coordination and electrostatic interactions. pH has a strong influence
on the distribution of the species that can actively take part in the adsorption process;
however, it apparently does not directly affect the algal functional groups at the surface
of the cell wall. C. reinhardtii metal affinity depends on the nature of the ionic species, on
steric hinderance, and on ionic radii. The affinity ranking proposed is Pb > Cd > Cr for
multi-ion solutions. Considering multi-metal solutions, a site competition for Pb and Cd
is proposed since they are both bivalent and show a strong difference in charge density
and in ionic radius. SEM analysis of the alga before and after metal adsorption showed
the disruption, damage, distortion, and collapse of the spherical cell typical of the drying
process, while no evidence of an additional effect of the metal capture was found. First
experiments show that the HM removal capacity of living algae is even higher than that of
dried biomass, probably due to additional bioaccumulation inside the cells.

The performed study is particularly useful for wastewater treatments under low metal
concentration solutions. In future papers, the investigation should be performed under
increased equimolar concentration to better study the sorbent, its affinity, and its selectivity
ranking.
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//www.mdpi.com/article/10.3390/app142311057/s1, Figure S1: FTIR in ATR mode low frequency
region spectrum of pristine C. reinhardtii; Figure S2: EDX analysis of pristine dried C. reinhardtii. Au*
peak is related to gold plating of samples to make them conductive; Figure S3: FTIR in ATR mode of
the microalga before (namely, pristine) and after the adsorption of the HMs at pH 6 full spectra; Figure
S4: EDX analysis of the microalga after single metal adsorption at pH 6; Figure S5: EDX analysis of
the microalga after multi-metal adsorption at pH 6. Au* peak is related to gold plating of samples
to make them conductive; Figure S6: EDX analysis of the living microalga after Cd adsorption. Au*
peak is related to gold plating of samples to make them conductive; Figure S7: Hydra-Medusa plots
for: (a) Pb(II), (b) Cr(III), and (c) Cd(II) single-ion solution; Figure S8: Hydra-Medusa plots of the
multi-ionic solution; Table S1: capture of metal ions using living and dead biomass; Table S2: Metal
concentration of industrial wastewater streams (BAT reference documents); Table S3: Kuhl Medium
composition for the algae growth; Table S4: Characteristics IR bands and functional groups detected
in the samples; Table S5: Dried algae metal adsorption at different contact times at pH 6; Table
S6: Nominal results of dried algae metal adsorption at pH 6 in single and in multi-ion solutions;
Table S7: nominal results (µmolion/galgae) of dried algae metal adsorption at pH 6 in single and in
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