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A B S T R A C T

Remediation of an environment affected by metals based on the use of algae is an important technological
breakthrough, where biomass harvesting is the limiting key-point. In this research, iron oxide particles (IOPs)
and natural magnetic clay (NMC) coated with polyethilenimine (PEI) were successfully applied in the harvesting
of Chlorella sp. coupled to the remediation of zinc ions with harvesting efficiencies> 94%. Even though the
presence of the metal did not affect the harvesting process, adding IOPs induced a metal displacement which
increased zinc concentration upon harvesting. Contrary to that, Clay-PEI functionalized (NMCP) particles in-
creased the amount of removed metal after harvesting. From these results it can be concluded that both tested
particles are suitable for harvesting algal biomass and only NMCP are compatible with metal remediation.

1. Introduction

During the last decades algal biomass has been found to have
multiple biotechnological applications, such as wastewater bior-
emediation and biofuel production [1–5]. In this context, several algae
species have been characterized in their capacity for massive cultiva-
tion, lipid yield and metal removal from different water matrices [6,7].
Due to the diluted nature of algae cultures and the required down-
stream processing biomass concentration is necessary. Even though
technologies have evolved, biomass harvesting is still a bottleneck that
might jeopardize the complete development and application of algae
biotechnologies [8–12]. In recent years, the idea of using magnetic
particles for algae biomass harvesting has drawn attention and a series
of articles have been published describing the properties of such mag-
netic particles and their efficient application for harvesting [13–16].
Some results describe particle-cell surface interaction and how the
harvesting performance is affected by particle functionalization, pH and
ionic strength changes [14,15,17,18]. This method has been success-
fully applied in the harvesting of different algae species [19–22]. In
addition, magnetic harvesting offers the advantage of simplicity, low
energy consumption, short time execution and the possibility to re-use

magnetic particles and culture medium [16,20,23,24]. One of the un-
answered issues about the magnetic harvesting is its efficiency on
biomass recovery during metal bioremediation.

Human activities and industrial processes have led to worldwide
heavy metal pollution. Water and soil contamination by zinc is mainly
due to the release of wastewater from the galvanization and electro-
plating industries [25–27]. Although zinc is an essential cofactor for
some enzymatic activities, in high doses it becomes toxic (100–500mg/
day) [25]. This leads to a major need for remediation of contaminated
soils and water as well as industrial wastewater treatment. Algal bio-
mass has proven to be very effective for metal removal from water
[3,28–30]. The biosorption capacity for heavy metal ions has been es-
sentially attributed to the presence of various functional groups on the
algal cell surface such as hydroxyl, phosphoryl, amino, carboxyl and
sulphydryl, which confer negative charge to the cell surface [3,31].
However, metal adsorption could modify functional groups availability
and thus cells surface charge affecting magnetic harvesting. In this re-
gard testing metal removal and magnetic harvesting compatibility is
needed.

This work focuses on finding an appropriate system for metal re-
moval coupled to an efficient harvesting method. Therefore, the
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compatibility of metal removal and magnetic harvesting is tested.
Chlorella cells are employed to study zinc removal and magnetic har-
vesting using two different magnetic materials: 1) Iron Oxide Particles
(IOPs) obtained by co-precipitation method and 2) Natural Magnetic
Clay (NMC). Magnetic material characterization, harvesting assays,
zinc removal at different metal concentration and the compatibility of
both processes are analyzed. ζ-potential changes and the interplay of
cell surface functional groups due to the presence of zinc are studied as
well. Another issue analyzed in this work is if the physiological state of
the algae cultures affects the metal remediation and the magnetic
harvesting.

2. Materials and methods

2.1. Magnetic particles synthesis and preparation

2.1.1. Magnetic iron oxide particles synthesis by the co-precipitation method
The magnetic iron oxide particles were synthesized by precipitating

the particles from an aqueous mixture of iron salts composed by
FeCl3.6H2O and FeSO4.7H2O, with a molar ratio Fe3+/Fe2+=2.
Precipitation was induced by addition of NH4OH (25%) at room tem-
perature under magnetic stirring. The brownish product powder was
separated by filtration and exhaustively washed with water and
ethanol. The final obtained solid was denoted as IOPs for Iron Oxide
Particles.

2.1.2. Preparation and functionalization of natural magnetic clay particles
The magnetic particles were prepared by high-energy ball-milling

using as a starting material the natural magnetic powder obtained from
the clay of Iloca beach in Chile (34°55′00″S 72°11′00″O) by magnetic
separation. Milling was performed in a 8000D dual mixer/mill during
600min and with a mass relation between Balls and Powder of 12:1.
The as-milled powder was collected from the vial with acetone. The
surface charge of the particles was changed after the milling using a
rotary evaporator and dispersing 1 g of as-milled powder and 5 g of
branched polyethylenimine (PEI, MW=25.000, Sigma-Aldrich, USA)
in 100mL of citrate buffer (pH=5.5) with the addition of 0.1mL of
TWEEN80. The solution was incubated in a rotary shaker during 24 h at
200 rpm and at 40 °C. After that, the magnetic particles coated with PEI
were collected by magnetic separation.

2.2. Magnetic particles characterization

2.2.1. X-Ray diffraction (XRD)
The XRD patterns of the particles sample were measured using a

Empyrean X-rayPW170 diffractometer (Phillips, The Netherlands) with
CuKα radiation, between 2θ=20–70° at steps of 0.02° with counting
time of 2 s/step. Samples were conditioned by dispersing the powder on
a sandblasted glass.

2.2.2. Hydrodynamic size and ζ-potential measurements
Hydrodynamic size and ζ-potential measurements were performed

in the Dynamic Light Scattering (DLS) equipment ZetaSizer ZS90
(Malvern, United Kingdom). For hydrodynamic diameter, the mea-
surements were performed with a scatter angle of 90° and using a
standard polymeric cuvette. The particles were dispersed in deionized
water. Three sets with an automatically calculated number of mea-
surements were performed of each sample and the final results were
obtained from the statistical analysis of these three sets. The ζ-potential
measurements were performed for the particles dispersed in deionized
water at pH 7 and for the cells in culture medium at pH 5.5 and pH 6.8
using standard polymeric cuvettes and an applied potential of 150 V.

2.2.3. Magnetic properties analysis
Magnetization curves as function of applied field up to 10 kOe were

performed at room temperature in a commercial vibrating sample

magnetometer (Lakeshore) calibrated with a Ni sphere. For the mea-
surements, samples were conditioned by dispersing in a polymeric
matrix to avoid the mechanical rotation.

2.3. Alga strain used and culture conditions

The strain Chlorella sp. 20A, was isolated from an avian farm was-
tewater treatment and kindly donated by Dr. Javier Fernandez Velasco,
National University of Lujan. Algal cells were grown on modified Bold
Medium without ethylenediaminetetracetic acid (EDTA), with reduced
Zn2+ concentration (0.023 g/L ZnSO4. 7H2O) and at a pH of 5.5. Algal
cells were cultured in 250mL Erlenmeyer flasks with 100mL medium
on a rotary shaker at 21 °C under light vs. dark cycle of 14 h vs. 10 h
respectively and at an irradiance of 80 μmol/m2 s using cool light
fluorescent and grolux lamps. Growth was monitored by cell count
using a Neubauer chamber. All experiments regarding culturing, har-
vesting and metal removal were performed under sterile conditions.

2.4. Magnetic separation of algal biomass: experimental procedure

Magnetic separation was performed in 50mL Erlenmeyer flasks
with 10mL modified Bold Medium inoculated with algae in both
growth phases, exponential and stationary, to reach a density of
9× 106 cells/mL. The magnetic particles were suspended in 5mL of
deionized water and dispersed by bath sonication for 5min. The
amount of magnetic particles necessary to obtain 90% harvesting effi-
ciency was assessed in preliminary experiments. Algal cells and mag-
netic particles were mixed at 250 rpm for 5min and exposed to a per-
manent NdFeB magnet (a disc with a diameter of 16mm and 5mm in
thickness with a magnetic field of 8 kOe at the surface of the magnet)
for 2 and 5min. After exposure, a sample of supernatant was taken by
means of a pipette while the Erlenmeyer was still placed next to the
magnet. Algal cells remaining in the supernatant were counted under a
light microscope using a Neubauer chamber and harvesting efficiency
(E%) was calculated as follows: E= [(A0−A1)/A0]× 100, where A0 is
the initial cell number of the algal suspension before separation and A1

is the cell number of the supernatant after the magnetic separation. Due
to the small cell size of Chlorella and short harvesting time, sedi-
mentation of algae cells to the bottom of the Erlenmeyer was neglected.
All experiments were performed in triplicate and presented results are
mean values ± standard deviation.

2.5. Metal removal experiments

Metal removal experiments were performed in batch-like assays
with algae cultures in both, exponential and stationary, growth phase.
Zinc chloride (ZnCl2) was dissolved in deionized water, to a final con-
centration of 2 g ZnCl2/L (note that all zinc concentrations hereafter are
expressed as mass of Zn2+, and not as mass of ZnCl2). Experiments were
performed in 50mL Erlenmeyer flasks with 10mL of algal cells diluted
in Bold Modified Medium to reach 9× 106 cells/mL and Zn2+ initial
concentration between 25 and 125mg/L. After 24hs, a 1.5 mL sample
was centrifuged for 10min at 10000g and the supernatant was collected
to determine Zn2+ ions concentration by using Inductively Coupled
Plasma with optical emission spectrophotometer (ICP OES) Agilent
5110. The total Zn2+ removed by algal cells was calculated as the
difference between the initial and the remaining Zn2+ concentration in
the supernatant and expressed as metal removal efficiency. After taking
the sample for the determination of Zn2+ concentration, algal cells
were harvested as described in the previous section. Metal uptake ex-
periments were carried out in triplicate, and the results are expressed as
mean values ± standard deviation. All materials used to handle and
grow the algae were previously rinsed with nitric acid, and then several
times with deionized water.
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2.6. Image acquisition and analysis

Images were obtained using a Light Microscope DM1000 (Leica
Microsystems, Germany) and a digital camera ICC50HD (Leica
Microsystems, Switzerland). To determine Chlorella sp. size, cells were
photographed and analyzed using the image software ImageJ (ImageJ,
NIH, USA). From the light microscopy images cell volume was calcu-
lated using the measured diameters and by approximating the cells to a
sphere using the formula given by Hillebrand [32]. For scanning elec-
tron microscopy (SEM) imaging cells were prepared using a standard
glutaraldehyde fixation and ethanol dehydration protocol. Cells and
particles were fixed in 2.5% glutaraldehyde in 0.1M PBS buffer pH 7
and attached to a paper filter disk. Increasing concentrations of ethanol
starting from 50% to 100% were used to dehydrate the cells on the disk.
The filter disk was coated with a thin gold layer prior to imaging with a
microscope Inspect S50 (FEI, The Netherland) combined with an energy
dispersive X-ray analyzer (EDS) EDAX Octane Pro (Panalitical, The
Netherland).

2.7. Fourier Transform Infrared (FT-IR) measurements and analysis

FT-IR spectra were collected in a UATR Spectrum Two spectrometer
(Perkin-Elmer, United Kingdom) in the range of 600–3000 cm−1. The
samples were conditioned as following: the algae in the culture medium
were centrifuged at 5000g during 10min. Supernatants were removed
and the pellets were washed with deionized water and centrifuged
again in similar conditions. The pellets with the algae cells were placed
over the crystal of the UATR dried with nitrogen flow and the mea-
surements were performed by applying a moderated pressure over the
dried sample, using a similar pressure in all measurements. Special
attention was made to a complete cover of all the crystal with the
sample. Algae without the exposure to Zn2+ (control), and exposed to
Zn2+ concentrations of 25, 50, 75, 100 and 125mg/L were measured.
The absorption difference spectra were calculated directly with the
Perkin Elmer's software, without any correction of the intensity, using
as subtracting reference data the spectrum without Zn exposure (con-
trol). Peaks corresponding to the different functional groups assignment
and identification were done following references from the literature
[33,34].

2.8. Statistical treatment

All experiments were performed as minimum in triplicates.
Statistical treatment and significant differences were evaluated either
by one way ANOVA with Sidak's multiple comparisons test or unpaired
t-test with Welch's correction that does not assume variance homo-
geneity. Statistical analysis was performed using Prism (GraphPad
Software, USA). In all cases the significance level was set at p=0.05.
Extra details on statistical treatments are indicated in the figures cap-
tions or tables footnotes.

3. Results and discussion

3.1. Magnetic particles and Chlorella sp. cells characterization

Harvesting assays were performed using two different materials: 1)
IOPs obtained by the co-precipitation method, and 2) NMC. For mate-
rial characterization, and to evaluate its usage in cells harvesting, XRD,
ζ-potential by DLS and magnetization analysis were performed.
Characterization studies results are summarized in Fig. 1 in addition
Appendix A shows SEM images of the magnetic particles (Supplemen-
tary Fig. A 1). In both samples, XRD profiles evidence predominance of
ferrite phase, with broad lines characteristic of the presence of a na-
nocrystalline morphology. In addition, the XRD patterns of IOPs and
NMC particles display six broad peaks at 2θ=30.1, 35.6, 43.4, 53.6,
57.2, and 62.8° consistent with a spinel structure and would indicate

the presence of maghemite (γ-Fe2O3) and/or magnetite (Fe3O4) iron
phases according to the respective powder diffraction file (PDF) num-
bers of 39–1346 and 19–0629. The DLS analysis gave a hydrodynamic
mean size around 236 nm for IOPs in water suspension and a positive ζ-
potential of 11mV. In addition, a low saturation magnetization
MS=4 emu/g with no hysteresis was determined for these particles.
Low magnetization, absence of hysteresis and the linear magnetic be-
havior in the higher field region apparently indicates a higher level of
oxidation with respect to the ferrite. These values were obtained by
measuring the raw material with no processing and/or functionaliza-
tion of the IOPs. On the other hand, NMC showed, after ball-milling, a
mean particle size of around 225 nm in water suspension with a broad
size distribution, negative ζ-potential of −23.4mV, a magnetization of
MS=42 emu/g and coercive field of HC~200 Oe. In both particles,
IOPs and NMC, the broad peaks in the XRD profiles indicate a lower
crystalline size when compared to the particle hydrodynamic diameter
measured by DLS, probably consequence of agglomeration and/or
polycrystalline morphology of the particles. Since a net negative charge
would not allow cell-particles interaction, surface charge of the NMC
particles was modified by polyethylenimine functionalization (NMCP).
The binding of the polymer changed the ζ-potential from −23mV to
50mV, increased particles size to around 315 nm, but did not affect
magnetic properties (data not shown). The NMC and NMCP samples
presented higher saturation and coercivity when compared to the IOPs.
However, it is worth mentioning that the milling procedure and the
natural origin of the sample (with impurities) lead to an expected re-
duction in the magnetization with respect to the natural clay before ball
milling. This is a consequence of the stress and defects produced by the
physical process. Nevertheless, magnetization was several times higher
than for IOPs.

The Chlorella sp. cells had a spherical morphology and a cell dia-
meter ranging from 2.5 to-7 μm. The strain cultures show no tendency
to cell aggregation or biofilm formation and presented very high cell
density (> 90×106 cells/mL) (Supplementary Fig. A 2 panel A and B).
The ζ-potential measurements showed negative values of −30.2
and− 32.8 for exponential and stationary cells respectively. Finally,
electron microscopy (SEM) images showed an irregular cell surface,
covered with prominences that could contribute to increase the ad-
sorption area (Supplementary Fig. A 2 panel C).

3.2. Chlorella sp cells harvesting using low cost magnetic particles

Harvesting efficiency was thoroughly tested for both characterized
materials, IOPs and NMC. The assays were performed as described in
the materials and methods section and different forms of the NMC (bare
and functionalized) were tested. Since cell surface functional groups
could change with the physiological state of the cultures and, therefore,
cell-particles interaction could be affected, harvesting experiments
were carried out at exponential and stationary growth phases. Given
the fact that IOPs showed lower magnetization properties, the amount
of particles used in these assays was set up based on the IOPs harvesting
performance. This amount was tested in a previous assay in order to
achieve ≥90% harvesting efficiency for 9× 106 cells/mL (data not
shown). Table 1 shows harvesting efficiencies at different growth
phases using IOPs, NMC and NMCP particles. These experiments
showed a harvesting efficiency of> 90% for both particles, the IOPs
and NMCP. A macro- and microscopic view of the harvesting assays as
wells as cell surface- particles interaction are shown in supplementary
Fig. A3 and A4 (Appendix A). As it was stated before, the positive
charge of particles neutralized, and therefore attach to, the negatively
charged algal cells (Supplementary Fig. A5).

One of the main objectives of the present study was to determine the
efficiency of using low cost and non-contaminant magnetic material for
algae biomass harvesting. Different types of IOPs have been successfully
applied for algae harvesting [14,15] but to our knowledge, it is the first
time that NMC is used for algae recovery. Another key issue analyzed in
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this work, was regarding the effect of the physiological state of the
algae cultures on the harvesting process. It has been reported that
surface functional groups tend to change during culture progression
[19,35,36] and this could impact on metal ion removal and on the
magnetic harvesting. Chlorella sp. cells harvesting in exponential and
stationary phase with IOPs, naked NMC and NMCP was analyzed.
Harvesting efficiencies were around 95% for IOPs and NMCP, but were
negligible for naked NMC (Table 1). This could be explained by the ζ-
potential differences (Fig. 1C). In an environment with low ionic
strength, the interaction between fresh water algal cells and particles is
mainly due to electrostatic attraction [37]. Supplementary data (Fig. A
5) shows a detailed of the cell surface functional groups that contribute
to the net negative charge of the cells and the chemical groups that,
depending on the pH, positively charge the particles. Algal cells as well
as the naked NMC particles showed a net negative charge, which ex-
plains why the harvesting assay did not work. On the other hand, IOPs

and NMCP particles had positive charge at the working pH and allowed
cells particles interaction and high separation efficiencies. Prochazkova
and coworkers reported that, although ζ-potential change, C. vulgaris
maintains a negative charge even at very low pH [15]. Contrary to this,
the IOPs, constituted mainly by metal oxides such as Fe3O4 and/or γ-
Fe2O3, are covered by hydroxyl species and have a pH-sensitive surface
charge that becomes positive below the isoelectric point which is
7.9 ± 0.2 [13,18]. In order to obtain higher harvesting efficiencies
regardless of environmental changes particles with functional coating
have been engineered [38,39]. This allowed magnetic separation of
negative ζ-potential algae with positive ζ-potential particles by elec-
trostatic attraction, irrespective of the original particles surface charge.
Regarding the effect of the growth phase of the culture on the har-
vesting, there were no differences in the efficiency of the assay for
exponential and stationary cultures. This could be explained by the fact
that cell surface charge and the ζ-potential were negative and similar in

Fig. 1. Particles characterization. A. XRD pattern of the magnetic material, B. Dynamic Light scattering analysis. C. ζ-potential measurements of the different
magnetic particles in deionized water (pH=7.0). D. Magnetization analysis of the Iron Oxide Particles (IOPs), Natural Magnetic Clay (NMC) and Natural Magnetic
Clay -Polyethylenimine (NMCP) particles. Arb. Units: arbitrary units; d: diameter; nm: nanometers; σ: standard deviation; mV: milivolts; M: material magnetization
(emu/g); H: External applied field (kOe). (This is a 2 column fitting image, color: online only).

Table 1
Harvesting efficiencies of Chlorella sp. biomass with different types of magnetic particles. The table summarizes the harvesting performance for different types of
particles applied to the two growth phases of the cultures, exponential and stationary. Zeta potential of the cells and particles are indicated in the table. M: mean;
STD: Standard Deviation; IOPs: Iron Oxide Particles; NMCP: Natural Magnetic Clay- Polyethylenimine. Harvesting assays for the different material were done in
triplicates and in three individual experiments.

Harvesting efficiency

Culture condition

Magnetic particles Exponential (ζ-potential: −30.2 ± 5.05) Stationary (ζ-potential: −32.8 ± 5.31) ζ-potential of the particles

Mean (%) STD Mean (%) STD Mean STD

IOPs (30mg) 95.7 ± 3.1 94.3 ± 2.1 11.9 3.7
NMC (30mg) 4.0 ± 6.9 – – −23.4 3.5
NMCP (30mg) 97.7 ± 0.6 94.3 ± 3.1 51.6 5.2
NMCP (15mg) 90.0 ± 6.4 – –
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both states. It is worth mentioning that, although the two types of
particles worked within the first 5 min of the assay the NMCP particles
harvested>95% of the cells in< 2min, while for IOPs it took 5min to
reach similar results. In the present study, harvesting experiments were
performed using the same mass of each type of particles in order to be
able to compare the results. However, considering the differences on
particles magnetization, a reduced amount of NMCP was tested on cell
harvesting. It was found that 15mg harvested 90% of the cells
(Table 1). From this result, it can be concluded that it is possible to get
similar harvesting efficiencies by reducing the amount of NMCP

particles. This is an important practical aspect when considering future
magnetic-assisted treatments of contaminated wastewater.

3.3. Effects of zinc exposure on cell morphology and surface properties

3.3.1. Cell cultures and cell size
To evaluate the effect of the zinc treatment, the overall culture as-

pect and cell morphology on exponential and stationary phase was first
analyzed. The most remarkable effect of the Zn2+ was the presence of a
mucilage that was only present in the 125mg/L of Zn2+ treatments

Fig. 2. Metal exposure effect on Chlorella sp. morphology
and cell size. A. Images of exponential (E-phase) and sta-
tionary (S phase) cell cultures exposed to, 0, 25 and 125mg/
L of Zn2+ under 1000 magnification. Black arrows indicate
the presence of tetraspores in the exponential cultures while
white ones outline the secreted mucilage that is evident at
125mg/L. B. Effect of Zn2+, 25 and 125mg/L in cell size
(volume) of exponential and stationary Chlorella sp. cultures.
Statistical analysis was done with one way ANOVA with
Sidak's multiple comparisons test (n=123). The significance
level was set at 0.05, being *p < 0.05 in all cases. (This is a
1.5 to 2 column fitting image, color: online only).
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(Fig. 2A). Under the microscope exponential cultures showed clear
signs of cell proliferation in control and 25mg/L of Zn2+, while there
were no signs of this on the 125mg/L of Zn2+treatment. The stationary
cultures showed no cell proliferation at all (Fig. 2A). Treatments within
the same culture condition showed no differences in size. However,
control and Zn2+ treated cells in the stationary phase presented a re-
duction in cell size when compared to the exponential ones. The cell
volume for the different growth phases and Zn2+ treatments are shown
in Fig. 2B. These results indicate a tendency in the reduction of the cell
size due to the age of culture and to metal exposure (Fig. 2A and B). In
agreement, Pereira and coworkers reported that a Cr+3tolerant Dic-
tyosphaerium chlorelloides showed a decrease in cell size and a change in
cell morphology upon Cr+3 exposure [40]. Mucilage secretion hap-
pened in both growth phases in response to high Zn2+ concentration.
Although, it is possible that part of the mucilage was being released to
the media and going into the solution, live images under light micro-
scopy showed that it was associated to the cell surface (Fig. 2A).
Therefore, it can be proposed that the secretion of this polymer is a
cellular mechanism to alleviate metal toxicity. This idea is supported by
published studies that propose that extracellular polysaccharides act as
natural metal chelators [41,42]. The secreted mucilage in response to
Zn2+ could be composed mainly by polysaccharide with high phos-
phorous content as already reported in some Chlorella species [41].
Mucilage composition was also inferred by FT-IR and EDS analysis.
These results are presented and discussed in the next section.

3.3.2. Cell morphology and cell surface analysis
Algal cells treated with Zn2+ were analyzed by SEM. Fig. 3 shows

pictures of the control and Zn2+ treatments (125mg/L) in exponential
and stationary cells. In the zinc treated cultures, a material deposition
that looked like small spheres of a nanometric size was observed

(Fig. 3A c & d bottom panels, white arrows). These were more promi-
nent in the exponential treated cultures than in the stationary ones.
Another manifestation of the mucilage deposition was a continuous
layer surrounding the cells or groups of cells that were similar in both
growth phases (Fig. 3A c & d upper panel, white asterisks). Energy
dispersive spectroscopy (EDS) analysis on treated cultures showed that
the deposited material had an increase in zinc and phosphorus abun-
dance respect to the control cells in which zinc was not detectable (data
not shown). Since metal adsorption might affect surface charge, ζ-po-
tential measurements were performed. Fig. 3B shows the potential
measured for the different growth phases during Zn2+ treatment at a
pH of 5.5. Although, the addition of Zn2+ to the growing media showed
a tendency to reduce the negative cell surface charge, the differences
were not significant and the net charge remained negative.

In order to characterize the role of cell surface functional groups
during Zn2+ treatment and to evaluate possible metal complexation
sites, FT-IR analysis was performed. To obtain a detailed description of
the changes caused by zinc exposure, cell culture samples exposed to
different Zn2+ concentrations (25, 50, 75, 100 and 125mg/L) were
analyzed. Differences among exponential and stationary cultures were
also evaluated. The results of these experiments are shown on Fig. 4.
Panel A spectrum shows the main analyzed bands in this study. The FT-
IR analysis of the exponential and stationary phases showed no differ-
ences in the functional groups present on the cell surface. Nevertheless,
all of them, except for the phosphates and polysaccharides, were more
abundant in the exponential phase (Fig. 4A). In the exponential cul-
tures, the groups were independent of Zn2+ concentration, meaning
that the observed spectrum for the 25mg/L dose was very similar to the
125mg/L one. The spectrum for the exponential phase showed, when
compared to the control, an increase of the ν(C]O) and δ(NeH) (amide
I and II, bands 1650 cm−1 and 1540 cm−1) from the amide functional

Fig. 3. Effect of Zn2+ on cell surface and mor-
phology. A. SEM images of exponential (E-phase)
and stationary (S-phase) cultures exposed to 0 (a and
b) and 125mg/L of Zn2+ (c and d). Upper and
bottom panels in a and b shows the general mor-
phology of the control cells (10,000 magnification).
Panels in c and d show a detailed of the cells and
deposited material induced by Zn2+ treatment
(white arrows in the bottom panels and white as-
terisks in the upper ones). B. Graph of the ζ-potential
measurements of control and Zn2+ treated cultures
at the exponential (E) and stationary (S) growth
phase in culture medium (pH=5.5). Zeta potential
measurements were done one time by triplicates.
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groups that belong to the proteins present in the cell wall [34] (Fig. 4C,
left panel). These groups did not appear in the stationary phase at the
25 and 50mg/L of Zn2+ treatments. However, they showed up in the
75 and 100mg/L ones, to finally decrease at the 125mg/L (Fig. 4C,
right panel). A second change was observed on the bands between
1245 cm−1 and 900 cm−1corresponding to symmetric and asymmetric
stretching vibration of the phosphates and the CeC and CeOH from
polysaccharides (1150–1020 cm−1 range). Since phosphates and poly-
saccharides contribute to bands between 1150 and 1020 range, exact

band assignment is complicated in this region of the absorption spectra.
Cells in the exponential and stationary growth phase showed an in-
crease on these bands in the presence of Zn2+, indicating that the
groups are involved in metal complexation. Again, similarly to the
amide groups, this response occurred first in the exponential cultures
(at 25mg/L) and later on the stationary ones (Fig. 4C, right panel).

Cell surface functional groups associated with polysaccharides and
proteins [4,28] play an important role in determining cell surface
charge. In order to evaluate the effect of zinc, changes in cell surface

Fig. 4. Cell surface functional groups rearrangements during Zn2+ treatment. A. Infrared spectra of exponential and stationary growth phases of Chlorella sp. cultures
(control, no Zn2+), the identified bands were: 1650 cm−1ν(C]O) corresponding to lipids, corresponding to amide I, 1540 cm−1δ(NeH), corresponding to amide II,
~1455 cm−1δ(CH2), ~1398 cm−1νs(COO) all corresponding to proteins, and bands between 1254 and 900 cm−1νas(P]O), νs(P]O), CeC and CeOH corresponding
to phosphates and polysaccharides. B. Differences in the infrared spectra of exponential and stationary states of the control cultures. C. Chlorella sp. cultures treated
with increasing Zn2+ concentration ranging from 0 to 125mg/L. The spectra were obtained by doing the difference between the treatments and the control (0mg/L
of Zn2+). Peaks intensities are expressed in relative unit.
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charge and functional groups involved in metal binding were analyzed.
The ζ-potential measurements showed that although the charge turned
less negative (from −32 to −20mV), Chlorella sp. cells maintained a
net negative surface charge after the metal adsorption process. By FT-IR
analysis the role of functional groups on metal binding was identified.
Measurable changes in the spectrum during metal treatment represent
functional groups complexation with metals. This allows to map metal-
functional groups interaction, as well as an increase or decrease of the
involved groups [34]. The study of the position and intensity of the
main IR bands, and their modification following metal exposure and
adsorption, provides useful information on the chemical groups in-
volved in metal ions binding [43–45]. By FT-IR analysis, it was found
that amide, phosphate and polysaccharides groups are involved in the
Zn2+ coordination and complexation by Chlorella. This partially agrees
with the reported coordination of uranium by active Chlorella cells,
performed mainly by carboxylic and phosphate groups [34]. The
Chlorella sp. cells analyzed in this study showed a similar behavior to
the ones described for uranium by Vogel [34]. An analysis of groups
involved in the coordination of Ni2+, Zn2+ and Pb2+ by Arthrospira
platensis and C. vulgaris showed that carboxylic groups were mainly
involved in coordination and ionic exchange of bivalent ions, but also
electron donor groups, such as amino, amide and hydroxyl groups were
likely to play a role in the adsorption process [46]. Finally, it is worth to
mention that energy dispersive spectroscopy and FT-IR analysis support
the hypothesis of mucilage secretion as a response to Zn2+ treatments
and that one of the main components are the polysaccharides. Mucilage
secretion and deposition on cells surface (Figs. 2 and 3) correlates with
an increase in phosphates groups as well as polysaccharides bands de-
tected by FT-IR during Zn2+ treatments (Fig. 4C, 1245–900 cm−1

range). Along with this, energy dispersive spectroscopy analysis showed
an enrichment of zinc and phosphorous on the treated cells when
compared to the control.

3.4. Zinc removal is compatible with magnetic particles harvesting

Metal removal efficiency by algae was analyzed before and after
harvesting in order to determine the effect of magnetic particles on
remediation efficiency. Additionally, magnetic harvesting was analyzed
after metal removal to evaluate possible effects of metal remediation on
the recovery efficiency. Regarding to zinc removal, a remediation ef-
ficiency of> 60% for 25mg/L of Zn2+ treatments over a period of 24 h
was found (Table 2). Furthermore, experiments showed that Chlorella
sp. cells exposed to 25mg/L of Zn2+ were perfectly harvested by both
magnetic materials, reaching a harvesting efficiency higher than 96% in
all cases (Table 3). The harvesting with IOPs produced an increase of

the zinc concentration in the supernatant, when comparing metal re-
moval efficiency before and after the harvesting. The increase was
statistically significant in the exponential and stationary cultures (see
Table 2, footnotes a and b). On the other hand, when the NMCP were
used in the harvesting, a decrease in the final Zn2+concentration was
observed. The reduction was significant for the exponential phase and
the net effect was an increase on metal removal efficiency by the
formed system (see Table 2, footnote c). As the algal recovery with the
NMCP had no negative effect on metal remediation it was tested if at
higher doses, remediation and magnetic harvesting were compatible.
Also, metal adsorption by NMCP alone was tested. Algal cells in ex-
ponential and stationary growth phase were exposed to 125mg/L of
Zn2+ and harvested as described before. The recovery efficiency
reached>95% at high metal dose in both growth phases (Table 3).
Regarding metal removal, there was a clear difference in both condi-
tions, exponential culture adsorbed> 40% of the Zn2+ added, while
the stationary one only removed 15% of the Zn2+over a period of 24 h
(Table 2). These results clearly showed that at high Zn2+ doses the
exponential culture performed better for metal remediation.

Given the fact that algae harvesting is one of the most cost-con-
sumption step in their industrial application, new cost-effective tech-
niques are needed. Among them, magnetic harvesting offers the ad-
vantages of easy operation, short time consumption and low energy
requirements. There has been widespread research in improving par-
ticles recovery to reduce even more the cost of this technique
[16,47–49] However, in the case of applying magnetic harvesting for
algae employed in metal remediation, the re-use of the particles should
be carefully analyzed. Strategies to recover particles, but not to release
the metals adsorbed in the algal biomass, should be developed.

Table 2
Zinc removal efficiencies and its compatibility with magnetic harvesting. The table summarized the metal removal efficiencies before and after the harvesting with
the different utilized magnetic materials. Statistical analysis was done applying an unpaired t-test with Welch's correction and the significance level was set at 0.05.
The analyzed pairs and its grade of significance are indicated in the table. Only significant differences are shown. M: mean; STD: Standard Deviation; IOPs: Iron Oxide
Particles; NMCP: Natural Magnetic Clay- Polyethylenimine. Metal removal assays were done at two different doses, by triplicates one time.

Removal efficiency before harvesting Removal efficiency after harvesting

Culture condition Culture condition

Exponential Stationary Exponential Stationary

IOPs NMCP IOPs NMCP

Zn2+ dose M (%) STD M (%) STD M (%) STD M (%) STD M (%) STD M (%) STD

25mg/L 66.4a,c ± 11.2 80.4b ± 10.0 41.6a 8.0 86.4c ± 8.8 35.9b 3.7 86.5 ± 0.9
125mg/L 44.8 ± 9.9 15.3d ± 7.5 – – 63.4 ± 11.2 – – 47.8d ± 5.3

a Exponential vs exponential-IOPs ⁎p=0.0124.
b Stationary vs stationary-IOPs ⁎⁎⁎⁎p=0.0001.
c Exponential vs exponential-NMCP ⁎p=0.0355.
d Stationary vs stationary-NMCP ⁎⁎p=0.0051.

Table 3
Harvesting efficiencies after zinc removal. The table summarized the results of
biomass harvesting experiments after metal removal. M: mean; STD: Standard
Deviation; IOPs: Iron Oxide Particles; NMCP: Natural Magnetic Clay-
Polyethylenimine. Harvesting assays where performed by triplicate.

Harvesting efficiency during zinc removal

Culture condition

Exponential Stationary

Zn2+ dose M (%) STD M (%) STD

IOPs/Zn2+ (25mg/L) 97.5 ± 0.71 97.5 ± 2.12
NMCP/Zn2+ (25mg/L) 97 ± 2.82 98 ±2.82
NMCP/Zn2+ (125mg/L) 98.7 ± 0.6 98.3 ± 0.6
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Cultures at different growth phases were perfectly harvested after
exposure and metal removal. This implicates that, although the metal
treatments induced mucilage secretion and changes in the abundance of
some of the surface functional groups, these effects did not impact
negatively on harvesting efficiency. These results are consistent with
the fact that ζ-potential, which is probably the main factor governing
cells-particles interaction, did not changed significantly. The ζ-potential
of the cells remained negative even at high doses of Zn2+. Although
metal chelation by the cell wall groups could reduce the negative
charges from the surface, it was seen that cells compensate by in-
creasing the abundance of negatively charged groups (as observed by
FT-IR analysis). Taken together all this data proved one of the main
objectives of this work, the compatibility of metal removal with mag-
netic harvesting. Regarding metal removal for 25mg/L Zn2+, results
presented here are in good agreement with those reported for Zn2+

remediation by C. vulgaris [50]. Interestingly when the initial Zn2+

concentration was higher, 125mg/L, the efficiency of metal removal of
the exponential culture was almost 45%, against 15% for the stationary
one (Table 2). Cells in stationary phase showed less capacity to remove
the Zn2+ at high concentrations. In the FT-IR analysis it was observed
that, although cells in the stationary phase were capable of exposing
polysaccharides, they showed a lower capacity to expose amide and
phosphate groups when compared to the exponential ones at low doses
(25 and 50mg/L Zn2+). This situation would reduce the potential sites
for metal chelation and this could explain the differences observed in
the removal efficiencies at the higher dose. Li and coworkers observed
that for Chlorella sp. QB-102 most of the adsorption of Pb2+ occurred
during the initial period of the stationary phase [36]. Conversely, in the

present work results showed that at high Zn2+ concentration cultures in
the exponential phase performed better metal removal. It is worth to
notice that this study analyzed remediation with live algae, meanwhile
Li and coworkers [36] employed dead algal biomass and a different
metal, Pb2+ instead of Zn2+.

As particles interact with the cell surface, it was analyzed if the
particle-cell interaction had an effect on the adsorbed metal stability
and consequently on the remediation process efficiency. Compatibility
among magnetic separation and metal remediation by algae showed
clear differences between both types of particles. After the harvesting
with IOPs there was an increase in the Zn2+ concentration in the su-
pernatant that took metal remediation efficiency to<45% in the sta-
tionary cultures (Table 2, 25mg/L of Zn2+ dose). This result indicates
that there was a displacement of part of the Zn2+ that was originally
adsorbed to the algal cell wall. The Zn2+ displacement that occurred
during the harvesting with IOPs could be attributed to leached iron
species originated from the IOPs. It is well known that at acidic con-
ditions iron oxide-based materials without a protective coating layer
can undergo dissolution and release iron ions in a process called
leaching [51]. The FT-IR analysis showed that phosphate is one of the
functional groups that change the most in response to the presence of
Zn2+, suggesting that it is a good candidate for binding the metal.
Considering the affinity of cations, such as Zn2+ and Fe2+/3+, for
PO4

−2 [52], the increase of Zn2+ after the harvesting with IOPs could
be due to a competition of both metals for the same adsorption sites.
Fig. 5 A shows a schematic view of the hypothesis and proposed sce-
nario. As it was said before, the harvesting with NMCP produced a
reduction of the remaining Zn2+ in the medium, when 125mg/L dose

Fig. 5. Metal removal and magnetic harvesting coupled processes. A. Possible scenario to explain the displacement of zinc observed during the harvesting with IOPs.
The scheme shows the proposed mechanism by which the leached Fe3+ ions compete with Zn2+ for the phosphates binding site producing the exchange on the cell
surface. B. NMCP particles - cells interaction as well as the Zn2+ interactions with the amine groups of the functionalized particles. IOP: Iron Oxide Particles; NMCP:
Natural Magnetic Clay-Polyethyleneimine (This is a 2 column fitting image, color: online only).
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was applied, that took metal removal from 15 to>45% on the sta-
tionary cultures (Table 2). This is probably due to a Zn2+ complexation
by the amino groups present in the PEI of the NMCP. Fig. 5B shows a
schematic view of the proposed interaction. Martin and collaborators
work [53] supports this explanation. The authors reported>90% of
Zn2+ removal from aqueous solution, at neutral pH and at 10mg/L
Zn2+ initial concentration, by aminopropyl modified absorbent mate-
rial rich in amino groups. [53]. The experiments done in this research
showed that the NMCP resulted in high algal harvesting efficiency,
were compatible with metal remediation performed by algae and also
improved the metal remediation efficiency (Tables 1, 2 and 3).

4. Conclusion

This paper makes a novel contribution in the field of magnetic cell
separation and metal remediation using low cost magnetic material and
showing the compatibility of the processes. Cells metal treatments had a
minor effect on cell surface charge, due to a compensation mechanism
in which negatively charged groups increase. Both tested magnetic
materials showed comparable and very good performance on biomass
harvesting. The harvesting with the IOPs affected the metal removal
efficiency. Conversely, the harvesting with the NMCP improved the
remediation efficiency. Physiological state of the cultures had no effect
on harvesting process although showed significant differences on metal
removal efficiencies.
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