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Abstract

Microalgae have become popular absorption materials; therefore many studies have been conducted

in order to deeply understand the metal absorption characteristics and growth rate of microalgae in

water. Hence, the removal of metal elements, such as iron, manganese and copper, by four common

cyanobacteria and green algae were investigated in this study. The results showed that all microalgae

could grow normally, and Microcystis aeruginosa grew best. Furthermore, during the growth of

microalgae, the pH values of the four groups gradually increased to 10 and then maintained. Different

microalgae can remove iron, manganese and copper in water to some extent, while, Microcystis

aeruginosa showed the best removal effect. The new observation is that with the increase of time,

the treatment effect gradually becomes better, and it is the best on the 4th day. However, this study

provides a scientific basis for the simultaneous treatment of microalgae culture and heavy metal polluted

wastewater.
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Introduction

Water pollution is becoming more and more common,
especially heavy metal pollution of wastewater, which
has aroused widespread concern from all walks of life.
At present, technologies such as oxidation methods [1-3],

*e-mail: guiherong@163.com

adsorption methods [4-6], and membrane treatment
methods [7] are commonly used for wastewater polluted
by heavy metals, but these technologies generally have
limitations such as high cost and low efficiency and are
not suitable for wastewater with a low concentration of
heavy metals [8].

In recent years, many scholars have studied
the removal of metal eclements from water by
microalgae. Cynthia et al. [9] have biologically treated
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heavy metals in mine tailings water and found that the
removal rates of copper (Cu) and Mo in mine tailings
water by microalgae are 64.7% and 99.9%, respectively.
Compared with the control group, the cell morphology of
microalgae exposed to mine tailings water will change,
showing higher protein content and lipid content.
Rosario et al. [10] took copper in acid mine water as the
research object, and confirmed the same result. It was
also found that cell density, growth rate and lipid content
decreased with the increase of Cu concentration. Wang
et al. [11] took Microcystis aeruginosa as the research
object, and explored the absorption and purification
kinetics of potential inorganic arsenic in phosphorus-
rich and phosphorus-deficient environments through
long-term and short-term experiments. Previous reports
found that the enrichment and purification of arsenic
by living algae are not only affected by arsenic forms,
but also by the concentration of phosphate in the
surrounding environment. Brinza et al. [12] studied
the adsorption capacity and mechanism of zinc by
microalgae collected along the Baltic Sea coast under
different conditions, mainly considering the influencing
factors such as microalgae dosage, zinc source and
algae collection time. The adsorption mechanism has
been studied by various methods, and it is proved that
Fucus is a potential adsorption material, which can be
used for zinc adsorption in wastewater from mining and
electroplating industries.

Qiu et al. [13] compared the effects of different
kinds of iron on the growth of Anabaena flos-aquae,
and found that the promotion of iron species on
algae growth was in the order of ferric ammonium
citrate>EDTA-Fe>iron ions>iron oxalate. Deng
et al. [14] studied the physiological response and
accumulation ability of Microcystis aeruginosa to zinc
and cadmium and thought that Microcystis aeruginosa
had considerable remediation potential for freshwater
lakes with a low concentration of heavy metals. Ling et
al. [15] organically combined microalgae culture with
sewage treatment and found that Scenedesmus obliquus
can remove more than 99% of nitrogen and phosphorus,
and can make it accumulate more lipid and biomass. Wu
et al. [16] discussed the effect of microplastics on the
photosynthetic system of Chlorella pyrenoidosa, and the
results showed that microplastics had a negative effect
on the concentration of chlorophyll-a in microalgae.

However, a large number of literatures only focus
on the removal of single metal element by microalgae.
There are few studies on microalgae growth and
removal of various metal elements at the same time.
Therefore, we chose four kinds of microalgae which
are easy to obtain, have economic value and are widely
used for research. In this study, we chose the common
over-standard elements (Mn, Fe, Cu) in groundwater as
the removal objects. Then, we inferred the reasons for
the growth differences of microalgae in the experiment,
and provided new ideas and insights for the biological
removal of metal elements and the proliferation and
growth of microalgae.

Materials and Methods
Experimental Microalgae

Microalgae are widely distributed in the biosphere,
and there are many kinds. In this study, four common
algae, Anabaena flos-aquae, Microcystis aeruginosa,
Scenedesmus obliquus, and Chlorella pyrenoidosa,
were selected as experimental algae species. The
algae species used in the experiment were all from
the Institute of Hydrobiology, Chinese Academy of
Sciences.

Anabaena flos-aquae is a species of cyanophyta
prokaryote, which grows mostly in freshwater or
wetlands, and has a long filament shape. Anabaena flos-
aquae is composed of vegetative cells, idioblast, and
thick-walled spores. The vegetative cells can carry out
photosynthesis similar to that of higher plants. Nitrogen
fixation can be carried out by nitrogenase contained in
idioblast, and N, in the air can be converted into NH, or
NH," for algae to use.

Microcystis aeruginosa is the typical prokaryotic
unicellular organism of Cyanophyta. There are no
organelles in the cells, and the protoplasm contains
pigments such as chlorophyll-a, carotene, and phycholin
[17]. The population of Microcystis aeruginosa are
usually lumpy and irregularly reticulated, and a single
Microcystis aeruginosa are spherical. Microcystis
aeruginosa mainly grow in freshwater areas with high
organic matter content such as lakes and ponds. It is the
dominant population of most cyanobacteria blooms in
the world and one of the most common cyanobacteria in
China [11, 17].

Scenedesmus obliguus is common single-celled
green algae, which widely exists in freshwater bodies
such as ponds and lakes. Scenedesmus obliquus has
strong adaptability and simple requirements for a
growth environment and can utilize nutrients such as
nitrogen and phosphorus to propagate rapidly.

Chlorella pyrenoidosa is a unicellular eukaryote
and a lower plant, belonging to the Chlorella phylum.
Chlorella pyrenoidosa is spherical or oval, widely
distributed, fast-growing, and easy to be cultivated
artificially [18]. Chlorella pyrenoidosa has a simple
structure and is sensitive to the external environment, so
it is also used in related fields such as the environment.

Experimental Conditions

In order to reduce the interference of foreign
bacteria from the external environment, all operations
in this study were carried out on a clean bench. In
order to avoid the interference of other elements from
glassware (conical flask, beaker, measuring cylinder,
etc.), all glassware used in this experiment were soaked
in 5% dilute HNO, for more than 12 h. The equipment
was rinsed with clean water three times, put it in an
autoclave for sterilization at 121°C for 30 min, and then
cooled to room temperature on a clean workbench.
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Fig. 1. Microalgae under microscope (a: Anabaena flos-aquae;b: Microcystis aeruginosa;c: Scenedesmus obliquus;d: Chlorella

pyrenoidosa).

In this study, all algae were cultured in a light
incubator, with the following parameters: temperature
25°C, light intensity 3500 Lx, light and dark period
12 h/12 h. To avoid having algae settling and attaching
on the walls of the conical flasks , and to avoid uneven
illumination due to static positioning, the conical flasks
were shaken regularly every day and the position of
the conical flasks were changed randomly to ensure
the normal and uniform growth of microalgae in each
conical flask.

Experimental Process

(1) Seed conservation: four microalgae, namely
Anabaena  flos-aquae,  Microcystis  aeruginosa,
Scenedesmus obliquus, and Chlorella pyrenoidosa,
were inoculated into the newly prepared BGI1 culture
medium and placed in a light incubator for culturing.
After the microalgae reached normal growth stage, the
formal experiment began.

(2) Inoculation: an adequate amount of algae
solution was removed for seed preservation. The sample
was centrifuged and the supernatant was discarded.
Sterile ultrapure water was added to rinse the algae
three times, and then the algae were transfer to an
experimental solution. All experiment groups were
conducted in parallel. The inoculated algae solutions
were placed in a 3500 Lx illumination incubator at
25°C, and the illumination period was adjusted to 1:1,
that is, 12 h illumination and 12 h darkness.

(3) Testing: The four types of algae solution
were sampled at fixed time points every day, and
the samples were tested for wvarious parameters.

All the above operations were carried out in an aseptic
environment.

Analytical Methods
The OD,, and chlorophyll of microalgae were
determined by Ultraviolet-visible Spectrophotometer
(MAPADA 7228, Shanghai, China). The pH of water
body is measured by pH meter (PHS-3E, Shanghai,
China). Fe,Mn and Cu concentration in the water phase
were determined using inductively coupled plasma-
mass spectrometer (7500a, Agilent Technologies Inc.,
California, United States of America).

Statistical Analysis

All experiments were independently repeated three
times, and data were recorded as means with their
corresponding standard deviations (SD). SPSS 12.0
was used to perform statistical analysis on the data.
Graphics were generated using Origin Pro 2019.

Results and Discussion
Algae Growth Characterization

If algae grow in the same environment they
have the same growth conditions but use resources
differently. Zerveas et al. [19] studied the survival
strategy of microalgae in a closed system with anoxic
environment and the possibility of creating an oxygenic
atmosphere through the photosynthetic management
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Fig. 2. Growth curves of different microalgae with time.

of solar radiation. Yooeun et al. [20] studied the effects
of foamed polystyrene leachate on photosynthesis of
four microalgae, which showed different sensitivities
and changing trends.

With the absorbance (OD,,) of algae solution as
ordinate and culture days as abscissa, the growth curves
of four microalgae were drawn. As shown in Fig. 2,
the growth curves of the four microalgae all increased
within 0-6 days of the experiment, that is, the optical
density of the four microalgae all increased with the
increase of culture time. In the early growth stage,
because the four microalgae were just inoculated into
the new environment and did not multiply in large
numbers immediately, the growth of OD_ was slow.
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the metabolic activity of cells was stable, the enzyme
system was improved, and the growth rate of OD
became larger. It can be seen from the figure that at the
end of the experiment (¢ = 6 d), the optical density of the
four microalgae is Microcystis aeruginosa>Chlorella
pyrenoidosa>Scenedesmus  obliquus>Anabaena  flos-
aquae.

Although the growth laws of the four microalgae
were the same during the experiment, there were
still differences in the growth rates among the four
microalgae due to different microalgae species and
different requirements for the external environment.
It can be seen from Fig. 3 that the growth rate of
microalgae changed in real-time, that is, the growth
rate of the same microalgae were different in different
periods, and the growth rate of different microalgae
in the same period was also different. The growth rate
distribution of microalgae was different, among which
the growth rates of Anabaena flos-aquae and Chlorella
pyrenoidosa reached the maximum in the middle of
the experiment, while the growth rates of Scenedesmus
obliquus and Microcystis aeruginosa reached the
maximum at the end of the experiment. The maximum
growth rate of the four microalgae showed two
different laws, which were mainly caused by different
microalgae species, different sensitivity to the external
environment, and different reaction speeds.

Characterization of Organic Matter

With the increase of culture time and the growth
of microalgae, the content of organic matter (such as
UVZS " .chloroph}./ll, §tc.) in algae soluthn was gradua.lly
increasing. Monitoring organic matter in algae solution
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Fig. 3. Growth rate diagram of different microalgae with time.
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Fig. 4. UV, changes in different microalgae growth processes.

can not only reflect the content of organic matter in
algae solution but also reflect the growing trend of
microalgae.

It can be seen from Fig. 4. that UV,,, of the four
microalgae increased with the increase of culture time,
indicating that the longer the culture time, the more
organic matter content in algae solution. The increase of
UV_,, in the algae solutions was likely due to the growth
of active microalgae and increases in their biomass. On
the other hand, microalgae secrete and metabolize some
organic substances during their growth.

Chlorophyll can effectively reflect the biomass and
nutritional status of microalgae [21]. The relationship
between chlorophyll content and culture time was
plotted with culture time as abscissa and chlorophyll
content of algae solution as ordinate. It can be seen
from Fig. 5 that the chlorophyll content of microalgae
increases with the increase of culture time, which may
be related to the increase of microalgae abundance
and biomass. The chlorophyll content of Anabaena
flos-aquae, Scenedesmus obliquus, and Microcystis
aeruginosa all reached the maximum specific increase
on the second day, which were 125.9%, 114.4%, and
102.6%, respectively. Chlorella pyrenoidosa reached the
maximum specific increase of §9.7% on the first day.

Because the four microalgae were growing all the
time and the biomass was accumulating, the chlorophyll
content of the four microalgae reached the maximum
at the end of the experiment. However, microalgae
have abundant nutrition in the new environment, and
algae rapidly synthesize a large amount of chlorophyll.
However, due to the increase of algae, lack of nutrients,

Scenedesmus

Chlorella

pyrenoidosa

Microcystis
aeruginosa

and competition among microalgae, chlorophyll
continued to increase, but the increase rate decreased,
so the maximum specific increase of the four microalgae
appeared in the early stage of the experiment.

Change of pH Value

The pH changes of four microalgae treated aqueous
solutions during algae growth were shown in Fig. 6. The
law of pH in each experimental group was the same,
which increased gradually with the increase of culture
time and tended to be stable at pH=10. There were
similar phenomena and laws in the research of other
scholars. Han et al. [22] used Chlorella pyrenoidosa
to carry out lipid productivity experiment, and found
that the pH of algae solution increased rapidly from 7.8
to fluctuate around 9.5; Andeden et al. [23] compared
the effects of different pH treatments on the content,
growth and biochemical composition of triacylglycerol
(TAG) of auxin (Auxenochlorella protoecoides KP7) in
Leguminosae, and found that pH had certain effects on
TAG, starch and chlorophyll.

The pH of water is an important ecological factor
of the environment of aquatic microalgae ecological
environment, which mainly affects the growth and
metabolism of algae from three aspects: the availability
of CO,, the utilization efficiency of inorganic carbon
source, and the permeability of cell membrane [24], and
can also reflect the growth state of microalgae and the
utilization of carbon source in algae solution. Inorganic
carbon in water mainly exists in four forms: CO,,
H,CO,, HCO, and C032', with the following balance:
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Fig. 5. Changes of chlorophyll content during the growth of different microalgae.

CO, + H,0 = H,CO, = H' + HCO,” = 2H" + CO>

At the early stage of the experiment, the four
microalgae entered a suitable new environment, and
their photosynthesis was greater than respiration, which
consumed a lot of CO, dissolved in algae solution and
destroyed the balance mode of inorganic carbon in
water, so the pH of algae solution gradually increased.
In the later stage of the experiment, due to the limited
photosynthetic capacity and strong pH adjustment
ability of microalgae [25], the pH of the algae solution
gradually stabilized after increasing to 10.
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Fig. 6. Changes of pH during the growth of different microalgae.

Removal of Iron and Manganese

Fe and Mn are essential trace elements in the
growth process of microalgae and play an important
role in photosynthesis, respiration, nitrogen fixation,
and other life activities [26]. Fe is a cofactor of many
enzyme systems and an indispensable component
of cytochrome and iron redox protein [27]; Mn is a
component and activator in response to enzymes and
coenzymes and has a detoxification effect on oxides
produced by respiration. The microalgae used the
Fe and Mn elements in water to grow. At the same
time, bioremediation of heavy metals in the water
environment occurred through microalgae growth.

Domestic and foreign researchers have done a lot
of research on the adsorption and removal of heavy
metals by microalgae [28]. The adsorption mechanism
was very complex and there were many influencing
factors. In this paper, only the species of microalgae
were changed, and the growth of different microalgae
were observed. The removal of iron and manganese
from the water was observed and monitored in order to
determine rules for the removal of these trace elements
from water by the four types of microalgae.

According to the limits of iron (<300 p g/L) and
manganese (<100 p g/L) in the Hygienic Standard for
Drinking Water (GB5749-2006), the concentrations of
iron and manganese in this study were set at 350 p g/L
and 150 p g/L, respectively.

It can be seen from Fig. 7 that the change of iron
content in the four groups of experiments decreased first
and then increased. The time for different microalgae
to reach the maximum removal rate was different,
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among which Scenedesmus obliquus and Microcystis
aeruginosa reached the maximum value on the fourth
day, which were 26.21% and 54.13% respectively;
Anabaena  flos-aquae and Chlorella pyrenoidosa
reached their maximum values on the fifth day, which
were 42.09% and 49.64%, respectively.

In the four groups of experiments, the Mn content
gradually decreased and the removal rate gradually
increased. The maximum removal rates of the four
microalgae reached the 6" day, and the maximum
removal rates of Anabaena flos-aquae, Scenedesmus

obliquus, Chlorella pyrenoidosa, and Microcystis
aeruginosa were 72.71%, 67.58%, 72.68%, and 69.21%,
respectively.

The removal rates of Fe and Mn by four microalgae
were different. Among them, the removal rate of Fe
by Anabaena flos-aquae, Scenedesmus obliquus and
Chlorella pyrenoidosa was much lower than that of
Mn. However, the removal rate of Fe by Microcystis
aeruginosa was almost the same as that of Mn in
the early stage of the experiment, but there was a big
difference in the later stage of the experiment. It may be
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Fig. 8. Effects of different microalgae on the removal of Cu.
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because microalgae show different affinities to Fe and
Mn in different periods, and their demands for Fe and
Mn were different, so the removal rates were different.
The maximum removal rate of Fe was 54.13%, which
appeared on the fourth day of Microcystis aeruginosa
treatment group. The maximum removal rate of Mn was
72.71%, which appeared on the 6th day of Anabaena
flos-aquae treatment group.

Removal of Trace Copper

Brinza et al. [29] found that algae can not only adsorb
and remove specific metal ions but also synchronously
remove various metal ions, such as Ca, Cd, Cu, Pb,
etc. Monteiro et al. [30] think that when the pollution
degree of heavy metals is low, the traditional physical
and chemical methods are costly and ineffective, and
the microbial method is an efficient, economical, and
feasible new way. In this study, it was found that the
four microalgae not only have a good removal effect
on higher concentrations of Fe and Mn but also have a
good removal effect on lower concentrations of Cu.

Four microalgae showed two different removal
rules, and the removal rate of Cu by Scenedesmus
obliquus increased with the increase of treatment time.
The removal rates of Anabaena flos-aquae, Chlorella
pyrenoidosa, and Microcystis aeruginosa for Cu
increased first and then decreased with time, among
which the removal rates of Anabaena flos-aquae and
Chlorella pyrenoidosa reached the maximum on the 5th
day, while that of Microcystis aeruginosa reached the
maximum on the 4™ day, and the maximum removal
rate of Microcystis aeruginosa (61.13%) was much
higher than the other three groups.

Different microalgae have obvious differences
in Cu removal ability, which mainly depends on the
structure of algae cells, the types, and quantities
of related groups [31]. The law of Cu removal by
Scenedesmus obliquus was different from that of the
other three microalgae. The analysis suggests that there
were many related genes in Scenedesmus obliquus,
and the groups were not saturated during the whole
experiment, so the removal rate of the experimental
group increases with time. When the removal rates
of Anbaena flos-aquae, Chlorella pyrenoidosa, and
Microcystis aeruginosa reached the maximum, the
related groups reached saturation, and the Cu in algae
was released into the water environment, and the Cu
content in the water increased, so the Cu removal rate
decreased in the later stage. There were differences
in the structure and properties of different microalgae,
so the maximum removal rate of each microalga
and the time to reach the maximum removal rate are
different.

Considering the removal rate of Fe, Mn, and Cu,
the growth of microalgae, and the length of treatment
time, it is considered that Microcystis aeruginosa was
the dominant algae species in this experiment, and the
treatment effect was best when the treatment time is

4 days. According to the results of this study, we can
culture Microcystis aeruginosa in wastewater with low
concentration of Fe, Mn and Cu. On the one hand, we
can obtain Microcystis aeruginosa with economic value,
on the other hand, we can remove low-concentration Fe,
Mn and Cu from wastewater. It provides new ideas for
the cultivation of microalgae and the treatment of heavy
metal wastewater.

Conclusions

(I) The four microalgae can grow normally, and
the growth order is Microcystis aeruginosa>Chlorella
pyrenoidosa>Scenedesmus  obliquus>Anabaena  flos-
aquae. The growth rate of Anabaena flos-aquae and
Chlorella pyrenoidosa reached the maximum in the
middle of the experiment, while Scenedesmus obliquus
and Microcystis aeruginosa reached the maximum at
the end of the experiment.

(2) The UV,,,, chlorophyll, and pH of the four
microalgae all increased with the culture time, and the
maximum increase of chlorophyll ratio of microalgae
all appeared in the early stage of the experiment. With
the increase of culture time to 10, pH gradually became
saturated.

(3) The four microalgae have different removal
rules for Fe, Mn, and Cu, but they can all achieve
good removal effects, and the maximum removal rate
of Fe is 54.13%, which appeared on the fourth day of
Microcystis aeruginosa treatment group. The maximum
removal rate of Mn was 72.71%, which appeared on the
6th day of Anabaena flos-aquae treatment group.

(4) Microcystis aeruginosa was the dominant species
in this experiment, and the best effect was achieved on
the 4" day of treatment.
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