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Abstract
The heavy metal sources of large-scale raceway pond microalgae cultivation with flue gas were investigated to reduce heavy
metal contents in microalgae during cultivation. The microalgae were cultivated with power plant flue gas (as C source) and
circulating cooling seawater (added with N and P nutrients) for 6 days. The Pb, Cd, Hg, and As contents in microalgae were 0.91,
0.22, 0.08, and 0.28 ppm, respectively, which are nearly within the available national standard for food-grade microalgae. The
heavy metal contents in microalgae with two membrane materials, namely, elastic polyethylene and random copolymer poly-
propylene, barely increased. The Hg, As, and Pb contents in microalgae cells cultivated with pure CO2 were 16.67%, 69.23%,
and 70.33% that of cells cultivated with CO2 from flue gas. The Pb, As, and Hg contents in cells cultivated with fresh water were
reduced by 38.46%, 15.38%, and 37.50%, respectively, compared with those cultivated with seawater. The heavy metal contents
in microalgae were further reduced and controlled.
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Introduction

The prevention and remediation of heavy metal pollution have
become a major research issue in recent years (Kim et al.
2013). The treatment of heavy metal–polluted water bodies
via algal biosorption process has many advantages (Dekhil
et al. 2011). Microalgae biomass can produce high value-
added products and achieve high economic benefits (Maity
et al. 2014). However, the concentration of heavy metals in
water enriched with microalgae cells is high, resulting in over-
proof heavy metal contents in algae cells. The four heavy
metals in microalgae biomass with a specified limit content
in the international standard are Pb, Cd, Hg, and As.

Ibrahim (2011) studied the adsorption of heavy metal ions
from water by using red algae. When the contact time of algae
and heavy metal ions was 60 min, algal concentration was
10 g/L, the pH value was 5, and the maximum available
metal ion adsorption capacity was 105.2 mg/g. Zhou et al.
(2017) studied the performance characteristics of Cd2+ ad-
sorption in water by living microalgae. The adsorption of
Cd2+ by Scenedesmus quadricauda was high, whereas that
by Spirulina platensiswas low even though it exhibited strong
affinity toward Cd2+. However, the adsorption of other heavy
metals was not mentioned in the research. Zheng et al. (2019)
studied the removal of four heavy metals through the growth
ofNannochloropsisOZ-1. The result showed that the removal
rate of Cd2+ byNannochloropsisOZ-1 was up to 88.40%, and
those of Pd2+, Hg2+, and As3+ were 80%, 80%, and 40.04%,
respectively. Nevertheless, no large-scale microalgae cultiva-
tion experiment has been conducted; thus, outdoor cultivation
of microalgae lacks guiding significance. Tao et al. (2018)
explored research progress on the adsorption of environmental
pollutants by marine microalgae and its oil production perfor-
mance. Current research on the adsorption of pollutants by
marine microalgae still has certain limitations. Most studies
have focused on multiple aspects of influence on marine
microalgae by a single heavy metal. To date, the physiological
effects of marine microalgae have not been tested in
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combination with an actual outdoor environment on the basis
of multiple environmental factors under multiple metal co-
stresses. At present, research on heavy metals mostly adopts
a few species of algae, such as S. platensis and Chlorella, with
several practices on new algal varieties. Hence, the source
analysis and control methods of heavy metals for large-scale
outdoor cultivation of microalgae have rarely been reported in
the existing literature. In the current work, the sources of
heavy metals that may exist in microalgae cultivation with
coal-fired power plant flue gas entering into a raceway pond
and possible control measures are studied to provide a certain
valuable solution to industrial production.

Experimental

Nannochloropsis OZ-1 was cultured in an open raceway pond
with an area of 1191 m2 (length 120 m × width 10 m).
Nannoch lo rop s i s be longs t o Ch lo rophy ta and
Eustigmatophyceae. The suitable light intensity range was
5000–7000 lx, the appropriate temperature range was 0–
30 °C, and the optimal pH value was 6.2–9.8 (Zheng et al.
2019). The environmental condition requirement for
Nannochloropsis is low, its growth rate is fast, and it can
adsorb many harmful substances. This material is ideal for
the biosorption of many harmful substances. The
Nannochloropsis OZ-1 cultivated in the experiments was
algae preserved by Yantai Hailong Biotechnology Co., Ltd.
The algal liquid volume was 310 m3 for an algal depth of
0.26 m. The cleaned flue gas (approximately 15% CO2) of
the coal-fired power plant was treated and then allowed to
enter the raceway pond to provide C source. The flue gas
discharged from the power plant was treated to meet the
national emission standard. The flue gas compositions
were basically unchanged. During field testing, the flue
gas in the cultivation ponds primarily contained 14.3–
14.7% CO2, 40.3 mg/m3 NOX, 28.9 mg/m3 SO2, and
5.3 mg/m3 solid particles. In general, the flue gas temper-
ature discharged into the atmosphere is 60–110 °C (Luo
2017). However, the microalgal cultivation ponds are built
next to the power plant; thus, the flue gas should pass
through a long pipeline to enter the cultivation ponds.
Accordingly, the flue gas has been cooled to the environ-
mental temperature when it reaches the microalgae culti-
vation ponds. Nutrient salt, such as N and P, was added to
the seawater as culture medium. The raceway pond was
subjected to 6 days of open cultivation after being accessed
by algae, which would be harvested after algal density had
doubled, thereby completing a cultivation cycle under
standard condition. Five waterproof membrane materials,
namely, elastic polyethylene (FPO), polyvinyl chloride
(PVC), thermoplastic polyolefin (TPO1 and TPO2), and
random copolymer polypropylene (PPR), were selected

for the pavement on the bottom and the surroundings of
five raceway ponds of the same size. The effects of the five
membrane materials on the heavy metal contents in the
harvested algae powder were investigated under the same
cultivation conditions. Power plant flue gas and pure CO2

gas were allowed to enter the two raceway ponds of the
same size to investigate the effect of power plant flue gas
impurities on the heavy metal contents in algal powder.
Nothing was added to the pure CO2 during the experiments
because C, N, and P are the major nutrients required for
microalgae growth. N and P were special N and P fertilizer
additives, and C was provided by CO2, which was supplied
by pure CO2 or CO2 in the power plant flue gas. CO2 in
this experiment was only used to provide C elements, and
no impurities or heavy metals were added to pure CO2.
This approach prevented the impurities or heavy metals
contained in pure CO2 from interfering with the influence
of other culture condition changes on the heavy metal con-
tents in microalgae in the experiment. Seawater and fresh
water were allowed to enter the two raceway ponds of the
same size to investigate the effects of different water qual-
ities on the heavy metal contents in algal powder. A fully
open raceway pond was compared with a raceway pond
that was completely covered with a plastic house in terms
of microalgae cultivation to examine the effect of the pres-
ence or absence of environmental dust on the heavy metal
contents in algal powder. The raceway pond was open for
6 days after being accessed with algae to ensure that the
algal powder harvested after algal density had redoubled
could be compared with that harvested with high-density
biomass after 9 days of continuous cultivation. In this man-
ner, the effects of different algal cultivation time on the
heavy metal contents in the algal powder could be investi-
gated. Three raceway ponds of the same size were cleaned
once after one, two, and three algae cultivation cycles
(6 days per cycle) to investigate the effect of raceway pond
cleaning frequency on the heavy metal contents in the algal
powder. All the conducted experiments are provided in
Table 1 in the Appendix to facilitate the comparisons of
different experimental conditions.

First, the algae liquids obtained from the six sets of com-
parative tests were washed with MgSO4 solution with a con-
centration of 100 mM and water for salt leaching and then
centrifuged to obtain dry algal powder. The algal powder was
fully digested by adding algae powder to 8 mL of concentrated
nitric acid and 2 mL of concentrated hydrochloric acid, follow-
ed by microwave power treatment of 1000 W for 45 min. The
cooled liquid was then set to a constant volume of 25 mL for
use (Domínguez-González et al. 2010). The contents of the
four heavy metal components (HM), i.e., the contents M of
Hg, As, Pb, and Cd, were measured using an inductively
coupled plasma optical emission spectrometer (model
iCAP6300, specification ABCZD10278, Thermo, USA).
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Results and discussion

Effect of culture pond material on the heavy metal
contents in microalgae

The effect of the materials required to pave the culture pond on
the heavy metal contents in the harvested microalgae cells is
investigated through Experiment Nos. 1–5 as shown in
Table 1 in the Appendix. The results are presented in Fig. 1.

The figure shows that the optimal materials to pave the
raceway pond for microalgae cultivation are FPO and PPR.
When the two materials are used, the contents of Pb, Cd, Hg,
and As in the microalgae cells can basically reach the national
food grade standard for Spirulina (GB/T 16919-1997) (Pb <
2 ppm, Cd < 0.2 ppm, Hg < 0.05 ppm, and As < 0.5 ppm).
Microalgae cultured with TPO1 and PVC waterproofing ma-
terials have a relatively high content of Pb, which is 1.25 and
3.29 times that of FPO cultivation and 1.30 and 3.41 times that
of PPR cultivation. Thus, the content of Pb in microalgae
cultured with TPO1 and PVC exceeds the national food grade
standard for Spirulina. Microalgae cultured with TPO2 have
high As and Pb contents. The As content is 1.84 and 1.79
times that of cultivation by FPO and PPR. The Pb content is
12.32 and 12.78 times that of cultivation by FPO and PPR.

The comparison results show that the contents of four
heavy metals in the microalgae cultured in the raceway pond
paved by FPO and PPR materials can reach the national food
grade standard for Spirulina. The microalgae in the case of
TPO1 have high content of Cd, those in the case of PVC have
high content of Pb, and those in the case of TPO2 have high
contents of As, Cd, and Pb. FPO is an elastic polyethylene
material. It is a new type of flexible polyolefin with a high
melting point, low density, low crystallinity, high stretchabil-
ity, and high elasticity. FPOwas developed in 1994 by Rexene
in Texas, USA (Mai and Xu 1997). This material is produced
in accordance with the European Chemicals Regulations pro-
mulgated by the European Chemicals Agency, which imposes
strict regulations on heavy metal contents. PVC exerts consid-
erable influence on the Pb content in microalgae because the

antiaging agent of PVC is Pb stearate (Mahmood and Qadeer
1994). This component of Pb salt will dissolve into the
microalgae culture solution during microalgae cultivation.
The solution is then absorbed by microalgae cells, causing
excessive Pb accumulation in the microalgae cells. TPO1
and TPO2 are waterproof rolls. The national standards indi-
cated that the limits of heavy metal dissolution in such mate-
rials require that Pb, Cd, and Hg concentrations to be <
10 ppm (Ministry of Environmental Protection 2009).
However, the enrichment ability of microalgae cells for these
heavy metals varies from 30 to 200 times (Cheng et al. 2015).
Thus, the microalgae cultured in the raceway pond paved with
the two materials have high contents of heavy metal
accumulations.

Effects of flue gas, seawater, and dust on the metal
contents in microalgae

The effect of power plant flue gas, seawater, and dust on the
heavy metal contents in the harvested microalgae cells during
microalgae cultivation is studied through Experiment Nos. 1
and 6–8 as shown in Table 1 in the Appendix. The results are
presented in Fig. 2.

The figure shows that flue gas exerts the most important
influence on Hg content in terms of change in heavy metal
contents in microalgae cells. The Hg content in microalgae
cultured with pure CO2 is 1/6 that inmicroalgae cultured using
flue gas. The As and Pb contents are 69.23% and 70.33%,
respectively, that in microalgae cultured in power plant flue
gas. Therefore, the contents of various heavy metals in
microalgae completely meet the national standards under this
condition. If fresh water is used for microalgae cultivation,
then the contents of Pb, As, and Hg in the cells are reduced
by 38.46%, 15.38%, and 37.50%, respectively, comparedwith
those in microalgae cells cultured in seawater. Hence, the
heavy metal contents of microalgae basically reach the nation-
al standards under this condition.

The microalgae breeding plant is located near the coal yard
of a coal-fired power plant. Consequently, serious dust pollu-
tion is experienced due to the coal conveyor and bulk cement
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Fig. 1 Influence of five race pond materials on microalgae heavy metal
contents
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Fig. 2 Influences of flue gas, seawater, and dust on the heavy metal
contents of microalgae
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truck in the coal-fired power plant. The dust in the surround-
ing environment falls into the microalgae culture pond. This
situation considerably influences the heavy metal contents in
the harvested microalgae cells. Pb is subjected to the greatest
impact. The Pb content in microalgae cells when dust is absent
is only 3.30% that when dust is present. The As content in
microalgae when dust is absent is 42.3% that when dust is
present. The contents of Hg and Cd in microalgae cells when
dust is absent are also reduced by 25.00% and 19.18% com-
pared with those when dust is present. Hence, the heavy metal
contents of microalgae basically reach the national standard
when dust is absent. The entry of power plant flue gas in-
creases heavy metal contents in microalgae cells. This phe-
nomenon may be attributed to the fine dust particles with
diameters ranging from 2.5, 5, to 10 μm that are still present
in the remaining power plant flue gas even though the flue gas
has undergone a series of treatments. These dust particles can
adsorb a large amount of heavy metal elements because of
their small diameter and large specific surface area (Miller
et al. 2002). Although the heavy metal contents vary depend-
ing on the type of coal, they generally contain a certain
amount of As, Cd, Pb, and Hg. Field tests found that Pb, Cd,
Hg, and As in the dust of coal-fired power plant flue gas
entering the microalgae raceway pond had concentrations of
857.13, 20.17, 0.96, and 590.29 ppm, respectively. As shown
in Fig. 2, Hg has the lowest concentration in power plant dust
among the four heavy metals. However, Hg exerts the greatest
impact of power plant flue gas entry on heavy metal contents
in microalgae cells. This situation is attributed to Hg in coal
that is mostly present in sulfide phase. Hg undergoes various
forms of transformation after combustion in the pulverized
coal boiler of the power plant. When the temperature of the
flue gas is reduced to < 400 °C, Hg in the flue gas is largely
HgCl2, and thus, it is easily absorbed by microalgae cells.
Power plant dust has higher Hg concentration than seawater
and dust. Therefore, the entry of power plant flue gas has the
greatest impact on Hg content in microalgae cell biomass.
Nevertheless, the heavy metal contents of microalgae cultured
in power plant flue gas can still reach the national standard
after it undergoes salt leaching. Moreover, CO2 with a con-
centration of 15% in power plant flue gas provides adequate C
source for the growth of photosynthesis-accumulated biomass
of microalgae (Cheng et al. 2013). Thus, the addition of C
source nutrients during microalgae cultivation is completely
eliminated. This phenomenon saves considerable production
costs and improves economic benefits.

Microalgae cultured in fresh water have lower heavy metal
contents than those cultured in seawater due to the presence of
a certain amount of heavy metals in seawater. The contents of
Pb, Cd, Hg, and As in seawater were measured at 0.8, 0.01,
0.1, and 1.1 ppb, respectively, through sampling from the
microalgae cultivation site. The contents of Pb and As in
microalgae cultured in fresh water were 0.05 ppb and

0.8 ppb, respectively. Cd was not detected. The contents of
the four heavy metals were slightly lower than those in sea-
water. Therefore, the heavy metal contents are lower in
microalgae cultured using fresh water than those cultured in
seawater. However, the heavy metal contents in microalgae
cultured in seawater can still meet the national standards after
salt leaching. Microalgae cultivation in seawater saves water
cost compared with microalgae cultivation in fresh water. The
trace elements in seawater (Zhang et al. 2014) eliminate the
addition of trace elements during microalgae growth, saving
costs in microalgae cultivation.

Dust exerts an evident effect on the heavy metal contents in
microalgae cells. The analysis result of dust collected from the
site found that the contents of Pb, Cd, Hg, and As were 53.96,
1.26, 0.63, and 50.41 ppm, respectively. The ultrahigh con-
tents of Pb and As indicate the huge impact of dust on the
contents of these heavy metals in microalgae cells. Hence,
dust is an important factor that threatens the heavy metal con-
tents in microalgae cells. Dust can be prevented from falling
into the culture pond by setting up a glass or plastic house that
can block the dust above the open microalgae culture pond.
Consequently, the heavy metal hazard brought by dust in
microalgae cultivation is avoided. Moreover, the accumula-
tion of heavy metals in microalgae caused by dust is reduced.

Effect of culture cycle on the heavy metal contents
in microalgae

The algae powder harvested with redoubled algae density
6 days after algae entered into the raceway pond was com-
pared with the algae powder harvested with high-density bio-
mass after 9 days of continuous cultivation, such as in
Experiment Nos. 1 and 9 as shown in Table 1 in the
Appendix. The effect of different algae cultivation periods
on the heavy metal contents in the harvested microalgae cells
was examined as shown in Fig. 3.

The contents of heavy metals in algae cells harvested after
6 days of cultivation were lower than those of algae cells
harvested after 9 days of cultivation. The contents of Cd and
Pb decreased by 39.48% and 37.96%, respectively.
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Fig. 3 Influence of culturing times on microalgae heavy metal contents
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Meanwhile, the contents of Hg and As decreased by 10.00%
and 3.69%, respectively. Cultivation time mostly affects the
contents of Pb and Cd in microalgae, followed by Hg and As.
With the prolongation of microalgae cultivation time, the con-
tents of Pb and Cd increased significantly in microalgae cells.
This change may be attributed to the presence of additional
possible sources of heavy metals with the prolongation of
cultivation time, increasing the accumulation of heavy metals
in algae cells. Microalgae cells have high absorption and en-
richment capacity for Pb and Cd, which can reach 439.4 mg/g
algae and 116.72 mg/g algae, respectively (Barange et al.
2014), considerably exceeding the Pb and Cd contents in
this experiment. Therefore, algae cells cultured for 9 days
have significantly higher Pb and Cd contents than those
cultured for 6 days. Liu et al. (2019) studied the effect of
replacement rate on the growth and quality accumulation of
Chlorella. They found that high microalgae biomass and oil
yield could be obtained by adjusting the replacement rate.
Therefore, selecting the appropriate cultivation time andmeth-
od offers important practical significance for large-scale algae
cultivation. Thus, the detention of algae cells in a culture pond
for a prolonged period should be avoided to avoid excessive
accumulation of heavy metals in microalgae during cultiva-
tion. The pollution of algae cells in a culture pond by the
external environment must be prevented.

Effect of culture pond cleaning on the heavy metal
contents in microalgae

The effect of raceway pond cleaning frequency on the heavy
metal contents in the harvestedmicroalgae cells is investigated
through Experiment Nos. 1 and 10–11 as shown in Table 1 in
the Appendix. The results are presented in Fig. 4.

The figure shows that cleaning the microalgae raceway
pond exerts a considerable influence on the heavy metal con-
tents in the microalgae during their large-scale outdoor culti-
vation. The content of Pb in the microalgae cells harvested
after cleaning the raceway pond once per 6 days is only
0.91 ppm. However, the content is increased to 2.1 ppm for
algae cells harvested after cleaning the raceway pond once per

2 cycles (12 days), i.e., an increase of 131%. This content
exceeds the national food grade standard for Spirulina. The
content of Hg in the microalgae also changes significantly
with a change in raceway pond cleaning frequency. The con-
tent of Hg in the microalgae harvested after raceway pond
cleaning of once per 6 days is only 0.08 ppm. The content is
increased by 93% and 138% when the raceway pond is
cleaned once every 12 days and 18 days, respectively. The
aforementioned phenomenon is attributed to a certain amount
of impurities that accumulate at the bottom of the microalgae
raceway pond after the end of one cycle of microalgae culti-
vation for 6 days. The composition mostly includes dust fall-
ing into the microalgae culture pond from the surrounding
environment. Such dust is not dissolved in the microalgae
culture medium or adsorbed by microalgae cells. A small pro-
portion of microalgae cells remaining at the bottom of the
raceway pond during harvest, corpses of flagellates and bac-
teria during the microalgae cultivation process, and a small
amount of residual culture solution are found. If the raceway
pond is not cleaned after microalgae harvest, then these impu-
rities will continue to enter the microalgae growth environ-
ment during the next culture cycle, causing the accumulation
of heavy metals in microalgae cells. Therefore, regular race-
way pond cleaning is necessary to reduce heavy metal con-
tents in microalgae cells.

In general, the mechanism for metal ion biosorption in-
cludes adsorption or complexation on cell wall surfaces and
accumulation in the cell interior (Singh et al. 2017). Heavy
metal ions are trapped in the structures of cell wall surfaces
and then adsorbed onto the binding site of cell wall surfaces.
This process is called “adsorption” or “passive absorption.”
These heavy metal ions can also enter the cell interior and the
metabolism cycle of microalgae cells through cell growth.
This process is called “active absorption.” “Passive absorp-
tion” and “active absorption” are also called “bioaccumula-
tion” or “enrichment.” When the surface adsorption or intra-
cellular accumulation of heavy metals in the microalgae cul-
tivation process can be controlled, the heavy metal contents in
the harvested microalgae biomass can be managed. This con-
dition is instructive for practice.

Conclusions

Algae inoculation was cultivated by adding nutrients, such as
N and P, to seawater and allowing power plant flue gas to enter
the raceway pond to provide a C source. After 6 days of open
culture, algae density was doubled, and the contents of heavy
metals, such as Pb, Cd, Hg, and As, in the algae powder
reached the national standard of the existing food grade algae
powder. The use of FPO or PPR membrane to pave the out-
door raceway pond did not increase the heavy metal contents
in the microalgae powder. The contents of Hg, As, and Pb in
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pure CO2-cultured microalgae were 16.67–70.33% that in flue
gas-cultured algae. The contents of Pb, As, and Hg in fresh
water algae were 15.38–38.46% lower than that in seawater
algae. Thus, the contents of various heavy metals in algae
powder can be further reduced and controlled. Dust is an un-
favorable factor during microalgae cultivation. Dust hazard
can be effectively reduced by setting up a glass or plastic
house. Shortening the culture time and timely cleaning of
the raceway pond can control the accumulation of heavy
metals in microalgae.
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