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Abstract: This article summarizes the recent progress of nutrient removal from wastewater via microalgae. Removal of

nitrogen and phosphorous compounds from wastewater are of great importance, while those compounds are suitable for growth

of some microalgae species.

Such a combination provides more opportunities for anaerobic digestion facilities, which are

producing large amount of wastewater with high nitrogen and phosphorous contents. However, in order to optimize and

maximize the performance and durability of the nutrient removal process, it is suggested that the basic principles about nitrogen
and phosphorous migration should be investigated thoroughly, especially from the fundamentals of substance transfer

mechanism between water environment and algal cells.
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1 Introduction

With the rapid increase of globally energy demands and fossil
fuel crisis, more attention has been paid on the production of the
substitute energy sources!'’. Microalgae, especially unicellular
eukaryotic algae has higher lipid production yield than that of the
best oilseed crops in terms of land area that required for
cultivation®. It has the advantages of high photosynthesis
efficiency, high growth rate, high lipid content, no occupation of
farmland and high added value™.  Therefore, energy from
microalgae could be a potential bioenergy in the future™>®.

Microalgae is the most primitive and widely distributed
biological species on the earth, which can carry out photosynthetic
autotrophic, organic heterotrophic or polyculture of lower

biomass®. It is widely distributed in fresh water, salt water and
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sea water, with wide temperature, pH and nutritional
adaptability®'®”.  Based on the existing data of lipid-rich
microalgae, Hu et all'"'' summarized the lipid-producing
characteristics of the main microalgae species. Under normal
cultural conditions, the lipid content is about 25.5% dry weight for
green algae, 22.7% dry weight for diatoms, and 27.1% dry weight
for other lipid-rich algae. As for the absence of nitrogen or other
stimulating conditions such as strong light, the lipid content will be
higher (45.7% dry weight for green algae, 37.8% dry weight for
diatoms, 44.6% dry weight for other lipid-rich algae on average).
Cyanobacteria generally has relatively low oil content (about 9.8%),
even in the external stimulating conditions.

A large quantity of water and considerable nutrient input are
consumed during microalgae cultivation, and water consumption
could account for 10%-20% of the total cost'>'¥.  Wastewater,
which is rich in nitrogen, phosphorus and other minerals, has
potential as a substrate for microalgae cultivation!'*'".

The most important work of wastewater treatment is to remove
or reuse the use nitrogen, phosphorus, other nutrients, heavy metals
and other substances®™?¥. Wastewater treatment methods are
mainly physical, chemical and biological treatments or those
combinations. Physical and chemical methods are usually with
relatively high cost, and easily to cause secondary pollution,
whereas biological treatment could avoid those problems much
better™ 27, As early as the 1970s, algae began to be the third
stage of wastewater treatment process, and it has been reported that
microalgae can also grow in high concentrations of inorganic
wastewater contained nitrogen, phosphorus and some metal
elements!®>%.  The cultivation of microalgae in wastewater can
effectively repair the environment of eutrophic nitrogen and
phosphorus elements while accumulating biomass for further
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As shown in Figure 1, the harvested algae products can be used
as feed, fertilizer, and even for the production of useful
chemicalsP®*7.  Co-locating algae production with wastewater
could make the cost of the biofuel and the level of environmental
pollution much lower and this bioremediation also improves the
thermodynamic cycle in a further more sustainable way™**,

2 Nutrient removal and biomass production by
microalgae cultivated in ADE

This part mainly discusses performance of microalgae
cultivation and nutrient removal from agricultural wastewater,
especially anaerobic digested effluent (ADE).

The nitrogen and phosphorus contents of agricultural
wastewater are higher compared with municipal wastewater, and
most of the nitrogen is present in ammonium form™'*. The
traditional way to deal with agricultural wastewater is to produce
farmland fertilizer. However, depending on the types of animals,
the time of feeding, the composition of the feed, the mode of
management and location of the farm, the composition and content
of the agricultural wastewater are also quite different®®. At the
same time, due to the quite different needs of nutrients from diverse
crops, and incomplete consumption of nitrogen and phosphorus in
agricultural wastewater, continuous disposal for long period will
lead to the accumulation of those ingredients that sediment into soil,
which causing a potential threat to the environment.

As shown in Table 1, ADE contains a large number of nitrogen,
phosphorus, potassium, as well as amino acids, vitamins, protein,
long prime, carbohydrate, nucleic acid, gibberellin and other
substances that can regulate growth and development of crop and
livestock. Because the anaerobic digestion process converts the
carbon contained in the waste into CHy, the carbon content of the
ADE is lower compared to the traditional municipal wastewater,
agricultural wastewater and industrial wastewater!*). The
contents of total nitrogen (TN) and ammonium nitrogen were
relatively high; the content of total phosphorus (TP) were relatively
lower; and the chemical oxygen demand (COD) content was quite
different according to the category of raw material.

Besides, there are also various ions that stimulate the
germination and growth of crops, such as calcium, phosphorus,
iron, zinc, etc (Table 2). If those elements are used rationally to
cultivate microalgae, it is possible to obtain cheap raw materials
while treating ADEM, this is of great significance to discharge the
ADE and reduce the carrying pressure of the environment?®*-*!,

However, there are still some problems to be solved about
ADE as the substrate for microalgae cultivation. The vast
majority of the nitrogen in the ADE is ammonium nitrogen®, It
has been reported that free ammonia obtained from the conversion
has a serious toxic effect on the microalgae!®. Besides, high
turbidity of ADE will inhibit the photosynthesis of microalgae,

further
accumulation™, so the dilution treatment of wastewater can be a
beneficial way for microalgae cultivation®™. It’s worth noting
that the dilution treatment also increases the water cost, and the
cost of microalgae harvesting process (including sedimentation'®,
centrifugation®®, drying!®”! and so on) will increase proportionally
with the dilution ratio. Literature results showed the microalgae
dehydration is the most energy-consuming process in the life cycle
of microalgae, and accounts for about 20%-30% of the total cost!®,
For economic reasons, the appropriate dilution is required to ensure
the growth of microalgae while keeping production costs in mind.

affect the utilization of nutrients and biomass

[63]

Table 1 Chemical composition of ADE in different types used
for the growth of microalgae (mg/L)

Type  pH COD NH,"-N TN TP Ref.
Pig® 85+02  280+l14 60.5+0.5 - 450412 38
Pig® 9.8 690053 824.55+4.2 928.46+4.64 45.72+0.55 44
Pig® - 120.77£15.09 135.5-143 146.64+8.12  2.18 45
Starch® 7.1-7.3 9263652 240.88+18.9 265.10£19.1 283412 46
Dairy® - 32650 1620 2371 240 41
Pig® - 1200-1350  960-1000  1050-1011  25-26.5 47
Pig® 6340 4852435 219.5+113 277.6+6.1 30240 48
Pig® - - 131710 - 202405 49
Pig® 7.05£0.0 6470+140 101.2+521 172.7+7.11 113.842.12 50
Pig® 7.0+0.03 18600+200 255.4+49 463.0+6.7 113.3+7.0 51
Pig® 833  793.57+7.65 - 453.62+£5.83 56.8£1.35 52
Pig® 77 332 233 348 101.4 53
Dairy® - 23760 2232 3456 2497 54
Poultry® - - 1143 1570 - 55
Pig® 6.1x0.1  3700+51 - 162.0£8.0 209.045.5 56
Pig® 8.0+0.3 813.12+£39.83 - 421.5£9.19  5.0+028 57

Pig®  6.3x0.1 3402.53+48.12 - 138.83+17.03185.37+7.85 58
Dairy®  8.67 10320 1554 1722 111.6 59

Notes: * untreated and undiluted ADE; ® pretreated ADE; ° pretreated anaerobic
digested starch wastewater.

Table 2 Several ions of ADE in different types (mg/L)

Type K Mg Fe Cu Ref.
Pig"® 42381 0.9429 0.2345 - 45
Starch®  174.47+10.7  181.16£9.34  32.86+1.54 - 46
Pig® 530-545 165-175 8.5-9.5 - 47
Pig"® 1.65+0.08 1.33+0.09 1.29+0.06 5.18 48
Pig*® - - - 73405 49
pig"® - - 4.58+0.03 2.53 50
Poultry® 1632 215 224 10.4 55
pig"® - - 1.29+0.07 0.26 57

Notes: * untreated and undiluted ADE; ° pretreated ADE; © pretreated anaerobic
digested starch wastewater.

Recently, many studies have been focusing on the topic of
nutrients removal based on biomass accumulation and lipid
production®® ™!, Table 3 shows the summary of major nutrient
removal capabilities and biomass production, lipid accumulation by
microalgae cultivation in various ADE conditions. The raw
material of ADE consisted of pig manure, dairy manure and others,
among which of pig manure was mostly studied. The algae
strains were composed of Chlorella zofingiensis, Chlorella sp.,
Chlorella sorokiniana, Chlorella vulgaris, Chlorella pyrenoidosa,
Desmodesmus sp., Scenedesmus dimorphus and Scenedesmus
obliqguus and so on. Along with the growth of microalgae, the
COD removal could be up to 32%-96%, the NH,"-N removal of
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22.9%-100%, the TN removal of 23%-93%, and the TP removal of
20%-98% based on the diverse conditions.  The biomass
accumulation also reached the 0.6-2.9 g/L with the specific growth
rate of 0.12-2.73 d”, and the lipid content in the range of
9.0%-31.6% with the lipid productivity of 30.0-110.56 mg/L/d.
Additionally, some studies also investigated the chemical
compositions in the microalgae from the ADE media, such as
pigments, carbohydrate, protein and lipids, especially the fatty
acids profiles which could be a potential way to determine some

important properties of biodiesel®”"?. Deng et al.l’? investigated

the potential biodiesel feedstock production and nutrient removal of
Chlorella vulgaris (UTEX 2714) cultivation in the anaerobically
digested swine manure. The fatty acids profiles were different
with the change of dilution multiple of ADE. The predicted
properties of biodiesel fit for the biodiesel standards of ASTM
D6751-08 and EN 1421472, Chung et al.l" cultivated Spirulina
sp. with 10% ADE and NaHCO;. The yield of Spirulina sp. was
up to 5 g/(m*-d) and nitrogen assimilation efficiency was up to
76%. The protein of such Spirulina sp. was employed for feeding
mice and did not show any toxic reactions!®®).

Table3 Summary of major nutrient removal capabilities and biomass production by microalgae cultivation in various ADE

conditions
. Time Biomass Bloma_sg Specific Lipid Nutrient removal
Type Strain /d JoLl productivity growth rate content/% Ref.
& /mg-L"d! /d! o COD NH;' N TN TP
Pig*? C.zofingiensis 10 2.96240.192 296.16£19.16  0.34+0.001 - 79.84% - 82.7% 98.17% 56
Dairy ° Chlorella sp. 21 1.57 - 0.282°¢ 9 38.4% 100% 82.5% 70.1% 54
Pig ¢ C.sorokiniana 5 1.33+0.14 617.1£0.18 2.73+0.02 - - 54.2343.13% 50.06+0.41% - 45
Pig ¢ C. vulgaris 5 0.89+0.1 504.24+20.73 2.67+0.05 - - 80.74+1.85% 65.87+4.71% - 45
Pig ¢ C. vulgaris ESP-6 5 1.36+0.22  643.6+89.39 1.59£0.11 - - 29.43+1.67% 28.28+4.84% 45
Pig®  Desmodesmus sp F51 5 1.51+£0.02  268.35+62.69 2.2+0.0 - - 57.68+0.14% 51.35+2.17% - 45
Pig ¢ S. dimorphus. 5 0.95+0.09  538.56+20.05 1.11x0.02 - - 60.28+1.77% 64.38+0.36% - 45
Pig ° C. vulgaris 7 1.1 140 - 17.4+1.89 32.9% 99.8% 55.4% 20.0% 51
Pig! C. vulgaris 7 1.68 234.1 - 31.6+£0.26 950 mg/L/d 229 mg/L/d 23.4mg/L/d 7.68 mg/L/d 50
Pig® C. vulgaris 7 1.26+0.09 155+7 - - 96+0% 100+£0% 93+1% 91+£2% 48
Pig" C. vulgaris 7 2.42 440.3 1.00 22.3+1.61 34.4% 98.8% 51.3% 38.4% 51
Pig " C. pyrenoidosa’ 10 1.31 150 0.821 - 55.1% 100% 51.9% 60.5% 71
Pig* C. vulgaris 7 0.616+0.04 - 0.1240.03  21.95+1.05 85.94+1.7% - 72.48+10.5% 86.93+£2.49% 57
Pig' S. obliquus 7 - 311.28+12.36  0.382+0.008 - 75.29+5.89% - 74.63+6.94% 81.73+£7.28% 58

Notes: * the initial concentration of COD was 1900 mg/L; ® 10*dilution of ADE; ° the average specific growth rate in the first 7 days; ¢ 8-fold diluted ADE; © 3*ADE;
the initial concentration of NH,-N was about 100 mg/L; ¢ the initial concentration of NH,*-N was 110 mg/L; " 3*diluted ADE with pretreated centrate; ' 4* diluted ADE
with sterile water; | C. pyrenoidosa sparged with simulated flue gas; * cultivation in the flat plate photobioreactors of 75 L outdoor; ' the initial concentration of COD was

1600 mg/L.

3 Mechanism of nitrogen and phosphorous removal
from wastewater by microalgae

Xue et al.” and Huntley et al.l’ have proposed that the

empirical formula CjosHp630110N 1P of algae which has been

widely recognized. The molecular formula shows that nitrogen

accounts for about 6.3% of the whole algal cells, with a ratio

nitrogen: phosphorus ratio of 7:1. Assuming that nitrate is a

nitrogen source and phosphate hydrate is a phosphorus source, the

algae photosynthesis reaction equation is as follows:
106CO,+16NO; +HPO,>+122H,0+18H"

Light
» Ci06H2630110N 6P +1380,

In the process of growth, the nitrogen and phosphorus elements
contained in organic matter such as urea, amino acids and other
organic substances can be converted into self-synthetic substances
by inorganic ions such as nitric nitrogen, ammonia nitrogen and
orthophosphate in the sewage process. In addition, some algae
species (such as cyanobacteria) can directly fix nitrogen in the air.
Therefore, it is one of the effective ways to solve the problem of
water eutrophication by applying algae to the absolute demand of
nitrogen and phosphorus and its resistance to water pollution.

3.1 Mechanism of nitrogen removal

Nitrogen is a kind of necessary element for all living
organisms. All organic nitrogen sources are inorganic nitrogen,
and microbial life process can be a perfect embodiment of

inorganic nitrogen into organic nitrogen important role.

Microalgae can use nitrogen sources not only inorganic nitrogen
sources but also organic nitrogen sources (urea, amino acids, etc.).
Inorganic nitrogen in water often exists in ammonia nitrogen
(including ammonium nitrate, NH,", and free ammonia, NHj),
nitric nitrogen (NOj3") and nitrite nitrogen (NO;). Actually, many
studies have shown that in the presence of multiple inorganic
nitrogen sources, microalgae will give priority to the use of
5781 Some microalgae cells cannot use
Xin et al.””

ammonium nitrogen
nitrate nitrogen due to the lack of nitrate reductase.
suggested that ammonia nitrogen could be better for microalgae
during the growing period, and as for the stable period, the nitrate
and urea suit for microalgae growth mechanism.

The nitrate nitrogen absorption using microalgae is a positive
absorption. Nitrate is reduced to nitrite under the catalysis of
nitrate reductase, and further to ammonium nitrogen using 6
electrons for the next step amino acid synthesis. For algae, nitrate
is a more stable source of nitrogen, which was used as the
dominant nitrogen source by sodium nitrate in green algae culture
of BG11 medium. Therefore, the concentration of nitric acid in
water generally does not affect the growth of microalgae!™.

Differently, the ammonia nitrogen absorption using microalgae
has both active and passive transport, which depends on the
ammonia concentration and microalgae glutamine synthetase
activity. As shown in Figure 2, ammonium nitrogen can be
directly converted to amino acids by amination or transamination.
Free ammonia (NH;) could through into the cell membrane by the
passive diffusion of free penetration. The ratio of the two forms
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of ammonia nitrogen is determined by the pH value, which is a
dynamic equilibrium relationship. Free ammonia is the main
substance that inhibits the growth of microalgae’™. When the pH
is higher (pH 8 and the concentration of ammonia nitrogen of
2.0 mmol/L), the free ammonia content that dissolved in water will
cause fatal damage to microalgae. In addition, the oxygen
concentration in the water body will decrease rapidly, cause the
inhibition of the photosynthesis and growth of microalgae. Some
scholars believe that once the ammonia concentration exceeds
1.2 mmol/L, microalgae photosynthesis will be affected®™. With
the advantages of high fat-soluble, easy to pass through the algae
cell membrane, and inhibiting the respiratory process of electron
transport system and so on, the toxicity of free ammonia for
microalgae is much greater than that of ammonium. When the
free ammonia in water environment increases, excess free ammonia
will enter the living cells and has significant impacts on the
stability of the biological cell membrane and the enzymatic
hydrolysis reaction, also inhibit the activity of the enzyme
(especially for the antioxidant enzyme) and decrease the
intracellular and extracellular oxygen content. The research
results showed that the concentration of ammonia was about
120 mg/L at pH 8.5 and 25°C®Y.  Therefore, in order to ensure
the normal growth of microalgae, ammonia concentration in the
medium should be controlled at 120 mg/L or less.

Ammonia nitrogen

1
I
I
I
I
I
1

NH; NH;

[ NH; =) Amino acid synthesis ]

H+
Nitrite reductase | 6¢”

NO,

Nitrate reductase | ¢~

\

|’ 1
\ |
H 1
' 1
! i
! [

Figure 2 Schematic diagram of transformation of nitrogen
elements in the adsorption process of microalgae

3.2 Mechanism of phosphorous removal

Phosphorous is an essential element for the growth of
microalgae, and is involved in the synthesis of adenosine
triphosphate (ATP), nucleic acid, phospholipid and coenzyme,
which plays an important role in cell metabolism.  The
phosphorus element in the water can be absorbed by microalgae
cells in the form of soluble phosphate such as hydrogen phosphate
and dihydrogen phosphate, and then be converted into microalgae
by hydrolysis such as phosphatase®™. When the phosphorus
deficiency is absent in the culture medium and without phosphorus
starvation treatment, microalgae cells will absorb excess phosphate
(i.e. excess intake) and rapidly store the soluble phosphate in algal
cells in the form of polyphosphoric acid particles. Once the
phosphorus in the medium is lack, cells can use the stored
phosphate to maintain cell division and growth. In the
phosphorus-rich medium, the absorption of phosphorus by
microalgae can be maintained at a high level, which is twice more
than that of the phosphate-free medium, but the difference in the

daily biomass yield is not obvious®].

4 Conclusions

Microalgae can utilize nutrients such as nitrogen or
phosphorous contents in wastewater. This study summarized
some available results and found that some microalgae could
tolerate high organic compound concentration in different types of
wastewater, especially in ADE. However, the basic principles
about nitrogen and phosphorous migration are still not so clear as
the booming demands in real applications of improving the
performance and durability of the nutrient removal process. It is
necessary to conduct much more in-depth investigations on the
substance transfer mechanism of the process so that the relationship
between biomass accumulation and nutrient removal could be
better interpreted.
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