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Abstract

In the present work, effect of two carbon sources, namely, sodium bicarbonate and sodium acetate, on the growth of Spirulina
platensis, raw swine wastewater (RSW) nutrients removal, and lipid production efficiency was thoroughly investigated. Experi-
mental results showed that maximum biomass concentration and total nitrogen (TN), total phosphorous (TP), and ammonium
removal percentage of 1.70 g L', 91.24%, 87.44%, 100% were achieved, respectively, when sodium bicarbonate was supple-
mented to the RSW, which were significantly (p <0.05) higher than that of the control. With regard to sodium acetate as extra
carbon source, maximum biomass concentration and TN, TP, and ammonium removal percentage reached 2.18 g L, 85.72%,
87.02%, and 100%, respectively, which were notably enhanced compared to that of the control. Furthermore, saturated fatty
acids and unsaturated fatty acids content in the obtained biomass ranged from 68.01-69.44% to 30.56-31.99%, respectively,
and hexadecanoic acid, palmitoleic acid, octadecenoic acid and linoleic acid were found to be the major fatty acid components
in the algal lipids. Thus, sodium bicarbonate and sodium acetate supplementation to RSW are technically feasible strategies
to enhance Spirulina platensis growth for simultaneously nutrients removal and biodiesel production.
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Statement of Novelty

In this work, Spirulina platensis was employed as micro-
algae specie for raw swine wastewater treatment. Spirulina
platensis is more facilitated to be harvested compared to
the commonly used microalgae species, such as Chlorella
and Scenedesmus. In addition, extra carbon source sup-
plementation to raw swine wastewater was proposed to
enhance Spirulina platensis growth and nutrients removal,
which can avoid the limitations of low CO, mass trans-
fer efficiency in open raceway ponds for microalgae
cultivation.

Introduction

The demand for meats has been soaring in the past dec-
ades. In order to fill the gap between demand and sup-
ply on meats, great change has taken place in the feeding
mode of livestock in the world, namely, from household
to intense industrial mode [1]. This dramatic variation
has contributed to the booming production of meats.
Currently, the world population of hogs is 769.05 mil-
lion hog heads and global pork production for 2018 was
around 118.8 million metric tons [2]. In China, according
to the data from the National Bureau of Statistics of China
(NBSC), though the pig population dropped rapidly after
2014, the number of pigs being raised at the end of 2018
was still as high as 42.8 million heads (http://data.stats
.gov.cn/easyquery.htm?cn=C01). Huge number of pigs,
on the other hand, can result in corresponding dramatic
increase in swine wastes generation. These wastes mainly
consist of wastewater, organic solid wastes and exhausts
from pig husbandry. Livestock wastes generally contain
high concentration of carbon, nitrogen, phosphorous, and
trace amount of heavy metals, antibiotics and hormones
[3, 4], which have raised great concerns on environmental
pollution and ecological security [3—6].

Spirulina platensis is a kind of eukaryotic microalgae,
which is generally recognized as the Earth’s oldest liv-
ing plant originated approximately 3.6 billion years ago
[7]. Spirulina platensis is also recognized as a promising
alternative feedstock to edible and non-edible feedstocks
for biodiesel production due to their efficient conversion of
solar energy into chemical energy and commercial avail-
ability in large quantities [8, 9]. Furthermore, Spirulina
platensis can grow tenaciously in nutritive wastewater and
have strong nutrients uptake ability [10—12]. Considering
abundant nutrients available in RSW and requirement of
large quantities of carbon, nitrogen and phosphorous for
Spirulina platensis growth, coupling Spirulina platensis
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cultivation and wastewater nutrient bioremediation show
great potential in lowering the production cost of Spir-
ulina platensis biomass and offset part of wastewater treat-
ment expense. Therefore, a great number of studies had
focused on the feasibility and scalability of integrating
wastewater nutrient removal and Spirulina platensis cul-
tivation for biofuels or bioproducts production, resource
recovery and wastewater treatment [13]. For example, Lu
et al. [14] had reported cultivating Spirulina platensis in
pretreated brewery effluent could produce 1.562 mg L™!
biomass and reduced concentrations of nutrients to reach
the allowable discharge limits. However, the small cell size
of microalgae (<30 pm), low biomass concentration and
productivity (normally lower than 25 g m~2 day~!) make
the microalgae biomass harvesting process energy inten-
sive. Intensive energy consumption in microalgae biomass
harvesting, however, significantly hinders the scale-up of
the coupling process for algal-based biodiesel production
and wastewater treatment. Additionally, open raceway
pond is the widely used bioreactor system in large-scale
microalgae cultivation [15], however, CO, mass transfer
efficiency in open raceway ponds is low due to low solubil-
ity of CO, in water and shallow design of open raceway
ponds. Insufficient carbon sources supply can limit micro-
algae growth and lipid production. In this context, increase
of the microalgae growth during microalgae cultivation
using nutrient rich wastewater is of great significance to
make the microalgal biodiesel production and nutrients
recovery more economical feasible. To achieve the above
aims, a number of strategies had been tested, for example,
Srinuanpan et al. [16] used starvation of phosphorous or
ferrous to increase lipid contents and manipulate fatty acid
compositions of two microalgae species. However, the
microalgae growth was severely affected by nutrient limi-
tation. Dao [17] used two auxins namely indole-3-acetic
acid (IAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) to
enhance the growth and fatty acid methyl esters (FAMEs)
production of Scenedesmus sp. LX1. Though the auxins
could increase the microalgae growth and FAMEs pro-
duction, the massive availableness, cost-effectiveness and
bio-safety of them are still unclear.

Therefore, the current work aims to explore an easy
scale-up and economical method to increase Spirulina
platensis growth and RSW nutrients removal efficiency.
The specific goals are to: (1) evaluate the effect of two
different carbon sources (NaHCO; and CH;COONa) on
the growth of Spirulina platensis; (2) verify the effect of
the two carbon sources on the nutrient removal capacity;
and (3) determine the lipids productivity and fatty acid
composition of the obtained Spirulina platensis biomass
with various carbon source supplementation for biodiesel
production potential evaluation.
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Materials and Methods
Materials

RSW was collected from the floor flushing wastewater dis-
charge point of a family-run small-scale pig farm. RSW
was subjected to gravity sedimentation overnight followed
by filtration with Whattman filter papers (pore size of 0.45
um) for water quality analysis and Spirulina platensis cul-
tivation substrate. The physicochemical properties of the
RSW are listed in Table 1. Spirulina platensis strain was
obtained from microalgae laboratory of Guangzhou Institute
of Energy Conversion (GIEC), Chinese Academy of Sci-
ences (CAS). The chemicals used in the experiment were
all analytical grade and used without further purification.

Methods
Cultivation of Spirulina platensis with RSW

Pre-culture of Spirulina platensis using Zarrouk’s medium
was carried out prior to the experiment. The pre-cultured
Spirulina platensis cells were harvested at their logarithm
growth phase. The obtained Spirulina platensis cells was
then inoculated to RSW (with 50% dilution) with initial

Table 1 Physicochemical properties of RSW

Parameters Value

pH 8.45+0.01

COD 1421.29+0.13 mg L™!
Ammonia 77.83+0.04 mg L™
TP 74+0.42 mg L™
TN 326.60+2.98 mg L

Fig. 1 Schematic depict of
Spirulina platensis cultivation
with RSW

biomass concentration of 0.15 g L™ Subsequently, the inoc-
ulums were illuminated with two florescent lights (1.2 m in
length and power of 16W, Foshan Lighting Co. Ltd, China)
fixed 30 cm above the mouths of the flat bottom flasks. The
illumination intensity and time were set to be 3000 + 100
lux and 24 h per day, respectively, based on our previous
results [18]. All the treatments were provided with air as
basic carbon source for Spirulina platensis growth and agita-
tion to avoid cells sedimentation. The incubation time lasted
continuously for 15 days. During cultivation, the growth of
Spirulina platensis and variations of pH (determined using
an acid meter equipped with a probe, model PH3C, Shang-
hai Jingke Instrument Co. Ltd, China) of culture medium
were monitored every day, respectively. Variations of COD,
ammonium, TN and TP concentration in RSW during Spir-
ulina platensis growth were analyzed every other 2 days.
The simplified schematic of the experiment setup is dem-
onstrated in Fig. 1.

Experimental Design

In this work, 50% RSW supplemented with 1 g L™ NaHCO;
or CH;COONa (designated as NaHCO; and CH;COONa,
respectively), was employed as cultivation substrate to
evaluate their effect on Spirulina platensis growth, nutri-
ent removal capacity and biodiesel production potential. For
comparison, two controls namely control 1 (without Spir-
ulina platensis inoculation or carbon sources supplementa-
tion), and control 2 (with Spirulina platensis inoculation
but without carbon source supplementation) were designed
to testify the effect of Spirulina platensis on removal rate of
nutrients from RSW and carbon source supplementation on
the growth of Spirulina platensis, nutrients removal ability,
lipids content and fatty acid profiles of the obtained biomass,
respectively.
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Fluorescent lamps
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Determination Spirulina platensis Growth

Biomass concentration is an indirect indicator to character-
ize microalgae growth. In this work, in order to determine
the variation of Spirulina platensis growth, 5 mL culture was
taken from each flask and filtered through a dried and pre-
weighed Whatman filter paper (0.42 um) (w,, g). The filter
residue was rinsed twice with deionized water, dried at 105
°C to constant weight (w,, g). The biomass concentration
could be calculated by Eq. (1):

Biomass concentration (g L_l) = (w1 - Wz) % 1000/5
ey
The biomass productivity and specific growth rate
of Spirulina platensis were obtained Eqs. (2) and (3),
respectively:

Biomass productivity (mg L™'day™") = (X;—X,)/t (2)

Specific growth rate (day™') = In (X;/X,)/t 3)

where X, and X are biomass concentration at the beginning
and at the end of the cultivation (t), respectively.

RSW Quality and Biomass Lipid Analysis

Physicochemical parameters of RSW, including COD, TN,
TP and ammonium concentration, were analyzed accord-
ing to the “water and wastewater monitoring and analyti-
cal methods”, approved by the Ministry of Ecological and
Environmental of China (MEE). The removal percent-
age and removal rate were calculated by Eqgs. (4) and (5),
respectively:

Removal percentage (%) = (Cy — C;)/Cy % 100% )

Removal rate (mg L™' day™) = (C, — Cy)/t 5)

where C,, and C; are the concentration at the beginning and
at the end of the cultivation, respectively.

After 15-day cultivation, the biomass was harvested by
gravity sedimentation (5 h) followed by centrifugation (5000
rpm, 10 min). Biomass pellets were freeze-dried at — 80 °C
for lipid content and fatty acid profiles analysis. Total lipids
content and fatty acid profiles of the obtained biomass were
determined as described in our previous work [19].

Statistics Analysis
All the experiments were conducted in duplicates and aver-
age values with standard deviations were reported. One-way

ANOVA using SPSS software (version 11.0) with p<0.05
was carried out for data validation.
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Results and Discussion

Biomass Concentration and Chlorophyll Content
Variation

Biomass concentration is a useful indicator to evaluate
microalgae growth and biomass productivity. Figure 2
illustrated the variations of biomass concentration dur-
ing Spirulina platensis growth. From Fig. 2, steadily
increase of biomass concentration in all treatments could
be observed after Spirulina platensis being inoculated
into the RSW, suggesting no significant inhibitory effect
of the RSW to the growth of Spirulina platensis. After
15 days cultivation, maximum biomass concentration of
1.70 g L™" and 2.18 g L™! were achieved in NaHCO,
and CH;COONa treatments, respectively, which were
significantly (p <0.05) higher than that of the control 2
(1.27 g L™Y). The better growth performance of Spirulina
platensis in treatments with extra carbon sources supple-
mentation indicated NaHCO; and CH;COONa could be
served as effective carbon source candidates for Spirulina
platensis. The maximum biomass concentration obtained
in CH;COONa supplemented RSW was quite closed to
that in fresh Zarrouk’s medium (2.30 g L™!) [20], how-
ever, was higher than that in synthetic human urine sup-
plemented with 200 mg L=! CH;COONa reported by
Chang [21], in which a maximum biomass concentration
of 1.75 g L™! was recorded. The better Spirulina platen-
sis growth performance in the current study could pos-
sibly due to the different initial inoculation and five times
higher CH;COONa concentration employed in the pre-
sent work [22]. Higher maximum biomass concentration
was achieved by Andrade and Costa [23], who achieved
a maximum biomass concentration of 2.94 g L~! with
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Fig.2 Growth curves of Spirulina platensis in RSW
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sugar wastewater as external carbon source, which could
mainly attributed to the reduction of inhibitory effect by
ammonium ion in wastewater as well as organic carbon in
the sugar wastewater are readily easier to be assimilated
by Spirulina platensis [21].

Specific growth rate and biomass productivity are
another two important parameters to evaluate the micro-
algae biomass production efficiency. In this study, a spe-
cific growth of 0.14, 0.16, and 0.18 day~' was achieved for
Control 2, NaHCO;, and CH;COONa, respectively. The
biomass productivity obtained for Control 2, NaHCO;, and
CH,COONa was 74.67, 103.33, and 135.33 mg L™! day™!,
respectively, which agreed well with the results reported
by Arana [24], who proved NaHCO; could enhance the
growth of Chlorella vulgaris. The enhanced Spirulina
platensis specific growth rates and biomass productivities
indicated NaHCO; or CH;COONa supplementation could
increase Spirulina platensis growth, which could possibly
due to the utilization carbon sources by Spirulina platensis
to synthesis carbohydrates, such as starch and lipids [25].

Organic Matter and Nutrients Removal
cob

Microalgae can grow in mixotrophic mode, in which both
inorganic carbon and organic substances can be served as
carbon sources for microalgae growth [26]. COD is a com-
prehensive indicator of organic compounds concentration
in wastewater and is a key index in the livestock wastewa-
ter discharge standards. The changes of COD concentra-
tion in RSW vs cultivation time were depicted in Fig. 3.
According to Fig. 3, treatments with Spirulina platensis
inoculation had no significant effect on COD removal
compared to that of control 1, demonstrating indigenous
bacteria contributed to the principle organic substances
degradation, whereas effect of Spirulina platensis assimi-
lation could be neglected. This can probably be attributed
to the weak bioavailability of organic compounds in the
RSW to Spirulina platensis. After 6-9 days, however, the
COD concentration in treatments with Spirulina platen-
sis inoculation considerably increased, though a slight
reduction appeared after 12 days (except control 2). This
phenomenon is possibly due to the fast growth of Spir-
ulina platensis, which could synthesize and release large
amounts of water-soluble extracellular polysaccharides
(EPS) [27]. Similar results were also reported by Xie who
used microalgae-bacteria for anaerobic digestion effluents
treatment [28]. Consequently, it is necessary to balance the
Spirulina platensis cultivation time and biomass produc-
tivity as well as COD removal efficiency in the coupled
process.

P

Microalgae contain about 1% phosphorous element by
weight, and phosphorous is an essential macronutrient for
microalgae metabolism. The changes of TP concentrations in
RSW during Spirulina platensis cultivation were presented
in Fig. 4. Sharp decrease of TP concentration in RSW was
observed during Spirulina platensis growth, which resulted
from both the assimilation of Spirulina platensis cells and
chemical precipitation since biomass concentration buildup
in the RSW and the high alkalinity of the RSW during Spir-
ulina platensis cultivation (as shown in Fig. 5). By the end
of cultivation, there was no significant difference between
treatments with Spirulina platensis inoculation and carbon
sources addition, but dramatic higher TP removal amount
compared to that of the control 1 (without Spirulina plat-
ensis inoculation), indicating that Spirulina platensis could
assist recovering phosphorous from RSW.

Ammonium and TN

A general molecular formula of microalgae is
C,06H13:045N P, indicating for every 1 kg of dried micro-
algae biomass produced approximately 0.11 Kg of nitrogen
will be consumed. Therefore nitrogen supply is an important
consideration of sustainable microalgae biomass production
[29]. RSW is characterized of high nitrogen concentration.
Free ammonia, ammonium salt and organic nitrogen are the
principle chemical forms of nitrogen available in RSW. The
distribution of inorganic nitrogen is strongly dependent on
the pH value of wastewater. If not being managed properly,
excess nitrogen discharge can easily lead to eutrophication
of natural water body. In the present work, the variations
of ammonium and total nitrogen (TN) concentration in the
RSW during Spirulina platensis growth were determined
and illustrated in Figs. 6 and 7, respectively. According to
Fig. 6, compared to ammonium concentration reduced only
from 37.83 to 26.83 mg L~!in RSW in Control 1, the ammo-
nium concentration in the RSW with Spirulina platensis
inoculation or carbon sources supplementation decreased
from 50-60 mg L~! to 0 within 3 days, suggesting Spirulina
platensis can enhance ammonium removal, since microalgae
prefer ammonium as the nitrogen source than other chemical
forms of nitrogen [30]. In addition, part of ammonium in
RSW could volatilize as the pH values of RSW in all treat-
ments during Spirulina platensis cultivation were 9.28-9.87
(as demonstrated in Fig. 5).

While for TN, it can be observed from Fig. 7 that a stead-
ily decrease of TN concentrations during the 15-day cultiva-
tion of Spirulina platensis. The decline of TN concentration
could attributed to combined effect of Spirulina platensis
assimilation and volatilation due to continuous aeration
and high alkalinity of RSW (as indicated in Fig. 5) during
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percentage of 74.44-91.24% and TN removal rate of 6.43
mg L™! day~!-9.87 mg L~! day~! were achieved in all the
treatments by the end of the experiment. In addition, dramat-
ically higher TN removal percentage and removal rate were
recorded in Control 2 compared to that of Control 1, suggest-
ing Spirulina platensis greatly assisted in nitrogen removal.
However, no significant enhancement of TN removal was
observed between treatments with extra carbon source addi-
tion, which might due to insufficient bioavailable nitrogen in
the RSW for further uptake by Spirulina platensis, though
higher biomass production was recorded in treatments with
extra carbon source supplementation.

Lipids Content and Fatty Acid Profiles of Biomass

Lipids content, especially neutral lipids abundancy is a sig-
nificant prerequisite determining the potential of microal-
gae biomass for commercial biofuel production. Commonly,
there are three types of lipids available in microalgae cells,
namely, neutral lipids, glycolipid and phospholipid [31]. In
this study, lipid contents of 10.97%, 8.52%, and 8.63% were
detected in the biomass recovered from Control 2, NaHCO;,
and CH;COONa (as presented in Table 2). Lower lipid con-
tent in the RSW supplemented with extra carbon sources
possibly resulted from the “dilution effect” caused by much
higher biomass production in these runs. Lipid contents
achieved in the present work were relatively lower com-
pared to the results reported by Andrade et al. [20] who used
Zarrouk’s medium for Spirulina platensis cultivation. How-
ever, considering dual effect of RSW treatment and Spir-
ulina platensis biomass production in the coupling process,
the cost of lipid production can be reduced theoretically.
Besides lipids content, the fatty acid profiles of lipids in
microalgae also dramatically affect the quality of biodiesel
produced from microalgae [32]. In brief, both the length of

Table 3 Lipids content and fatty acid profiles of obtained biomass

Compounds Control 2 NaHCO; CH;COONa
% on dry weight basis
Total lipids 10.97 +0.00 8.52+1.15 8.63+1.02
FAME 8.13+0.19 6.84+0.12 7.75+0.16
C14:0 0.29+0.01 0.20+0.02 0.17+0.03
Cl4:1 0.13+0.02 0.10+0.02 0.13+0.02
C16:0 3.63+0.01 3.45+0.12 3.98+0.44
Cle:1 0.37+0.01 0.20+0.04 0.18+0.01
C18:0 1.60+0.11 1.07+0.01 1.13+0.12
C18:1 0.58+0.04 0.44+0.03 0.48+0.02
C18:2 1.10+0.07 1.10+0.07 1.38+0.21
C18:3 0.37+0.03 0.19+0.03 0.06+0.00
C20:0 0.01+0.00 0.01+0.00 0.02+0.00
C20:1 0.03+0.00 0.02+0.01 0.06+0.00
C20:2 ND ND 0.01+0.00
C20:3 0.02+0.00 0.02+0.00 0.03+0.01
SFA% 68.01+1.22 69.36+0.33 69.44+3.08
USFA% 31.99+1.22 30.64+0.33 30.56+3.08

ND not detected, SFA% saturated fatty acid percentage, USFA%
unsaturated fatty acid percentage

carbon chain of fatty acid and number of unsaturated carbon-
carbon bonds in fatty acids play a critical role on the proper-
ties of biodiesel. As illustrated in Table 3, hexadecanoic acid
(C16:0), palmitoleic acid (C16:1), octadecenoic acid (C18:1)
and linoleic acid (C18:2) were the major fatty acid components
in the biomass obtained from all the treatments. These results
were similar with that reported by Dehaghani [33]. According
to the statement by Liu [34], the quality of biodiesel strongly
depends on the content of oleic and palmitic acids. High oleic
acid content in microalgae lipids facilitates balance of bio-
diesel properties including combustion heat, oxidative stabil-
ity, lubricity, viscosity, cold filter plugging point (CFPP), and
ignition quality, while palmitic acid imparts a higher oxidative
stability and cetane number as well as lower NOx emissions
[35]. Regarding the distribution of saturated fatty acids and
unsaturated fatty acids, no obvious differences were observed
between treatments with extra carbon sources supplementation
and control 2 (ranging from 68.01-69.44% to 30.56-31.99%
for saturated fatty acids and unsaturated fatty acids, respec-
tively). Therefore, the lipids obtained by cultivating Spirulina
platensis in RSW have great potential to be served as alterna-
tive feedstock for biodiesel production.

Conclusions
Coupling of nutrient removal and algal biomass production

through microalgae cultivation in wastewater is widely con-
sidered to be a promising approach for microalgae biodiesel
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production. However, the coupled process is still not com-
petitive due to extremely high microalgae biomass and lipid
production cost. This study tested the effect of sodium bicar-
bonate and sodium acetate supplementation on the key indi-
cators of the coupled process and found that both of which
could significantly enhance Spirulina platensis growth and
the RSW nutrients removal efficiency. Furthermore, the
obtained biomass is also a suitable alternative to conven-
tional feedstocks for biodiesel production based on the fatty
acid profiles and productivity. Therefore, supplementation
of sodium bicarbonate and sodium acetate are effective
strategies to increase the Spirulina platensis productivity
and nutrients removal efficiency of the integrated process
of RSW treatment and biodiesel production. However, the
optimal supplementation quantity of extra carbon sources
and their effect on the distribution of indigenous microor-
ganisms in RSW in long term cultivation still required to
be addressed in further study. In addition, further research
on the effectiveness of sodium bicarbonate and sodium
acetate on other microalgae species are also required to be
conducted.
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