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Abstract: The effect of ammonia and iron concentration in Bold Basal Medium and mixed wastewater
(including pretreated piggery wastewater and acid mine drainage) on biomass production and
biochemical content (lipid and ß-carotene) of microalgae (Uronema sp. KGE 3) was investigated.
Addition of iron to the Bold Basal Medium enhanced the growth, lipid, and ß-carotene of Uronema
sp. KGE 3. The highest dry cell weight, lipid content, and lipid productivity of KGE 3 were 0.551 g
L−1, 46% and 0.249 g L−1 d−1, respectively, at 15 mg L−1 of Fe. The highest ß-carotene was obtained
at 30 mg L−1 of Fe. The biomass production of KGE 3 was ranged between 0.18 to 0.37 g L−1.
The microalgal growth was significantly improved by addition of acid mine drainage to pretreated
piggery wastewater by membrane. The highest dry cell weight of 0.51 g L−1 was obtained at 1:9
of pretreated piggery wastewater by membrane and acid mine drainage for KGE 3. The removal
efficiencies of total nitrogen and total phosphate was ranged from 20 to 100%. The highest lipid and
ß-carotene content was found to be 1:9. Application of this system to wastewater treatment plant
could provide cost effective technology for the microalgae-based industries and biofuel production
field, and also provide the recycling way for pretreated piggery wastewater and acid mine drainage.
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1. Introduction

Microalgae synthesize contain valuable biomass compounds, such as lipid, ß-carotene, astaxanthin,
and lutein [1,2]. Biofuel has been obviously reported as a source of renewable energy for superseding
the fossil fuel [3]. The biodiesel can be derived from lipids of microalgae, which is achievable since
microalgae contains up to 50% of lipid with respect to dry cell weight [4]. Also, microalgae have
advantages like high photosynthetic efficiency, high productivity yield, non-arable land use, and ability
to capture and utilize CO2 as a nutrient [5,6]. Carotenoids are commercially using as food coloring
agent and feed cosmetic products, particularly ß-carotene acted as an antioxidant, anticancer and
immune functions. The nutrient concentration is one of the vital sources for successful of cultivation
microalgal, and efficient and improved synthesis of microalgae biomass for subsequent production of
biodiesel and ß -carotene has also been reported [7]. Also, the concern has been increasing towards the
biomass production from microbial to absorb heavy metal ions and bioaccumulation [8,9].

Acid mine drainage (AMD) is often net acidic and contains a high concentration of essential metals
including iron, which can be used as micronutrients to improve the growth of microalgal with respect
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to enhancing the lipid production [10,11]. Organic sources for microalgae growth was accounted
as 80% of the total cost of the medium [12], hence it is necessary to use low-cost organic moieties
or wastewaters to achieve maximum microalgal yield at commercial scale [13]. The development
of livestock production has environmental problems. Manure characterization results show that it
contains a high concentration of organic material like nitrogen and phosphorus. The manure treatment
process tends to couple with anaerobic digestion, which reduces the treatment cost along with nutrient
recovery for microalgae, and manure then becomes a resource [14]. The different type of wastewaters
from municipal, piggery and food industries was used as resource for microalgae cultivation and its
growth has been investigated [15,16].

The mixing of different wastewaters to acquire the ideal nutrients ratio for improved biomass
production has not been well investigated. In addition to that, supplementation of manure wastewater
(as source of TN and TP) with AMD (as source of Fe) has not yet been studied. Hence, the present
investigation to explore the effect of mixed wastewater (including manure and AMD) on biomass
production, biochemical content (lipid and ß-carotene) of microalgae (Uronema sp. KGE 3) was
examined. The removal of total nitrogen (TN) and total phosphorus (TP) was monitored. The kinetic
assessment of specific growth rate of microalgae was also evaluated. These results provide fundamental
information to establish and cultivate the microalgae in Pipes inserted microalgae reactor (PIMR)
system, which could be one of the alternate choices for a microalga-based biodiesel production strategy.

2. Materials and Methods

2.1. Preparation of Microalgal Suspension, Strain, and Culture Medium

Uronema sp. KGE 3 microalgae was derived from AMD at YD abandoned mine (Gangwon-do,
South Korea). The resultant microalga was cultivated in 2.2 L column using 5% (Vinoculum/Vmedia) of
2.0 L of Bold’s Basal Medium (BBM) [17]. The cultivated Uronema sp. KGE 3 microalgae was identified
by rDNA D1-D2 sequence-based phylogenetic extraction analysis (Figure 1). The cultures were kept
under a light irradiation of 130 µmol photon m−2 s−1 at 25 ± 1 ◦C for ten days with white fluorescent
light illumination. Throughout the incubation, each column was constantly sparged with air through
0.2 µm sterilized filter at the flow rate value of 0.4 L min−1, the suspension stirred, and concurrently
supplied with atmospheric CO2. The microalga biomass suspension in the medium, which adjusted
to an absorbance of 0.01 at an optical density of 680 nm as measured by a spectrophotometer (Hach
DR/2800, Loveland, Colorado, USA). Experiments were used stock microalgae to inoculum amount of
three milliliters.

Figure 1. Uronema sp. KGE3 cell morphology and phylogenetic tree displays the connection between
the NSU(Nuclear large subunit) rDNA D1-D2 sequences of the isolates Uronema sp. KGE3 and the
maximum parallel sequences rescued from the NCBI nucleotide database.
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2.2. Wastewater Sampling and Analysis

Acid mine drainage (AMD) was collected from Yeong-dong mine at Gangneung, South Korea.
The manure was collected from cattle farms at Jeollanam-do Province, South Korea. The manure was
pretreated by anaerobic digestion and membrane bioreactor (MBR). Wastewater was immediately
filtered using syringe filter (Polyvinylidene fluoride or polyvinylidene difluoride (PVDF), 0.2 µm) to
remove the suspended solid particles [18]. Total nitrogen (TN), total phosphorus (TP), and ammonium
was measured using Hach Kit (HACH, CO, USA), which are equivalent methods: Standard Methods
4500-N C and 4500-P B (5). Metal ions in AMD were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Varian 730-ES, USA). The Orion 5-Star pH/DO/ORP/Cond. Meter
(Thermo Scientific, USA) was used to measure the solution pH. The major components of AMD were
237.8 mg L−1 of total iron, 187.3 mg L−1 of ferrous, 5.7 mg L−1 of manganese and 320.4 mg L−1 of
sulfate, and solution pH was 3.2. The major components present in the pretreated piggery wastewater
by membrane (PPWM) were 4645 mg L−1 of ammonium, 6230 mg L−1 of total nitrogen, and 365 mg
L−1 of total phosphate, and solution pH was found to be 8.53.

2.3. Experimental Method

The experiments were conducted in two stages. In the first stage, BBM was supplemented with
different concentration of iron and ammonium to optimize the concentration for further experimental.
The second phase was the replacement of BBM with PM amended with AMD as a cheap source of iron.
The mixed ratio of PPWM with AMD were 1:0, 1:1, 1:9, and 1:19. The biomass production, nutrients
removal (including TN /TP), and biochemical composition (including lipids and ß-carotene) of the
microalga in all tested condition were evaluated.

Growth rate was used to monitor the microalgae by absorbance (optical density (OD)) and gravity
(dry cell weight (DCW)) method. OD was measured at 680 nm using a spectrophotometer (HS-3300;
Humas, Daejeon, Korea). To measure the DCW, microalgae was harvested by centrifugation at 3000 rpm
for 20 mins (1580R, Labogene, Korea). The harvested microalgal biomass was frozen at –70 ◦C by
deep freezer (DFU-256CE, Operon, Korea). After freeze-dried the biomass, experiments sample were
lyophilized by freezing dryer (FDB-550, Operon, Korea).

The DCW was used to calculate the microalgae growth by: biomass productivity (P),
as demonstrated in Equation (1).

P = Mb −Mbo/T − T0 (1)

where Mb and Mb0 are microalgae dry biomass at time T and initial time T0. The specific growth rate
(µ, day −1) of the microalgae can be calculated using Equation (2) as follows [19].

µ =
ln Xi − ln X0

ti − t0
(2)

2.4. Analysis of Lipid and ß-carotene

The dried biomass of freeze-dried microalgae was used to extract the total lipids contents by
modified method reported by Bligh and Dyer [20]. After the extraction, chloroform-methanol layer
contains the microalgae extracted lipids, which can be collected using a separate-funnel and followed
by the rotary evaporator. The lipid content of microalgae was calculated by the following Equation (3):

Lipid content (%) = (W2 −W3)/W1 × 100 (3)

where W1 is weight of dried cell biomass, W2 is glass tube with extracted lipids W3 is empty glass tube.
Various organics solvents including methanol, acetone, and chloroform were used to extract the

ß-carotene from freeze-dried algal biomass. In this study, the extraction of ß-carotene from freeze-dried
algal biomass using chloroform provides a quietly high amount of yield. Hence, 0.2 g of freeze-dried
algal biomass was suspended in 5.0 mL of chloroform, then sonicated for 10 min under maximum
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power in an ultrasound condition, and finally the suspension was kept at 4 ◦C for 24 h. The supernatant
liquid in the suspension was harvested by centrifugation and stored until analysis was carried out.
After 14 extractions, chloroform did not display any coloration while the pellet remained greenish
in color. The ß-carotene was analyzed by LC-MS (e2695, Waters, USA) and analytical column with
5 mm C30-reversed phase material (250 mm L 4.6 mm ID) at 30 ◦C. Detail of pretreatment and analyze
procedure followed the Gupta method [21].

3. Results and Discussion

3.1. The Influence of Iron and Ammonium on the Microalgal Growth

The impact of iron on the growth of lipid, ß-carotene, and Uronema sp. KGE 3 cultivated in BBM
are appeared in Figure 2A–C, respectively. The Fe concentration used in this study was 5 mg L−1

(from BBM only), 10, 15, 25, and 35 mg L−1. Fe acted as a vital element for the growth of higher plants
and microorganisms including microalgae [22]. The growth and reproduction of microalgae also
requires addition of Fe. In microalgae-based reactors, optimal iron dosage needs to be maintained for
stable growth of microalgae biomass [23]. The impact of various concentration of Fe on the growth
and lipid production of Uronema sp. KGE 3 was investigated to identify the required amount of Fe
from AMD. Addition of iron (15-35 mg L−1) to BBM enhanced the growth and biochemical content
(including lipid and ß-carotene) of Uronema sp. KGE 3. The highest dry cell weight (Figure 2A), lipid
content, and lipid productivity (Figure 2B) of KGE 3 were 0.551 g L−1, 46%, and 0.249 g L−1 d−1,
respectively after the addition of 15 mg L−1 of Fe, and it was higher than control by 24% (Figure 2A).
The highest ß-carotene was found at 35 mg L−1 of Fe (Figure 2C). The metals including Fe, Mn, Cu,
Zn, and Co acted as micronutrients and possessed the ability to increase the growth of microalgae by
certain concentration, while on the other hand, the higher concentrations of these metals can hinder
the growth of microalgae [24,25]. The growth pattern of Uronema sp. KGE 3 cultivated in BBM under
various concentration of ammonium is shown in Figure 3A–C. Ammonium concentration used in this
study was 0 (BBM only) to 1,000 mg L−1. The growth of KGE 3 was ranged between 0.18 to 0.37 g L−1

(Figure 3A). The growth pattern of KGE 3 under ammonium was below the control (Figure 3B), which
revealed the toxicity of ammonium. The present result was reliable with previous report displaying
that ammonium had strong effect on the microalgal growth [26]. The highest lipid and ß-carotene
content was achieved at 1000 mg L−1 of ammonium (Figure 3C).

The microalgal with high specific growth rate (µ) is important criteria to select the best microalgal
species as it signifies a shorter doubling time [27]. The changes on the specific growth rate of Uronema
sp. KGE 3 cultivated under the effect of iron and ammonium for 9 days in BBM is shown in Figure 4A,B,
respectively. The highest specific growth rate of Uronema sp. KGE 3 was observed at 15 and 25 mg L−1 of
Fe during the cultivation time (Figure 4A), while the trended specific growth rate under ammonium was
not fixed, which might be due to the pernicious effect of ammonium (Figure 4B). The changes on specific
growth rate was observed in this research because of the difference in specific cell biomass yield [28].
Yoshimura et al. reported that Botryococcus braunii possesses the specific growth rate and doubling
time of 0.19–0.50 day−1 and 1.4–3.6 days, respectively [29]. Zhu et al. utilized artificial wastewater
in photobioreactor for both cultivation and treatment of wastewater using Chlorella zofingiensis. The
result shows that wastewater treatment was ranged from 0.208 to 0.260 day−1 with a doubling time of
2.67 to 3.34 days within 15 days of cultivation [30]. The difference in values of specific growth rate
and doubling time for Chlorella zofingiensis might be owing to variances in cultivation period, culture
medium, and cultivation conditions [31].
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Figure 2. The effect of iron on the growth (A), lipid (B) and ß-carotene (C) of Uronema sp. KGE 3
cultivated in Bold’s Basal Medium (BBM).
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Figure 3. The effect of ammonium the growth (A), lipid (B) and ß-carotene (C) of Uronema sp. KGE 3
cultivated in Bold’s Basal Medium (BBM).
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Figure 4. Changes on the specific growth rate of Uronema sp. KGE 3 under the effect of iron (A) and
ammonium (B) cultivated for 9 days in Bold’s Basal Medium (BBM).

3.2. Effect of Pretreated Piggery Wastewater by Membrane (PPWM) and Acid Mine Drainage (AMD) on the
Microalgal Growth

The growth of Uronema sp. KGE 3 in various ratio of PPWM present of AMD is presented in
Figure 5. The physico-chemical characteristics of experimental variations are presented in Table 1.
The suitable selection of wastewater, robust microalgal species, and pre-treatment techniques are the
primary factors for microalgae-based biofuel production, as well as the development of technology
with the combination of wastewater treatment and microalgae cultivation for biomass and lipid
production [32,33]. The dry cell weight of microalgae ranged between 0.19 to 0.51 g L−1 in all the
tested conditions. The microalgal growth was significantly improved by addition of AMD to PPWM.
The highest dry cell weight (0.51) was obtained at 1:9 of PPWM and AMD for Uronema sp. KGE 3
(Figure 5). Pervious studies have reported that the addition of AMDs to the microalgal culture enhanced
the microalgal growth due to AMDs provided an optimal C:N:P ratio and suitable initial pH [18].
Microalgae can grow copiously when provide the adequate amount of nutrients and appropriate
conditions. The algal growth is also directly influenced by the temperature, nutrients (TN, TP), light
intensity, iron concentration, and the initial pH level [34,35]. Addition of AMD in this study provided
suitable pH, which resulted in a higher growth rate than without addition of AMD (Figure 5A). The
initial pH level of microalgal culturing media (including Bold’s basal medium) was 6.8 [36].

Figure 5. Cont.
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Figure 5. The effect of various mixing ratios between pretreated piggery wastewater by membrane
(PPWM) and acid mine drainage (AMD) on the growth (A) and nutrients removal (B) of Uronema sp.
KGE 3.

Table 1. Experimental condition for studying the effect of mixture from Pretreated manure and acid
mine drainage.
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3.3. Effect of Microalgal Growth on Nutrient Removal

The microalgae growth can be enhanced by utilization of trace elements and nutrients present in
the wastewater and subsequently the nutrient concentration in the wastewater reduced, which supports
the advanced of wastewater recycling process and biomass production. Aliquots of wastewater samples
were collected after 10 days of cultivation period to calculate the TN and TP removal from various
dilutions of PPWM with AMD by Uronema sp. KGE 3, in order to assess its efficiency of nutrient
removal. The removal efficiency was ranged from 18.6 to 62.3% for TN, while TP was ranged from
26.7 to 100% (Figure 5B). Nitrogen is one of the main macro elements for microalgae growth, which
ranges from 1.0 to 10.0% of total dry biomass and is also an indicator for determining lipid content in
microalgae biomass [37]. The TP was not fully used as nutrient by microalgae. Only part of the TP was
utilized as a nutrient for growth and metabolism, including energy transfer and the biosynthesis of
DNA, while the remaining TP was precipitated and assimilated into biomass through intracellular
polyphosphate. Schreiber et al., reported that most of the consumed P accumulated in their body [38].
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3.4. The Production of Lipid and ß-carotene after Cultivation in Pretreated Piggery Wastewater by Membrane
(PPWM) Supplemented with Acid Mine Drainage (AMD)

After cultivation of Uronema sp. KGE 3 in PPWM supplemented with AMD, lipid and ß-carotene
content was evaluated (Figure 6). The lipid content was ranged between 36 to 52% (Figure 6A), while
ß-carotene content was ranged between 0.5 to 5.9% (Figure 6B). The highest lipid and ß-carotene content
was found at 1:9 (PPWM: AMD ratio) medium, when Uronema sp. KGE 3 cultivated in BBM showed
an optimal growth and obtained a higher cell growth than 1:9 (PPWM: AMD ratio) medium. Even
though, the value of DCW in BBM (1.04 g L−1) was higher than PPWM: AMD medium (0.91 g L−1), 1:9
(PPWM: AMD ratio) medium was more suitable media for productivity of lipid and ß-carotene. The
result indicated that iron in AMD could promote the biomass productivity (Figure 7). The addition of
PPWM (as a source of nutrients) and AMD to the system increases the microalgal biomass from 0.19 to
0.51 g L−1 and also increases the lipid/carotenoids productivity from 0.166 g L−1 d−1 and 1.01 mg g−1d−1

to 0.251 g L−1 d−1 and 3.01 mg g−1d−1 respectively, along with increasing nutrient removal efficiencies
from 18.6 to 62.3%.

Figure 6. Effect of various mixing ratios between pretreated piggery wastewater by membrane (PPWM)
and acid mine drainage (AMD) on the lipid production (A) and ß-carotene (B) of Uronema sp. KGE 3.
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Figure 7. Time courses of biomass concentration for Uronema sp. KGE 3 cultivated in Bold’s Basal
Medium (BBM). with pretreated piggery wastewater by membrane (PPWM) + acid mine drainage
(AMD) (1:9) medium during Pipes inserted microalgae reactor (PIMR) operation for 25 days.

3.5. Comparison of Other Researches for Lipid and ß-carotene Production

Iron may affect the productivity of lipid content, while ammonia affects both lipid and ß-carotene
contents. Table 2 lists the microalgae production capacities of lipid and β-carotene. Kim et al.
(2007) [39] reported that fermented swine urine was used as source of ammonia. It is worth noticing
that while increasing the amount of ammonia, the ß-carotene production was also increased. In
this study, ß-carotene production is well related to the concentration of PPWM, because PPWM acts
as an ammonia source which correspondingly increases the production of ß-carotene. Feng et al.
(2011) [40] also added ammonium in artificial wastewater to enhance the yield of ß-carotene. Singh et
al. (2015) [41] reported that lipid productivity was 3–5 times higher than the conventional media.

Table 2. Comparison of other researches for lipid and ß-carotene production.

Strain Cultivation
Condition

Lipid
(g/L d)

β-carotene
(mg/g d) Reference

Uronema sp.
KGE 3a Iron 0.249 3.69 This study

Uronema sp.
KGE 3a Ammonia 0.166 1.01 This study

Scenedesmus spp.
-Mixed cultureb

Fermented swine
urine - 0.05 Kim et al. (2007) [39]

C. vulgaris
FACHB1068c

Artificial
wastewater 0.147 - Feng et al. (2011) [40]

Ankistrodesmus
falcatus KJ671624 Iron 0.074 - Singh et al. (2015) [41]

Uronema sp.
KGE 3a AMDS+PPWM 0.251 3.01 This study

a This study; b Kim et al. (2007); c Feng et al. (2011); d Singh et al. (2015).

4. Conclusions

The condition of PPWM: AMD = 1:9 and PPWM: AMD = 1:19 leads to the production of microalga
feedstock and is suitable for obtaining highly efficient lipid and ß-carotene. Utilization of Uronema sp.
KGE 3 as microalgae for the generation of biofuel material and recycling of wastewater could be a
cost-effective and environmentally sustainable strategy. The optimal iron concentration of 15 mg L−1



Energies 2019, 12, 3431 11 of 13

has potential application for microalgae cultivation because of distribution of biomass productivity
increase. The change in iron and ammonium concentration can induce the lipid and ß-carotene
accumulation. A pilot-scale study using PIMR proved that PPWM 1: AMD 9 can be used as effective
cultivation media instead of synthetic BBM. This culture approach and appropriate microalgae strains
will provide the cost-effective technology to microalgae-based industries and biofuel production fields
and a recyclable way for PPWM and AMD. Application of this approach to pig wastewater treatment
system could be an alternative strategy to reduce contaminant concentration such as TN and TP, and to
increase facility for bioenergy production.
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