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Abstract
The symbiosis potential of microalgae and yeast is inherited with distinct advantages, provid-
ing an economical venue for their scale-up application. To assess the advantage of the mixed
culture of microalgae Chlorella vulgaris and yeast Yarrowia lipolytica for treatment of liquid
digestate of yeast industry (YILD) and cogeneration of biofuel feedstock, the cell growth
characteristic, the nutrient removal efficiency, the energy storage potential of the mono, and
mixed culture were investigated. The results indicated that the biomass concentration of the
mixed culture (1.39–1.56 g/L of 5 times dilution group and 1.23–1.53 g/L of 10 times dilution
group) was higher than those of mono cultures. The NH3-N and SO4

2− removal rates of the
mixed culture were superior to mono cultures. Besides the higher lipid yield (0.073–0.154 g/L
of 5 times dilution group and 0.112–0.183 g/L of 10 times dilution group), the higher yield of
higher heating value (20.06–29.76 kJ/L of 5 times dilution group and 21.83–29.85 kJ/L of 10
times dilution group) was also obtained in the mixed culture. This study provides feasibility for
remediation of YILD and cogeneration of biofuel feedstock using the mixed culture of
microalgae and yeast.
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Introduction

The number of yeast industry is expanding in China during the last decade due to the increasing
demand of export and the change of the mode of Chinese traditional fermented food that
inevitably generate a large quantity of high-strength liquid wastes namely yeast wastewater [1].
Yeast wastewater is dark color and contains a higher amount of total nitrogen (TN), and various
non-biodegradable organic pollutants [2]. The development of easily operative methods for the
treatment of yeast wastewater before runoff into environment is a challenging task for scientists
and environmental engineers as yeast wastewater is characterized with very high chemical
oxygen demand (COD) (4000–130,000 mg/L) and biochemical oxygen demand (BODx) (200–
96,000 mg/L) [3]. In 2010, China produces 240,000 t yeast, and it was reported that the
production is 1 t of yeast process about 100 m3 of wastewater. According to the guidelines of
Ministry of Environmental Protection of the People’s Republic of China, dairy farms, industries
(e.g., food/ beverage, breweries), and municipalities are required to meet the standards for the
handling and recycling of wastewater (especially nutrients, phosphorus, and nitrogen) prior
discharge wastewater that poses serious environmental challenges to the receiving water bodies.
According to the national standard of China BDischarge standard of water pollutants for yeast
industry (GB 25462-2010),^ the limit value of COD, TN, TP, and NH3-N is 400, 40, 2.0, and
25mg/L, respectively, for indirect discharge which refers to the discharge of pollutants from the
factory to the public sewage treatment system. So far, there is no simple, robust, and easily
adaptable process available for treating the yeast wastewater. The yeast factories in China have
developed and improved conventional anaerobic treatment processes to treat wastewater.
Although the anaerobic processing can recover most organic matter in the form of methane,
it is limited to the removal of nitrogen and phosphorus. The liquid digestate needs further
chemical and physical-chemical treatment to meet the discharge standard; however, chemical
treatment of wastewaters is expensive and can pose long-term environmental effects.

The use of microalgae in wastewater treatment and the generation of biomass have been long
promoted because many species of microalgae can effectively grow in wastewater using organic
carbonandinorganicNandPfromwastewaterasnutrientsandsimultaneouslycanremoveaccessN,
P, aswell as heavymetals such asCdandZn [4, 5].Microalgae culture conjunctionwithwastewater
treatment can save the cost of wastewater treatment and enhance the economic feasibility and
sustainability ofmicroalgae biofuel production [6–8]. Therefore, researchers are interested in using
anaerobic liquid digestate formicroalgae culture [9–11].Most of the reported study used anaerobic
liquid digestate from anaerobic treatment industry of livestock wastewater, kitchen wastewater,
piggywastewater, etc.; however, liquid digestate from yeast industry has not been studied.

Symbiosis of microalgae and yeast was studied by many researchers, and reviews eluci-
dated that due to the higher carbon dioxide available for microalgae for photosynthesis and the
higher oxygen availability for heterotrophy of yeast, the combination of yeast and microalgae
culture in one process shows many significant advantages over the mono microalgae culture,
like higher yield of high value products, such as lipid, and faster growth rate and higher
biomass concentration and removal of organic materials and nutrients from wastewater [12,
13]. A significant number of reports indicate the potential of some kinds of yeasts using
glycerol or crude glycerol, generated in the various oleo-chemical facilities employing trans-
formation of vegetable or animal fats, as a carbon source for a plethora of metabolic
compounds of value-added production, such as microbial lipids (also called single cell oils,
SCO) [14, 15]. In the co-culture of photosynthetic microalgae and heterotrophic yeast process,
microalgae act as an O2 generator and provide higher level O2 for the heterotrophic growth of
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yeast; on the other hand, later produced CO2 by the yeast assimilation of the organic carbon
source can be used by microalgae for growth and lipid production [16].

Exploiting the reciprocity between yeast and microalgae strains in the mixed culture system
with low-value substances is an innovative strategy to govern high biomass and/or lipid
productivity and decrease the cost of feedstock for biofuel production. The aim of this work
was to assess the advantage of the mixed culture of Chlorella vulgaris and Yarrowia lipolytica
with YILD as low-value substance. The biotic and abiotic characteristics including the growth
of C. vulgaris and Y. lipolytica, the nutrient removal efficiency, and the energy storage
potential of the mono and mixed culture system were studied in detail to assess the feasibility
of using the mixed culture of microalgae and yeast in the treatment of liquid digestate of yeast
industry and cogeneration of biofuel feedstock.

Material and Methods

Strain

Microalgae strain C. vulgaris was purchased from The Microbial Culture Collection at
the National Institute for Environmental Studies, Japan (strain number NIES-227). The
axenic culture which sent from Japan was transferred into new C medium and incubated
at 25 °C and checked the growth day after day. Repeat the transfers till the steady growth
of the culture. The C medium was described as follows: 100 mL medium contained
Ca(NO3)2·4H2O 15 mg, KNO3 10 mg, β-Na2 glycerophosphate·5H2O 5 mg,
MgSO4·7H2O 4 mg, vitamin B12 0.01 μg, biotin 0.01 μg, thiamine HCl 1 μg, PIV
metals, 0.3 mL, and tris(hydroxymethyl)aminomethane 50 mg. The composition of PIV
metals was Na2EDTA·2H2O 100 mg, FeCl3·6H2O 19.6 mg, MnCl2·4H2O 3.6 mg,
ZnSO4·7H2O 2.2 mg, CoCl2·6H2O 0.4 mg, Na2MoO4·2H2O 0.25 mg, and distilled water
100 mL. The medium was sterilized at 121 °C for 20 min before use.

Yeast stain Y. lipolytica was purchased from Guangdong Microbiology Culture Center at
Guangdong Institute of Microbiology, China (strain number GIM2.197). The strain was
maintained in YPD medium (glucose 20 g/L, yeast extract 10 g/L, and peptone 20 g/L).

Medium and Liquid Digestate of Yeast Industry Wastewater

Seed media of C. vulgaris and Y. lipolytica were BG11 and YPD, respectively. The yeast
wastewater was collected from the production process of medicinal yeast using sugar-
cane molasses of Guangdong Wuzhou Pharmaceutical Co., Ltd., located in Guangdong
Province of China and stored at 4 °C for anaerobic digestion. A 2.5-L anaerobic digester
with a working volume of 2 L was utilized for anaerobic digestion. Anaerobic digester
was filled with 1 L yeast wastewater and 1 L inoculums, and the pH value was adjusted
to 7.20 using 1 mol/L sodium hydroxide. The inoculum was taken from the stable
operating mesophilic continuous stirred tank reactor (CSTR), which was fed an artifi-
cially prepared substrate containing glucose, starch, cellulose, xylose, yeast powder, and
peptone [17]. The anaerobic digester was placed in a water bath at 35 °C for 50 days
following nitrogen stripping. The YILD was autoclaved followed by centrifugation at
6000 rpm for 5 min. The characteristics of autoclaved liquid digestate are shown in
Table 1.ni not identified
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Experimental Setup

The Y. lipolytica was transferred to 250-mL flasks containing 100 mLYPD medium, cultivated
at 28 °C and 150 rpm for 36 h, and used as seed culture. The C. vulgaris was transferred to
column glass photobioreactor (Ф = 5.5 cm, 70 cm high) containing 500 mL BG11 medium,
cultivated at 25 ± 1 °C, and illuminated with white fluorescent lamps at the single side (light
intensity of 300 ± 10 μmol photons/m2/s) and supplemented with 2% CO2 at a rate of 1 vvm
(volume gas per volume media per minute) at the bottom of the photobioreactor for 3 days, and
used as seed culture. The seed cultures were then centrifuged at 3000 rpm for 5 min at 25 ±
1 °C and appropriate dilution using sterile water to obtain the high cell density inoculums.

The pH of autoclaved YILD was adjusted to 6.7 with HCl solution (4 mol/L) under the
aseptic condition before culture the inoculums. The dilution ratios of autoclaved YILD and
initial cell density of microalgae and/or yeast are presented in Table 2. Glycerol was added to
each treatment with final concentration of 40 mM. All cultures were performed in light shaker
using 250-mL flasks with 100 mL working volume and cultivated at 28 ± 1 °C and 150 rpm
for 240 h with the light supply of 45 ± 3 μmol photons/m2/s. All the experiments were
conducted in triplicate, and the results were presented with the mean including standard
deviation unless the specifically states otherwise.

Table 1 Characteristic of the
autoclaved YILD

ni not identified

Parameter Characteristics

pH 9.69 ± 0.01
COD (mg/L) 10,060 ± 28
TN (mg/L) 1040 ± 0
NH3-N (mg/L) 562 ± 1
TP (mg/L) 60 ± 3
TIC (mg/L) 397.07 ± 17.75
TOC (mg/L) 2552.74 ± 38.61
Cl− (mg/L) 5338.63
NO3

− (mg/L) ni
PO4

3− (mg/L) 16.16
SO4

2− (mg/L) 1029.06

ni not identified

Table 2 Summary of experimental setups

Test no. Culture mode Initial cell density of microalgae
(×107 cells/mL)

Initial cell density of yeast
(×107 cells/mL)

Dilution multiple: 5
T1 C. vulgaris 1.5 0
T2 Y. lipolytica 0 0.5
T3 The mixed culture 0.5 0.5
T4 1.5 0.5
T5 2.5 0.5

Dilution multiple: 10
T6 C. vulgaris 1.5 0
T7 Y. lipolytica 0 0.5
T8 The mixed culture 0.5 0.5
T9 1.5 0.5
T10 2.5 0.5

Applied Biochemistry and Biotechnology (2019) 187:856–869 859



Total 8 mL samples were collected at 48, 96, 144, and 240 h. A 20 μL sample was used for
microscopic photography and counting. The rest samples were centrifuged (6000 rpm, 5 min),
and the supernatant was used for analyses of COD, NH3-N, total inorganic carbon (TIC), total
organic carbon (TOC), NO3

−, PO4
3−, SO4

2−, Cl−, and sediments were used for the cell growth
determination. In addition, collected biomass at the end of the culture was lyophilized for lipid
analysis and elemental analysis.

Analytical Methods

Biomass Measurement

Dry biomass was estimated by gravimetric method; the 3 mL culture was centrifuged at
6000 rpm for 5 min at ambient temperature; cell pellets were washed with purified water
twice and then incubated at 60 °C until constant weight to determinate the dry biomass
weight. Biomass concentration and biomass productivity were calculated according to
Qin et al. [7]

Nutrient Analysis

COD and NH3-N were determined using a Hach DR2700 Spectrophotometer (Hach
Co., USA) and Hach reagents (CAT No. 2125915 and 2606945) following the manu-
facturer’s procedure. TC, TIC, and TOC concentrations were determined using the total
organic carbon analyzer (Elementar vario TOC, Germany). The concentration of SO4

2−,
Cl−, NO3

−, and PO4
3− was determined by ion chromatography (Metrohm883 Compact

IC, Switzerland). The percentage of the removal of nutrients was calculated according
to described by Qin et al. [7].

Lipid Content Analysis

A modified method was applied to quantify the amount of total lipid content [18]. Total 80–
100 mg of lyophilized samples were extracted with 2 mL of methanol containing 10%
dimethyl sulfoxide (DMSO) in a water bath shaker at 45 °C for 45 min. The mixture was
centrifuged at 3000 rpm for 10 min. The supernatant was collected, and the leftover was re-
extracted twice following the same procedures. Then, the leftover was extracted with a 4 mL
mixture of hexane and ether (1:1, v/v) 45 °C for 60 min. The mixture was centrifuged at
3000 rpm for 10 min, after which the supernatant was collected and the leftover was re-
extracted twice. All the supernatants were incorporated, and 6 mL of distilled water was added
to the combined extracts. The organic phases were combined into a pre-weighed glass tube and
evaporated to dryness under the protection of nitrogen. Then, the lipids were lyophilized for
24 h. The total lipids were measured gravimetrically, and the total lipid content and lipid
productivity were calculated according to Qin et al. [7].

Elemental Analysis and HHV Calculation

About 5 mg lyophilized samples were used for elemental analysis, using vario EL cube
(Elementar, Germany). Based on the elemental composition, HHV was calculated using
well-established correlations given by [19].
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HHV ¼ 3:55C2−232C−2230Hþ 51:2C� Hþ 131Nþ 20600

Results and Discussion

Microorganism Growth

The microbial biomass is an important parameter to evaluate the output of the culture system. In
this study, the mono C. vulgaris, the mono Y. lipolytica, and the mixed culture were cultivated in
YILD with 5 and 10 times dilution and 40 mM glycerol as a carbon source. As shown in Fig. 1,
the mixed culture and the mono yeast culture can grow well while the mono microalgae show
poor growth performance. The biomass concentrations of the mixed culture groups of 48 h (1.39–
1.56 g/L of 5 times dilution and 1.23–1.53 g/L of 10 times dilution) were higher than those of the
mono Y. lipolytica (1.15 g/L of 5 times dilution and 1.04 g/L of 10 times dilution, respectively).
The biomass productivity on the 48 h of the mixed culture groups (594.38–650.13 mg/L/day of 5
times dilution and 534.00–588.12 mg/L/day of 10 times dilution) was higher than those of the
mono Y. lipolytica group (521.00 mg/L/day of 5 times dilution and 464.75 mg/L/day of 10 times
dilution, respectively), which is higher than those of the monomicroalgae group (79.13mg/L/day
of 5 times dilution and 113.50 mg/L/day of 10 times dilution, respectively) (Table 3). It is widely
documented that there was symbiotic relationship between microalgae and yeast in the mixed
culture, further providing higher biomass production compared with the mono culture of each
organism [12]. Including O2/CO2 exchange, microalgae acted an O2 generator for yeast while
yeast provided CO2 to microalgae; the synergistic effect on pH adjustment and substance
exchange between microalgae and yeast can contribute to the biomass enhancement [20, 21].
However, there was no considerable increase of biomass in mixed culture when compared with
the sum of the two mono cultures, T4 with (T1 + T2) and T9 with (T6 + T7), maybe due to the
depletion of nutrients, and the attenuation of light intensity caused by the increased yeast cell
which contributes to the poor growth of microalgae in the mixed culture [12, 22].

Fig. 1 The biomass concentration in the mono and mixed culture. 5 times diluted group: ( ,
, , , ); 10 times diluted group: ( , ,
, , ).
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The growth ofC. vulgaris in this work is poorer than previous reports which were cultivated
in different types of liquid digestate such as, when cultured in digested starch wastewater, Yang
et al. achieved 3.01 g/L biomass concentration and 580 mg/L/day biomass productivity [23];
2.05 g/L biomass concentration and 630 mg/L/day biomass productivity were achieved when
cultivated in starch processing wastewater [24]; biomass concentration (2.11 g/L) and biomass
productivity (450 mg/L/day) were achieved when cultured in sludge liquor concentration [25].
This may be due to the inappropriate nutritional proportion of YILD, especially the presence of
high salinity contributors (Cl−, SO4

2−), to the disadvantage of the growth of C. vulgaris even
though the liquid digestate was diluted. The poor growth of performance of C. vulgaris causes
that the biomass in themixed culture systemwas dominated by the growth of Y. lipolyticawhich
can use glycerol as a carbon source [26]. These experimental outcomes suggested that YILD
can be considered as a medium for culture of Y. lipolytica and the mixed culture can as a strategy
for the improved the microbial biomass production.

Nutrient Removal Comparison

Nutrient removal efficiency is an important indicator for evaluating the effectiveness of the
microalgae-yeast wastewater cultivation system. Considering that liquid digestate contains
nitrogen which is preferably in the form of ammonium and phosphorus which is preferably in
the form of phosphate [27], we have chosen NH3-N and PO4

3− to characterize the nitrogen and
phosphorus change situation. Because the PO4

3− concentration of the autoclaved YILD was
16.16 mg/L and the PO4

3− of 48 h was not detected, this study mainly focused on the removal
of the abundant ingredients including COD, NH3-N, TIC, TOC, Cl−, and SO4

2−.
Nitrogen is an essential element for various biological substance syntheses (e.g., protein,

nucleic acid, and phospholipid) [28]. Nutrient removal efficiencies of biological method
mainly depend on the microbial species and the growth status. In the present study, the
NH3-N removal effects of the mixed culture were superior to the mono Y. lipolytica culture
and the mono C. vulgaris culture (Fig. 2a). This indicated that the microbial uptake may be the
main way for NH3-N removal in this work. Furthermore, the NH3-N concentration after 48 h
of the mixed culture and the mono yeast culture display increase trend, especially the mono
yeast culture. It was reported that ammonia releases a mechanism of protection from yeast cell
death during colony development under limited nutrient conditions [29]. This suggested that
there was the NH3-N release after 48 h in the mono yeast and the mixed culture, and the
presence of microalgae in the mixed culture can alleviate the ammonia release from yeast cell.

Table 3 The biomass concentration and productivity of initial 48 h

Test no. Biomass concentration (g/L) Biomass productivity (mg/L/day)

C. vulgaris T1 0.31 ± 0.03 79.13 ± 13.26
Y. lipolytica T2 1.15 ± 0.09 521.00 ± 44.19
The mixed culture T3 1.39 ± 0.14 615.25 ± 70.71

T4 1.56 ± 0.08 650.13 ± 39.77
T5 1.54 ± 0.03 594.38 ± 13.26

C. vulgaris T6 0.38 ± 0.18 113.50 ± 88.39
Y. lipolytica T7 1.04 ± 0.07 464.75 ± 35.36
The mixed culture T8 1.23 ± 0.09 534.00 ± 44.19

T9 1.39 ± 0.07 565.75 ± 35.36
T10 1.53 ± 0.15 588.12 ± 75.13
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Comparing with previous studies that achieved 100% removal of NH3-N when cultured
Chlorella in liquid digestate of dairy manure [30, 31], the NH3-N removal of mono microalgae
culture of this study was not a satisfactory result. This may be due to the poor growth
performance of C. vulgaris which limits the use of nitrogen sources. Furthermore, the NH3-
N removal of the mixed culture groups shows the gradient variation which in consistent with
the initial concentration of microalgae (T5 > T4 > T3 and T10 > T9 > T8). The NH3-N
removal rate increases with the increase of dilution ratio (the maximum NH3-N removal rate
80.25% obtained in 10 times dilution group) (Fig. 2a and Table 4).

COD in liquid digestate includes volatile fatty acids (VFAs) (mainly in the form of acetic
acid) and inorganic carbon sources (mainly in the form of bicarbonate) which can be utilized
by microalgae and/or yeast [27, 32]. Glycerol as sole carbon source could enhance biomass
and lipid production in the mixed culture of Rhodotorula glutinis and C. vulgaris [22]. In this
study, to ensure the growth of microbes, and then fulfill the removal of N and P from the
YILD, glycerol (initial concentration 40 mM) as a carbon source was introduced into culture

Fig. 2 The NH3-N (a) and COD (b) removal profiles of the mono and mixed culture. 5 times diluted group:
( , , , , ); 10 times diluted group: ( , ,

, , ).
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system. The total COD removal effects of the mixed culture (67.05–68.55% of 5 times dilution
and 79.23–80.38% of 10 times dilution) were similar to those of the mono Y. lipolytica culture
(67.55% of 5 times dilution and 79.40% of 10 times dilution) and significantly better than
those of the mono C. vulgaris culture (13.19% of 5 times dilution and 13.88% of 10 times
dilution). The total COD removal rate increases with the increase of the dilution ratio (the
maximum total COD removal rate of 240 h 80.38% obtained in 10 times dilution group)
(Fig. 2b and Table 4). According to the experimental design, glycerol accounted for the
proportion of total COD was 69.06 and 81.69% in 5 times diluted and 10 times diluted
groups, respectively. The total COD removal rates of the mixed culture and the mono yeast
culture after 48 h are similar to the glycerol proportion of total COD. Taking a low content of
TIC and the limitations of microalgae in the use of TOC into consideration (Table 5), we
concluded that Y. lipolytica plays a dominant role in the removal of total COD and the mixed
culture did not significantly enhance the removal efficiency of total COD comparing with the
mono Y. lipolytica culture. The relatively low inherent COD removal efficiency can attribute to
the percentage of inherent organic carbon matter in the liquid digestate that was inert, and the
microalgae and yeast have difficulty using this source because of the more utilizable organic
carbon sources already utilized by anaerobic bacteria during anaerobic fermentation [24].

Ammonium sulfate, sodium chloride, magnesium sulfate, and other nutrients based on
yeast species were added in fermentation system when using molasses as carbon source for
yeast product. Hence, large amounts of sulfate and chloride ion consist in yeast wastewater and
transfer to the liquid digestate by anaerobic process. Because a high concentration of sulfate
and chloride ion is one of the typical characteristics of YILD, assessment of the removal effect
of sulfate and chloride ion in the mixed culture system is very necessary. In terms of Cl−

removal, the mixed culture shows no obvious advantage compared with the mono culture
system, especially the mono yeast culture (Table 5). The removal rate of Cl− of 48 h falls
between 10.79 and 15.74% and did not show a tendency to increase with the dilution ratio.
Similar to the removal of Cl−, the 48 h SO4

2− removal rate of the mixed culture (23.47–28.60%
of 5 times dilution and 34.78–47.60% of 10 times dilution) shows no obvious advantage
compared with the mono yeast culture (22.87% of 5 times dilution and 37.39% of 10 times
dilution). However, comparing with the mono microalgae culture (about 15% SO4

2− removal
rate), the mixed culture and the mono yeast culture show an exact advantage of the 48 h SO4

2−

removal rate. Furthermore, the removal rate of the mixed culture and the mono yeast culture

Table 4 COD and NH3-N removal rate

Test no. COD removal rate (%) NH3-N removal rate (%)

48 h 240 h 48 h 240 h

C. vulgaris T1 13.19 ± 2.28 23.61 ± 0.38 −3.87 ± 5.96 29.72 ± 5.03
Y. lipolytica T2 67.55 ± 0.22 67.90 ± 0.25 33.27 ± 5.03 10.81 ± 6.61
The mixed culture T3 67.59 ± 0.71 67.13 ± 0.26 47.06 ± 0.63 29.94 ± 5.98

T4 67.05 ± 0.71 66.28 ± 0.27 49.73 ± 2.53 36.61 ± 4.72
T5 68.55 ± 0.22 67.28 ± 0.16 51.51 ± 2.52 37.94 ± 0.31

C. vulgaris T6 13.88 ± 1.78 16.23 ± 0.39 12.19 ± 4.91 46.09 ± 0.75
Y. lipolytica T7 79.40 ± 0.42 79.15 ± 0.15 43.42 ± 1.49 11.92 ± 0.00
The mixed culture T8 79.23 ± 0.73 77.43 ± 0.12 58.36 ± 1.52 55.69 ± 3.02

T9 79.78 ± 0.42 73.59 ± 0.08 72.78 ± 1.50 68.77 ± 0.38
T10 80.38 ± 0.73 75.93 ± 0.15 80.25 ± 1.51 77.31 ± 0.38
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increases with the dilution ratio. The inorganic forms of S in liquid digestate consist mainly of
sulfates (SO4

2−). Assimilatory reduction of sulfate ion integrates, together with O2

bioproduction, CO2 fixation, nitrate ion reduction, and N2 fixation, the biological processes
essential to aerobic life. The demand for the yeast growth of sulfate ion is more necessary than
the chloride ion [33]. Focusing on the removal effect of SO4

2− and the biomass concentration
at 48 h, the theoretical sulfur content of the biomass was between 1.07 and 3.69% if the
removal of sulfate is due to the biological assimilation. However, that theoretical sulfur content
of biomass at 48 h was definitely greater than the actual sulfur content (0.19–0.65%) at 240 h
which was directly determined by elemental analysis (Table 6). Therefore, we speculate that
the removal of sulfate is partially due to the biological assimilation or sulfur was released from
biomass along with intracellular substances during growth cessation stage.

Overall, although the mixed culture displays exactly advantages compared to the mono
culture in inherent pollutant removal from YILD, further researches about selection of strain,
glycerol concentration, growth control, and synergy mechanism of mixed culture system
should be implemented to improve the pollutant removal effect.

Energy Output Evaluation

The wastewater can act as low-cost substrate for microbial biomass production, and the
obtained microbial biomass can be utilized as renewable energy, feedstuff, and chemical
industry [34, 35]. Conjunction with liquid digestate treatment and microbial biofuel product
by mixed microalgae and yeast culture is the original intention of this study. Hence, the lipid
content and productivity and the HHV, which is an indicator of the amount of energy stored
within biomass, were analyzed to evaluate the energy output efficiency of the mono and mixed
culture. The lipid content of the mono C. vulgaris culture (14.49% of 5 times dilution and
17.93% of 10 times dilution) was higher than those of the mixed culture (6.66–10.07% of 5
times dilution and 9.21–12.21% of 10 times dilution) and the mono Y. lipolytica culture
(5.41% of 5 times dilution and 8.46% of 10 times dilution). The lipid content of the mixed
culture showed the gradient variation, T5 > T4 > T3 and T10 > T9 > T8, which in consistence
with the initial concentration of microalgae. The lipid content of 10 times dilution is higher

Table 6 The lipid and HHVoutput evaluation

Test no. Lipid Elemental composition and estimated HHVa

Content (%) Yield (g/L) N%b C% H% S% HHV value
(MJ/kg)

HHV yield
(kJ/L)

C. vulgaris T1 14.49 ± 0.46 0.053 ± 0.004 6.69 47.74 7.18 0.65 20.03 7.51
Y. lipolytica T2 5.41 ± 1.03 0.045 ± 0.009 3.50 42.51 6.71 0.29 17.25 14.02
The mixed

culture
T3 6.66 ± 0.59 0.073 ± 0.006 4.70 44.46 6.93 0.28 18.24 20.06
T4 8.26 ± 1.12 0.123 ± 0.014 4.71 44.67 7.04 0.29 18.34 26.13
T5 10.07 ± 0.47 0.154 ± 0.003 5.14 46.09 7.10 0.36 19.04 29.76

C. vulgaris T6 17.93 ± 1.08 0.089 ± 0.002 5.79 49.48 7.39 0.61 20.81 10.41
Y. lipolytica T7 8.46 ± 0.56 0.052 ± 0.006 3.20 42.82 6.82 0.19 17.34 11.05
The mixed

culture
T8 9.21 ± 0.26 0.112 ± 0.006 4.64 46.08 7.15 0.26 18.98 21.83
T9 9.49 ± 0.05 0.133 ± 0.005 4.87 46.49 7.09 0.31 19.19 26.15
T10 12.21 ± 0.41 0.183 ± 0.013 5.28 46.84 7.12 0.36 19.41 29.85

a Data are representative result of three independent experiments
bMass % in dry sample
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than 5 times dilution (Table 6). Although the lipid content of the mixed culture was lower than
that of the mono microalgae culture, the lipid yield of the mixed culture (0.073–0.154 g/L of 5
times dilution and 0.112–0.183 g/L of 10 times dilution) was higher than that of the mono
microalgae culture in 5 and 10 times diluted groups owing to the higher biomass in the mixed
culture. The result was consistent with previous studies, which reported that the mixed culture
could enhance the lipid production [12, 20, 36].

Thermochemical conversion is considered as a simpler route to produce biofuels. The
technology can be a complement to chemical and biochemical methods for the maximal
utilization of microbial biomass [37]. The solid biofuel performance is related to the elemental
composition, including carbon, hydrogen, nitrogen, and oxygen content. To assess solid
biofuel performance of biomass obtained from mono cultures and the mixed culture, the
elemental composition and the estimated HHV, which is a major indicator of biomass quality
in energy properties, were analyzed and are presented in Table 6. Excepting HHV values of 10
times dilution group that were higher than 5 times dilution group, respectively, some common
characteristics in 5 times dilution and 10 times dilution group were listed as follows: (1) the
estimated HHV values of mixed culture (18.24–19.04 MJ/kg of 5 times dilution and 18.98–
19.41 MJ/kg of 10 times dilution) were higher than the mono yeast culture (17.25 MJ/kg of 5
times dilution and 17.34 MJ/kg of 10 times dilution) and lower than the mono microalgae
culture (20.03 MJ/kg of 5 times dilution and 20.81 MJ/kg of 10 times dilution); (2) the gradient
variation which similar to the rules of the NH3-N removal rates, T5 > T4 > T3 and T10 > T9 >
T8. Additionally, nitrogen content gradually increased along with the initial concentration of
microalgae. The HHVof the mono C. vulgaris in this work (20.03 MJ/kg of 5 times dilution
and 20.81 MJ/kg of 10 times dilution) is very close to other reported HHVof Chlorella spp.
(20.4 MJ/kg) [38]. However, because the low HHVof Y. lipolytica biomass and the yeast was
the main contributor of the biomass from the mixed culture, the HHVof the mixed culture also
falls somewhere between the mono C. vulgaris and the mono Y. lipolytica culture. Regarding
solid biofuel efficiency, it is necessary to increase the HHV yield of the culture system,
requiring a balance between HHV value and the biomass yield. The mixed culture system
received perfect HHVyield (20.06–29.76 kJ/L of 5 times dilution and 21.83–29.85 kJ/L of 10
times dilution), which were higher than those of the mono yeast culture and the mono
microalgae culture.

Conclusion

The YILD was observed to be a perfect medium for the mixed culture of C. vulgaris and
Y. lipolytica, and the mixed culture improved the microbial biomass production. The mixed
culture enhanced the removal efficiency of nitrogen and SO4

2−. The lipid and HHVyields in the
mixed culture were higher than those in mono cultures. This work suggested that the mixed
culture of microalgae and yeast could be applied to strengthen the YILD treatment and resource
utilization. A credible package of YILD treatment coupling microbial biofuel feedstock produc-
tion of mixed culture will be fulfilled with further researches for the selection and engineering of
suitable strain, mutually benefited growth control, underlying synergy mechanism, and so on.
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