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Biogas slurry (BS) is a main byproduct of biogas production that is commonly used for agricultural irrigation
because of its abundant nutrients and microelements. However, direct application of BS may cause quality
decline and nitrate and heavy metal accumulation in crops. To address this issue, a microalgae culture experiment and an irrigation experiment were performed to evaluate the removal eﬃciencies of nutrients and
heavy metals from diluted BS by microalgae Scenedesmus sp. and to investigate the eﬀects of irrigation with
microalgae-treated BS (MBS-25, MBS-50, MBS-75, and MBS-100) on nutritional quality, oxidation resistance,
and nitrate and heavy metal residues in Chinese cabbage. After 8 days of continuous culture, a ratio of 1/1 for
BS/tap water mixture (BS-50) was the optimal proportion for microalgal growth (3.73 g dry cell L−1) and efﬁcient removal of total nitrogen (86.1%), total phosphorus (94.3%), COD (87.5%), Cr (50%), Pb (60.7%), and Cd
(59.7%). The pH in MBS-50 medium recovered to the highest level in a shorter period of time and accelerated
the gas stripping of ammonia nitrogen and the formation of insoluble phosphate and metals, which partly
contributed to the high removal eﬃciencies. MBS irrigation signiﬁcantly promoted crop growth; improved
nutritional quality, edible taste, and oxidation resistance; and reduced nitrate and heavy metal residues in
Chinese cabbage at a large scale. Therefore, microalgae culture was beneﬁcial to reduce negative impacts of BS
irrigation in crop growth and agricultural product safety. This study may provide a theoretical basis for the safe
utilization of BS waste in agricultural irrigation.

1. Introduction
The biogas-linked ecological agriculture has experienced a rapid
development over the past few decades. An 800 m3-volume operational
biogas system needs to discharge approximately 15 tons of biogas slurry
(BS) daily (Chen et al., 2017). The subsequent disposal for considerable
quantities of BS is confronted with dire challenges. In many countries
and regions, BS as the chief byproduct has been encouraged to apply in
irrigating vegetable plots instead of chemical fertilizers due to its low
cost-eﬀectiveness and rich nitrogen, phosphorus, potassium, other microelements, and microorganisms (He et al., 2017a; Lu et al., 2012;
Zhao et al., 2015). Increasingly, however, researches are suggesting

∗

that long-term irrigation of untreated BS in farmlands not only reduces
crop yield and quality (Singla et al., 2014; Wu et al., 2013; Yang et al.,
2018), but also accelerates the accumulation of heavy metal or antibiotic resistance genes in soil and crop (Bo et al., 2014; Pu et al., 2017)
and the migration of excess nutrients into surface water and groundwater via surface runoﬀ or soil percolation (Bian et al., 2015; Lu et al.,
2012). Thus, studies must be performed to ﬁnd some proper techniques
for BS preprocessing before its extensive application in agricultural irrigation.
In recent years, some methods for nutrients and heavy metals removal from BS have been reported sporadically (Zhou et al., 2018; Zhu
et al., 2016), such an integrated membrane technology with
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microﬁltration (MF), ultra ﬁltration (UF), and reverse osmosis (RO)
membranes (Ruan et al., 2015) and biological molecular technology
(Hailei et al., 2017; Hidaka et al., 2018). Chemical precipitation was
also applied to remove dissolved nutrients by adding a struvite or poly
aluminum chloride to wastewater (Abeldenee et al., 2018; Galvagno
et al., 2016). Meanwhile, these technologies have brought about some
new problems that how to deal with a huge amount of waste membrane
materials and precipitated sludge with high moisture content (Wang
et al., 2017a). A microalgae-based technology with environmentally
friendly and low-cost input begins to be concerned in dealing with BS
waste because of its high photosynthetic eﬃciency, strong environmental adaptability, short growth cycle, high biological yield, and high
caloriﬁc value (ideal raw materials for biodiesel production) (Jain
et al., 2017; Mohan et al., 2015). Abundant easily absorbed nutrients
and microelements from BS perfectly satisfy the need of microalgal
growth, which simultaneously reduce the risks of water eutrophication
and heavy metal accumulation posed by untreated BS irrigation (Suresh
et al., 2015; Wang et al., 2017b). This type of cultivation also greatly
reduces the productive expenditure of microalgal products (Tan et al.,
2016a). The carbo-hydrate production and purifying capacity of microalgae are largely inﬂuenced by the amount and ratio of nutrients in
BS (Lee et al., 2016; Lu et al., 2015). Lenzi et al. (2013) pointed out that
N:P > 30 indicated P limitation, and N:P < 10 suggested N limitation
for algal growth and nutrition removal. Therefore, the optimal nutritional status for culturing microalgae in the present BS for the nitrogen,
phosphorus and heavy metal removal needs to be investigated. Moreover, microalgal assimilation may synthesize and release auxin, abscisic
acid, and cytokinin by directly utilizing organic matters in BS via
functional plant hormone metabolic pathways (Lu and Xu, 2015),
which may be beneﬁcial to plant growth, can improve soil fertility, and
can enhance farm production. Even so, the eﬀects of irrigation with
microalgae-treated BS (MBS irrigation) on crop growth, yield, and environment and human health have yet to be rarely studied.
Chinese cabbage (Brassica campestris L. ssp. chinensis Makino var.
communis Tsen et Lee), which is abundant in vitamins and minerals and
high in dietary ﬁber, is widely cultivated in southeast Asia and has
attracted as a new delicious dish across North America in recent years
(Cao et al., 2006). It is worthwhile to investigate the eﬀects of MBS
irrigation on the consumption risks of Chinese cabbage. In speciﬁc, the
objectives of the present work are to: (i) investigate the optimal nutrient strategy startup parameters for microalgal growth in the present
BS; (ii) evaluate the abilities of microalgae cultured in diﬀerent concentrations of BS to remove nitrogen, phosphorus, COD, and heavy
metals; and (iii) analyze the eﬀects of MBS irrigation on the agronomic
traits, nutritional quality, oxidation resistance, and nitrate and heavy
metal residues of Chinese cabbage. The results of this study may provide basic data for the safe application in agricultural irrigation of BS as
a byproduct and address the demands in energy and environmental
sustainability.

reported diluents may not be suitable for microalgae growth such as
deionized water (Ledda et al., 2016) and seawater (Sepúlveda et al.,
2015), and low-cost tap water used as diluents has not been reported
and is worth studying. Medium for blue green algae (BG11) was served
as a control treatment according to the nutritional ingredient provided
by (Wang et al., 2017a).
Microalgal culture was carried out in the 150 mL of transparentglass bubble column reactors at 26 ± 1 °C (Fig. 1a). Roughly 2% CO2
(by volume) was injected in the culture medium via plastic conduct on
top of the reactor (Kumari et al., 2014). The light intensity required for
microalgal growth was set as 380 μmol photon·m−2·s−1 under a light/
dark cycle of 16:8 h for 12 days. Nearly equal microalgal density
(0.6 × 107 cell L−1) in logarithmic growth was inoculated to each glass
reactor with 120 mL of prepared diluted BS (a total of 10 glass tubes; 5
treatments × 2 tubes). During a 12-day cultivation period, culture solution was obtained every other day to determine cell density with a
conventional hemocytometer (Boonstra et al., 1983) and pH change by
oxidation–reduction potentiometer. The cell density of the microalgae
was calculated by the following formula:
Cell density (cells L−1) = N/5 × 25 × 10 × 106 × 200,

(1)

where N represents the total number of cells in ﬁve squares.
After 8-day cultivation, about 5 mL of microalgal ﬂuid was ﬁltered
and retained in a dried hybrid ﬁber ﬁlter membrane and then dried at
80 °C in an oven until constant weight was reached. The microalgal
biomass was calculated by the following formula:
Dry cell weight (g·L−1) = (m2-m1) /0.005,

(2)

where m2 and m1 represent the membrane weight before and after
ﬁltration, respectively, g.
2.2. Nitrogen, phosphorus, COD, and heavy metals removal from biogas
slurry by microalgae
The culture solution before inoculation (Day 0) and 8 days after
inoculation (Day 8) was used for chemical analysis. The total nitrogen
(TN), nitrogen from NH4+ (N-NH4+), total phosphorus (TP), and
phosphorus from PO43− (P-PO43-) contents were measured using a
water quality analyzer (DR2700, HACH, USA) (Borba et al., 2014). The
chemical oxygen demand (COD) was determined using the potassium
permanganate acidic method (Di et al., 2013). Heavy metal contents in
BS were digested with HNO3/H2O2 in a microwave digestion system
(CEM-MARS5, USA) and analyzed using an inductive coupled plasma
emission spectrometer (ICP-MS, PE, USA) (Xu et al., 2017). The Cr, Pb,
and Cd were selected based on the ﬁve mandatory heavy metal indicators (Cr, Pb, Cd, Hg, and AS) in standards for irrigation water
quality (GB5084-2005; China). In the preliminary experiment, Hg and
AS contents were determined too low in BS, only average 0.02 and
3.15 μg L−1, respectively. The pH change in BS was determined. The
removal eﬃciencies (REs) of nutrients and heavy metals were calculated by the following formula:

2. Material and methods
2.1. Microalgal growth in diluted biogas slurry

REs (%) = Mbefore-Nafter / Mbefore × 100,

Microalgae Scenedesmus sp. (Fig. 1b) was selected for BS puriﬁcation
because of its high pollution tolerance levels, removal eﬃciencies (REs)
of nitrogen and phosphorus, and growth rate (Duangjan et al., 2016;
Prandini et al., 2016), which was provided and preserved by the
Guangzhou Institute of Energy, Chinese Academy of Sciences. The selection of the tested microalgae was mainly based on the comparison
results of biomass production, total lipid content, and nutrient REs of
the various microalgae reported by Gim et al. (2014) and Zhang et al.
(2015). The BS used for microalgal culture was prepared by the volume
ratios of 1:3 (BG-25), 1:1(BG-50), 3:1(BG-75), and 1:0 (BG-100) mixtures of the digested eﬄuent of energy grass and tap water. These diluted BS was adjusted the pH to 7 with a 2.5 M NaOH solution. Several

where Mbefore and Mafter represent the M content in the culture solution
before inoculation and the N content in the culture solution after 8-day
cultivation, respectively, mg L−1/μg L−1.

(3)

2.3. Agronomic traits, nutritional quality, and heavy metal contents of
Chinese cabbage
A total of 1 kg soil was placed in a PVC pot with three holes in the
bottom. The seeds were soaked in 0.2% hydrogen peroxide solution for
5 min and then washed with tap water before they were ﬁnally sown
into surface soil (sown on 25 December 2016). At 9 days after germination, untreated BS (BG-25, BG-50, BG-75, and BG-100), BS treated by
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Fig. 1. Microphotograph (b), growth curve (c) and an eight-day biomass (d) of microalgae cultivated in BG-11 medium and diluted biogas slurry with tap water
(biogas slurry/tap water = 1/3 (MBS-25), 1/1 (MBS-50), 3/1 (MBS-75), and 1/0 (MBS-100) in volume). Diﬀerent lowercase letters on bar diagram denote signiﬁcant
diﬀerences at p < 0.05 among treatments. Values are means ( ± SD; n = 4).

total volume of the enzyme extracting solution, mL; N is 0.5 in the
calculation of SOD activity and 0.01 in the calculation of POD and CAT
activities; W is the weight of the used plant sample, g; Vsample is the
tested volume of the enzyme extracting solution, mL; and T is the color
reaction time, min.

microalgae for 8 days (MBG-25, MBG-50, MBG-75, and MBG-100), and
tap water were used to irrigate these potted plants (a total of 36 PVC
pots; 9 treatments × 4 repetitions) at an intensity of about 50 mL pot−1
every 5 days. Namely, 200 mL of solution was required for each treatment during a single irrigation process. To avoid the change in irrigation solution composition caused by long time placement, irrigation
solution was freshly prepared before each use in same reactors under
the same culture condition. Chinese cabbage was harvested days after
35 days based on optimum planting cycle. The harvested fresh plant
samples were used for agronomic traits analysis. The relative growth
rates (RGR) and Net assimilation rate (NAR) were calculated by the
following formulas:
RGR (g g−1 d−1) = (ln Q1-lnQ2) /T1-T2,
−2

NAR (mg m

−1

d

2.5. Rhizospheric soil pH after Chinese cabbage harvesting
The rhizospheric soils were separated through shaking the root
method. The collected soil samples were used for chemical analysis to
investigate the eﬀects of MBS irrigation on the rhizospheric soil pH. The
pH was measured in a 1:5 mixture of water and dry soil using a pH
meter (Xu et al., 2017).

(3)

) = (ln S2-lnS2)/ (S2-S1) × (Q2-Q1)/ (T1-T2),

(4)

2.6. Data analysis

Where Q1 and Q2 were the dry weight at time T1 and T2, respectively, g; S1 and S2 were the dry weight at time T1 and T2, cm2.
Some plant samples used for food nutrition analysis by determining
the TN, TP, nitrate (NO3−), soluble sugar, crude ﬁber, and vitamin C
contents in edible parts (Fabre et al., 1999; Nozawa et al., 2006; Yuan
et al., 2014). The heavy metal content in edible parts were determined
using graphite furnace atomic absorption spectrometry (GFAAS, Shimadzu AA-7000, Japan) after digesting with 8 mL of concentrated
HNO3 at 120°C–180 °C in a microwave digestion system (CEM MARs5,
USA) (Xu et al., 2018a).

Experimental data were recorded in Microsoft Excel 2010 and
analyzed with SPSS19.0 (Chicago, IL, USA). Diﬀerences among treatments and cultivars were analyzed using one-way ANOVA (independent
sample t-test) and two-way ANOVA. All graphs were charted using
Origin 9.2 (MA, USA).
3. Results and discussion
3.1. Optimal nutrition strategy for microalgae growth and pH change in
biogas slurry over culture time

2.4. Antioxidant enzyme and nitrate reductase (NR) activities and
malondialdehyde (MDA) content of Chinese cabbage

The growth curve and an eight-day biomass of microalgae cultivated in BG-11 medium and diluted BS with tap water are presented in
Fig. 1c and d. The cell density increased slowly in the ﬁrst 2 days of
microalgal culture in BS medium, and then the microalgal growth rate
signiﬁcantly increased until 8th day; ﬁnally, their growth rate successively entered the stagnate and decline phases after 8th day (Fig. 1c).
Therefore, microalgae at the 8th day of the culture had high reproductive rate and biomass accumulation, which was in a transition
period from logarithmic phase to stationary phase. Microalgae from this
time period exhibited thriving anabolism and high pollutant removal
eﬃciency (Tan et al., 2016a). In all BS mediums, the microalgae cultivated in BS-50 medium (MBS-50) had the highest cell density
(3.37 × 107 cells L−1) and dry biomass (3.73 g L−1) after 8 days of
continuous culture (Fig.1d; p < 0.05). Apart from BG-11 medium
(Fig. 1c), BS-50 medium (TN: 101 mg L−1; N-NH4+: 81.0 mg L−1; TP:
77.8 mg L−1; P-PO43-: 61.5 mg L−1) was more appropriate for the cell
proliferation and biomass accumulation of microalgae than the three
other BS mediums (BS-25, BS-75, and BS-100). Uggetti et al. (2014)
found that Scenedesmus sp. had good growth rate under 50 mg L−1 N-

About 0.3 g of fresh edible parts was placed in a pre-cooled mortar,
ground to homogenate with 2 mL of phosphate buﬀer solution (PBS;
50 mmol/L; pH 7.8), transferred to centrifuge tubes, and then centrifuged at 12,000× g for 20 min at 4 °C (Liu and Lin, 2014). The supernatant obtained (enzyme extracting solution) was used to determine
the activities of superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT). Some fresh edible parts were used to determine nitrate
reductase (NR) activity through sulfanilamide method (Chen et al.,
2004). The MDA content in edible parts was determined using the trichloroacetic acid–thiobarbital method. Antioxidant enzymatic activity
was calculated by the following formula (Kang and Saltveit, 2010):
A
activity
(U
min−1·g−1)
(ODck × N × W × Vsample × T),

=

(ODck-ODsample) × Vtotal

/
(5)

where A is SOD, POD, CAT, or NR; ODck and ODsample are the absorbance values of buﬀer solution and sample, respectively; Vtotal is the
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Fig. 2. pH change (a) over time in biogas slurry and
TN (b), NH4+-N (c), COD (d), TP (e), and P-PO43- (f)
contents (after 8 days) of microalgae cultivated in
diluted biogas slurry with tap water (BS-25, BS-50,
BS-75, and BS-100). Percentage values on the broken
line denote removal eﬃciency. Diﬀerent capital letters on bar diagram denote signiﬁcant diﬀerences at
p < 0.05 between “before inoculation” and “8 days
after microalgae inoculation” in the same culture
medium, and diﬀerent lowercase letters denote signiﬁcant diﬀerences at p < 0.05 among culture
mediums under the same inoculation treatment. The
same below. TN: total nitrogen, TP: total phosphorus,
NH4+-N: nitrogen from NH4+, P-PO43-: phosphorus
from PO43−, COD: chemical oxygen demand. Values
are means ( ± SD; n = 4).

NH4+ condition. Park et al. (2010). found the optimal N-NH4+ concentration (100 mg L−1) in favor of green alga Scenedesmus accuminatus
growth. A favorable nutrient level (N-NH4+: 76.2 mg L−1; P-PO43-:
9.7 mg L−1) for Scenedesmus dimorphus growth was also observed by
González et al. (2018). Therefore, the optimal nutrient strategy startup
parameters for microalgal cultivation varied with nutrient composition
in the medium and microalgal species. Before scale-up cultivation and
water puriﬁcation application, the optimization of culture conditions
should be investigated for speciﬁc microalgae and medium composition. In the present study, Scenedesmus sp. exhibited good environment
adaptability and maintained strong reproduction ability, and a relatively optimal nutrition strategy (BS-50) for microalgal growth was
found. The microalgae with optimal growth condition might possess a
strong BS puriﬁcation ability (Zhao et al., 2015).
The pH change over time in the BS mediums is depicted in Fig. 2a.
As the culture time progressed, the pH values in the MBS-mediums
initially decreased, increased, and then stabilized at the 8th and 10th
days (Fig. 2a). The initial pH drop was mainly due to NH4+ deprotonation on the plasmalemma induced by the preferential utilization of
ammonia nitrogen (N-NH4+) in BS by microalgae (Elreedy et al., 2017;
Tan et al., 2016b). This phenomenon may also be explained by the
theory of ionic balance in which the H+ ions released by proton pump
may maintain the electric neutrality of cells due to excess NH4+ absorption (Curtin and Wen, 2004; Xu et al., 2017). In the present study,
the pH values had been reduced to a minimum (mean pH 6.17) in the
MBS-25, MBS-50, and MBS-75 mediums 4–5 days after culture but arrived the minimum (mean pH 6.55) in the MBS-100 medium until the

8th day (Fig. 2a). This result suggested that the microalgae grown in the
diluted BS–mediums basically removed the vast majority of N-NH4+
from BS faster than those grown in the undiluted BS-medium. With the
depletion of N-NH4+, microalgae could assimilate free carbon dioxide
converted by carbonic anhydrase or soluble carbonate, gradually increasing the medium pH by pushing the reaction HCO3− + H+→
H2CO3→CO2 +H2O (Aboushanab et al., 2013; Cai et al., 2013). Furthermore, the continuous degradation of organic acids caused by
abundant microorganisms in BS may further increase the medium pH.
However, the organic acids in BS of this experiment were not determined and need to be investigated in future studies. In the present
study, the pH value in MBS-50 medium was the fastest to increase
(mean pH 7.54) at the 8th day (Fig. 2a). Thus, the microalgae grown in
BS-50 medium (MBS-50) had high REs for ammonia nitrogen and inorganic carbon in BS. In addition, the microalgae grew the fastest when
the pH in BS was about 7.5 (Fig. 2a), indicating that pH change was
closely associated with the growth and metabolism of Scenedesmus sp.
The best pH condition for culturing microalgae agreed with the results
(pH 7.0–9.0) reported by Zhang et al. (2014).
3.2. Removal eﬃciencies of nutrients and heavy metals from biogas slurry
by microalgae
The REs of TN, N-NH4+, COD, TP, P-PO43-, and heavy metals in BS
at the 8th day of the culture are depicted in Figs. 2 and 3. Microalgae in
this period had strong assimilation and the largest number of alive cells,
and over time, growth ratio gradually stagnate and decline. Assimilated

Fig. 3. Cr (a), Pb (b), and Cd (c) contents (after eight days) of microalgae cultivated in diluted biogas slurry with tap water (BS-25, BS-50, BS-75, and BS-100). Values
are means ( ± SD; n = 4).
456
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pollutants.

pollutants may be released back into the BS due to the disintegration of
dead microalgae cells. Therefore, 8 days of continuous culture was most
consistent with the purpose of the study. In the present study, the microalgae removed TN and N-NH4+ from diluted BS with tap water, with
average REs of 80.5% and 84.7%, respectively (Fig. 2b and c). The
microalgae grown in BS-50 medium (MBS-50) shown the highest REs of
TN and N-NH4+ (up to 86.1% and 90.1%, respectively) (Fig. 2b and c;
p < 0.05). Nitrogen in BS were removed by synthesizing into amino
acids, protein, enzyme, chlorophyll, and genetic materials through
autotrophic action in microalgal cells (He et al., 2017b). The N-NH4+
could be directly absorbed, stored in cytosol, and then assimilated using
the glutamine synthetase by NH4+ + ATP + glutamic acid→L-glutamine + ADP + PO43− (Luze et al., 2008; Yang et al., 2013). Without
the oxidoreduction participation, the assimilation process has a small
demand for energy (Wang et al., 2009), which partly explained why the
microalgae utilized ammonium nitrogen (N-NH4+) preferentially.
Moreover, a signiﬁcant positive correlation between culture medium
pH and nitrogen RE was observed in the present study (p < 0.05), This
may because the high pH could change the balance between ammonium and ammonia, thereby accelerating the gas stripping (NH3) of
ammonia nitrogen (Tan et al., 2016a; Wang et al., 2017b).
As shown in Fig. 2d, COD RE was the highest (87.5%) in MBS-50
medium but the lowest (36.2%) in MBS-100 medium (p < 0.05), indicating that high concentrations of BS largely inhibited microalgal
growth. The main mechanisms for COD removal include COD decomposition and assimilation in microalgal metabolism (González et al.,
2018), and intake air during microalgal culture improves directly the
activity of aerobes and facultative aerobes, enhances organic matter
degradation, and decreases COD content in BS. In the present study,
Scenedesmus sp. presented strong removal abilities for TP and P-PO43- in
diluted BS, with an average RE of over 94.0% (Fig. 2e and f), which
were signiﬁcantly higher than the results of similar studies (Cheng
et al., 2015; Han et al., 2014). The P-PO43- could be directly absorbed in
microalgal cells and then converted into ATP, phospholipid, and nucleic
acid through the level phosphorylation, oxidative phosphorylation, and
photophosphorylation pathways (Ekholm and Krogerus, 1998). Moreover, a signiﬁcant positive correlation was observed in our results between culture medium pH and phosphorus RE (p < 0.05). The high pH
in BS could facilitate the formation of insoluble metal phosphate (Xu
et al., 2014), and the RE of phosphate by precipitation is highly satisfactory. This may explains why the microalgae grown in BS-50
medium had a stronger ability to remove phosphate.
In the present study, microalgae exhibited diﬀerent removal abilities for Cr, Pb, and Cd in BS, which was consistent with the results
reported by Suresh et al. (2015). On average, the microalgae grown in
BS-75 and BS-100 mediums removed only 21.3% of Cr, 29.0% of Pb,
and 34.0% of Cd (Fig. 3). Compared with Cr RE, the Pb and Cd REs in
BS-50 medium were relatively higher (up to 60.7% and 59.7%, respectively) (Fig. 3; p < 0.05). This result implied that there was an
order of selective biosorption for various metal ions in microalgae.
Carboxyl (eCOOH), hydroxyl (eOH), and amidogen (eNH2) in microalgal cell walls and extracellular metabolites (polysaccharide and
mucus) could chemically adsorb large amounts of metal ions through
ion exchange, coordination, complexation, chelation, micro-precipitation (Andrade et al., 2010; Gélabert et al., 2006; Monteiro et al., 2012),
thus decreasing heavy metals in BS. Therefore, the capacities of functional groups to adsorb metal ions may greatly decide the RE of heavy
metals by microalgae (Chojnacka et al., 2005). FT-IR studies of the
present experiment were not been tried and had been included in the
next work. Apart from metal-binding capacities of microalgae, high
medium pH may also facilitate the formation of insoluble heavy metal
hydroxides and thus achieve heavy metal removal from BS. In conclusion, the puriﬁcation eﬃciency of BS mainly depended on microalgal
cell density involved in nutrients assimilation and metal ion biosorption, and the volume ratio of 1:1 (BG-50) mixtures of the digested efﬂuent and tap water was suitable for Scenedesmus sp. to remove

3.3. Growth, nutritional quality, and oxidation resistance of Chinese
cabbage under microalgae-treated biogas slurry irrigation
Some studies expounded that irrigation with suitable concentrations
of BS could eﬀectively increase crop yield and quality (Lu et al., 2012;
Wu et al., 2013). Before microalgal inoculation, COD contents were
367, 729, 1100, and 1526 mg L−1 in BS-25, BS-50, BS-75, and BS-100
mediums, respectively, which considerably exceed the maximum permissible level (100 mg L−1) of the standards for irrigation water quality
of China (GB5084-2005, China) (Fig. 2d). The Cd content in BS-100
medium also reached 1.23-fold of national standard (0.01 mg L−1)
(Fig. 3c). Therefore, directly using such BS for crop irrigation may lead
to crop failure and even health risk posed by heavy metals accumulation in agricultural products (Bian et al., 2015; Pu et al., 2017). In the
present study, microalgal culture distinctly improved the water quality
of BS for agricultural irrigation, especially for Cd removal (Fig. 3c).
Only the COD contents in MBS-75 (278 mg L−1) and MBS-100
(473 mg L−1) still exceeded the irrigation water threshold (Fig. 2d).
The biomass, root and shoot lengths, leaf number, max leaf width
and length, leaf area, relative growth rate (RGR), and net assimilation
rate (NAR) of Chinese cabbage increased slightly under tap water and
BS-25 irrigation and then decreased signiﬁcantly under BS-50, BS-75
and BS-100 irrigation (Table 1; p < 0.05). The TN, TP, soluble sugar,
and vitamin C contents in edible parts presented the similar trend of
ﬁrst increasing and then decreasing, but crude ﬁber contents shown a
noticeable increase along with the BS concentration increased (Table 2;
p < 0.05). These results may largely be due to the facts that BS had
liquidity, high pH, high nutrient content, and potentially high metal
content (Chen et al., 2017). Direct application of BS may reduce the soil
water potential in the rhizosphere resulting in extravasation of the cell
sap, inhibit N and P uptake by roots, facilitate metal accumulation, and
eventually obstruct carbohydrate synthesis and metabolism
(Lampurlanés et al., 2016; Ma et al., 2017). Interestingly, MBS irrigation signiﬁcantly improved yield, RGR, NAR, edible taste, and nutritional quality in contrast with BS irrigation (Tables 1and 2; p < 0.05).
During microalgae culture, lots of organics in BS were mineralized into
dissolved inorganic micromolecules that were directly uptake by plants
(González et al., 2018), and microalgae metabolism also may release
multiple auximones facilitating crop growth such as indoleacetic acid
and cytokinin (Lu and Xu, 2015). The BS concentration loss caused by
microalgae culture directly avoided the negative eﬀects of overconcentration on plant growth and nutrient uptake. Overall, these
reasons basically explained why MBS irrigation may improve biomass
accumulation and nutritional quality in Chinese cabbage.
The excess reactive oxygen species (ROS) accumulation may cause
plasmalemma oxidative damage, disrupt intracellular hormonal balance, result in potassium loss, and even cause programmed cell death
(Bethke and Jones, 2010; Demidchik, 2015). The antioxidant enzymes
(SOD, POD, and CAT) may work synergistically to scavenge the environmental stress generating ROS in plant cells (Srivastava et al.,
2017). The SOD, POD, and CAT activities enhanced under tap water,
BS-25, and BS-50 irrigation and then markedly weakened under BS-75
and BS-100 irrigation (Table 3; p < 0.05). By contrast, these antioxidant enzymes exhibited signiﬁcantly stronger activities under MBS
irrigation (Table 3; p < 0.05). The stronger SOD activity broken more
superoxide anion (O2−) down into hydrogen peroxide (H2O2), and then
stronger POD and CAT activities further removed the generated H2O2 in
order to alleviate membrane damage (Kim et al., 2018). The result of
MDA content further conﬁrmed that MBS irrigation deﬁnitely enhanced
the oxidation resistance in Chinese cabbage (Table 3; p < 0.05).
Therefore, high concentrations of BS without any pretreatment were
unsuitable for agricultural irrigation because of the otherwise damaged
rather than improved oxidation resistance of the plants, and MBS as
agricultural irrigation water was a good choice.
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Diﬀerent capital letters denote signiﬁcant diﬀerences at p < 0.05 between “Before microalgae inoculation” and “8 days after microalgae inoculation” in the same culture medium, and diﬀerent lowercase letters denote
signiﬁcant diﬀerences at p < 0.05 among culture mediums under the same inoculation treatment. The same below. Values are means ( ± SD; n = 10).

0.87Aa
0.99Bb
1.04Bc
1.12Bd
±
±
±
±
13.47
18.05
22.25
27.95
0.18Aa
0.18Ba
0.10Bb
0.08Bc
±
±
±
±
4.54
5.12
5.62
6.55
0.08Aa
0.13Ba
0.06Bb
0.07Bc
±
±
±
±
3.56
4.23
4.75
5.12
1Aa
1Aa
1Bb
1Bc
±
±
±
±
10
10
13
15
0.15Aa
0.16Ba
0.21Bb
0.17Bc
±
±
±
±
6.43
7.64
8.23
8.79
0.10Aa
0.20Ba
0.21Bb
0.18Bc
±
±
±
±
5.60
6.16
6.96
7.58
0.08Aa
0.04Ba
0.03Bb
0.07Bc
±
±
±
±
1.58
1.66
1.74
1.89
0.00Aa
0.00Aa
0.00Bb
0.00Bc
±
±
±
±
0.05
0.06
0.07
0.08
±
±
±
±
0.11
0.10
0.12
0.12

0.00Aa
0.01Aa
0.00Bb
0.00Bb

9.86 ± 0.21d
13.17 ± 0.86Ae
8.75 ± 0.24Ac
6.44 ± 0.19Ab
4.50 ± 0.15Aa
0.16c
0.23Ad
0.10Ac
0.11Ab
0.15Aa
±
±
±
±
±
4.08
4.62
3.86
3.42
2.87
0.17c
0.14Bd
0.12Ac
0.10Ab
0.19Aa
±
±
±
±
±
2.90
3.42
2.72
2.26
1.88
8 ± 1a
11 ± 1Ab
9 ± 1Ba
8 ± 1Aa
7 ± 1Aa
0.32c
0.20Bd
0.25Ac
0.08Ab
0.17Aa
±
±
±
±
±
6.19
6.73
6.18
4.93
3.95
0.10c
0.10Be
0.11Ad
0.13Ab
0.15Aa
±
±
±
±
±
4.56
5.75
4.94
4.25
3.55
0.04c
0.09Be
0.06Ad
0.05Ab
0.03Aa
±
±
±
±
±
1.19
1.56
1.32
0.77
0.53
0.00c
0.00Bd
0.00Ac
0.00Ab
0.00Aa
±
±
±
±
±
0.04
0.05
0.04
0.03
0.02
0.00c
0.01Ad
0.01Ad
0.00Ab
0.00Aa
±
±
±
±
±
0.09
0.11
0.10
0.06
0.03

Before microalgae inoculation
Tap water
43.20 ± 2.70c
BS-25
53.56 ± 4.52Ad
BS-50
47.07 ± 2.84Acd
BS-75
26.66 ± 1.71Ab
BS-100
12.25 ± 1.02Aa
8 days after microalgae inoculation
MBS-25
54.03 ± 0.00Aa
MBS-50
56.10 ± 2.17 Bab
MBS-75
58.06 ± 3.90 Bab
MBS-100
61.32 ± 5.62Bb

Maximum leaf length
(cm)
Maximum leaf width
(cm)
Root length (cm)
Shoot biomass (g
plant−1; FW)
Root biomass (g
plant−1; FW)
NAR (mg cm−2 d−1;
DW)
RGA (mg g−1 d−1;
DW)

Biomass allocation
Net assimilation rate
Relative growth rate
Treatments

Table 1
Agronomic traits of Chinese cabbage under irrigation with microalgae-treated biogas slurry.

Plant height

Shoot length (cm)

Leaf number
(each plant)

Photosynthetic organ character

Leaf area (cm2)

Z.-M. Xu, et al.

3.4. Nitrate and heavy metal residues of Chinese cabbage under microalgaetreated biogas slurry irrigation
Nitrate (NO3−) residue in crops was a key indicator inﬂuencing
nutritional quality (Yao et al., 2018). Under BS-75 and BS-100 irrigation, the nitrate contents (3.55 and 4.88 g kg−1, respectively) in edible
parts exceeded the danger threshold (3.00 g kg−1 for leaf vegetable) of
safety qualiﬁcation for agricultural products (GB18406-2001, China)
(Table 4; p < 0.05). Once such vegetables were consumed, nitrate ingested was easily reduced to toxic nitrites in the human digestive tract,
resulting in hemoglobin hypoxemia (Chen et al., 2017; Hall, 2018).
Therefore, reducing nitrate residue was a top priority for nutrition
quality improvement. The nitrate reductase (NR) was a rate-limiting
enzyme involved in nitrate reduction in the cytoplasm (Rosales et al.,
2011). Our present study showed that BS-75 and BS-100 irrigation
signiﬁcantly decreased NR activity in edible parts (Table 3; p < 0.05),
and a signiﬁcantly negative correlation was found between nitrate
content and NR activity (p < 0.05). In contrast, the higher NR activity
in edible parts under MBS irrigation may accelerate nitrate transformation, resulting in nitrate content considerably below what was normally considered dangerous (GB18406-2001, China) (Table 4;
p < 0.05). NR activity in plants was closely associated with photosynthetic intensity, illumination intensity, and nitrate concentration
(Hippler et al., 2018). Many studies also reported that increasing the
ratio of N-NH4+ and TN was beneﬁcial to reduce nitrate residue in
crops, but too high concentrations of N-NH4+ was toxic to plant roots
(Chen et al., 2017; Kronzucker, 2010). In our present study, a continuous decline in nitrate content under the irrigation with from MBS25 to MBS-100 may partly due to the increased ratios of N-NH4+ and
TN from 0.54 to 0.93. The eﬀective measures to improve NR activity
and reduce nitrate residue need to be studied further.
Heavy metal residue in crops was a serious concern because of the
high health risk associated with food chain transfer (Xu et al., 2018b).
Before microalgal inoculation, the Cr and Pb contents in BS-25, BS-50,
BS-75, and BS-100 mediums accorded with the irrigation water quality
requirement (Fig. 3a and b), and only the Cd contents (12.3 μg L−1) in
BS-100 medium exceeded the maximum permissible level (10 μg L−1)
(GB5084-2005; China) (Fig. 3c). Namely, BS-100 irrigation may lead to
overmuch Cd uptake by crops, thereby triggering serious health risks.
After microalgae culture, the Cr, Pb and Cd contents in MBS-25, MBS50, MBS-75, and MBS-100 mediums were well below their respective
maximum allowable concentrations. Thus, except for the tap water
dilution eﬀect, microalgal culture greatly reduced the safety risk of
heavy metal residues in crops (Kumar et al., 2015). A continuous signiﬁcant increase in the Cr, Pb and Cd contents of edible parts was observed under BS-25, BS-50, BS-75, and BS-100 irrigation (Table 4;
p < 0.05). Under MBS irrigation, the Cr, Pb and Cd contents of Chinese
cabbage initially decreased from MBS-25 to MBS-50 and then increased
from MBS-50 to MBS-100, and signiﬁcantly lower than those under BS
irrigation (Table 4; p < 0.05). The Cr, Pb, and Cd contents of all tested
Chinese cabbage did not exceed the national standards for food safety
(GB2762-2017; China). No signiﬁcant correlation was found between
heavy metal contents in edible parts and rhizosphere soil pH (Table 4;
p > 0.05). Rhizospheric soil pH was an important factor controlling
the heavy metals uptake via desorption of metals from the solid phase
by competition with H+ (Xu et al., 2017). However, the consumption
risk of agricultural products may not only depend on the rhizospheric
soil pH but also on heavy metal contents in BS, irrigation methods, and
crop varieties (Bo et al., 2014; Wentzel et al., 2015). Overall, MBS irrigation may considerably reduce nitrate and heavy metal residue in
Chinese cabbage. These results may provide a new idea and theoretical
basis for the safe utilization of BS resources in agricultural irrigation.
4. Conclusions
The disposal of BS had become an environmental issue due to thin
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Table 2
TN, TP, soluble sugar, vitamin C, and crude ﬁber contents in edible parts of Chinese cabbage under irrigation with microalgae-treated biogas slurry.
Treatments

TN (g kg−1; FW)

Before microalgae inoculation
Tap water
3.97 ± 0.01d
BS-25
4.97 ± 0.01Be
BS-50
3.42 ± 0.02Ac
BS-75
2.69 ± 0.03Ab
BS-100
2.20 ± 0.04Aa
8 days after microalgae inoculation
MBS-25
3.99 ± 0.03Aa
MBS-50
4.02 ± 0.01Bb
MBS-75
5.83 ± 0.07Bc
MBS-100
6.31 ± 0.09Bd

TP (g kg−1; FW)

Soluble sugar (g kg−1; FW)

Vitamin C (g kg−1; FW)

Crude ﬁber (g kg−1; FW)

0.42
0.57
0.43
0.34
0.20

±
±
±
±
±

0.01c
0.01Bd
0.01Ac
0.01Ab
0.01Aa

21.12
26.35
22.13
18.36
12.79

±
±
±
±
±

0.02c
0.01Ae
0.01Ad
0.02Ab
0.02Aa

0.10
0.16
0.12
0.10
0.08

±
±
±
±
±

0.00b
0.01Ad
0.01Ac
0.00Ab
0.01Aa

45.15
53.19
60.13
78.56
85.87

±
±
±
±
±

0.02c
0.02Ba
0.02Bb
0.02Bd
0.03Be

0.43
0.45
0.69
0.74

±
±
±
±

0.00Aa
0.00Bb
0.01Bc
0.01Bd

28.89
35.15
38.12
42.13

±
±
±
±

0.02Ba
0.02Bb
0.02Bc
0.03Bd

0.15
0.18
0.21
0.24

±
±
±
±

0.01Ba
0.01Bb
0.01Bc
0.01Bd

55.75
43.13
40.12
31.13

±
±
±
±

0.02Aa
0.03Ab
0.03Ac
0.03Ad

Values are means ( ± SD; n = 4).
Table 3
SOD, POD, CAT, and NR activity and MDA content in edible parts of Chinese cabbage under irrigation with microalgae-treated biogas slurry.
Treatments

SOD (U min−1·g−1; FW)

Before microalgae inoculation
Tap water
148 ± 1.12b
BS-25
165 ± 2.55Ad
BS-50
187 ± 2.87Ae
BS-75
154 ± 2.48Ac
BS-100
118 ± 1.69Aa
8 days after microalgae inoculation
MBS-25
179 ± 3.18Bb
MBS-50
198 ± 2.16Bc
MBS-75
227 ± 3.07Bd
MBS-100
263 ± 3.15Ba

POD (U min−1·g−1; FW)

CAT (U min−1·g−1; FW)

MDA (g kg−1; FW)

NR (μg h−1·g−1; FW)

35.12
47.51
56.13
41.40
30.50

±
±
±
±
±

0.88b
0.98Ad
1.08Ae
1.48Ac
0.98Aa

48.12
59.10
68.31
51.10
42.05

±
±
±
±
±

1.56b
1.38Ad
1.69Ae
1.55Ac
1.78Aa

0.35
0.32
0.27
0.41
0.49

±
±
±
±
±

0.00c
0.01Bb
0.01Ba
0.02Bd
0.01Be

22.12
29.13
28.21
21.45
15.17

±
±
±
±
±

1.04c
1.01Ad
1.07Ad
1.18Ab
1.05Aa

55.50
68.50
77.21
85.20

±
±
±
±

1.28Bb
1.34Bc
1.49Bd
1.08Ba

67.04
78.05
82.12
89.12

±
±
±
±

1.12Bb
1.16Bc
1.18Bd
1.12Ba

0.28
0.26
0.21
0.19

±
±
±
±

0.01Ab
0.02Ab
0.01Aa
0.02Ab

35.15
39.18
42.23
51.35

±
±
±
±

1.42Bb
1.17Bc
1.14Bd
1.08Ba

SOD: superoxide dismutase, POD: peroxidase, CAT: catalases, NR: nitrate reductase, MDA: malondialdehyde. Values are means ( ± SD; n = 4).
Table 4
Nitrate, Cr, Pb, and Cd contents in edible parts of Chinese cabbage and rhizospheric soil pH under irrigation with microalgae-treated biogas slurry.
Treatments

Nitrate (g kg-1; FW)

Before microalgae inoculation
Tap water
0.82 ± 0.01b
BS-25
0.72 ± 0.01Ba
BS-50
2.11 ± 0.01Bc
BS-75
3.55 ± 0.01Bd
BS-100
4.88 ± 0.01Be
8 days after microalgae inoculation
MBS-25
0.69 ± 0.01Aa
MBS-50
0.67 ± 0.01Aa
MBS-75
0.39 ± 0.00Ac
MBS-100
0.15 ± 0.01Ad

Cr (μg kg−1;FW)

Pb (μg kg−1;FW)

Cd (μg kg−1;FW)

Rhizospheric soil pH

6.45 ± 0.05a
10.43 ± 0.04Bb
12.61 ± 0.03Bc
14.57 ± 0.05Bd
15.78 ± 0.04Ae

5.56
8.35
8.90
9.49
9.92

±
±
±
±
±

0.04a
0.05Bb
0.01Bc
0.03Bd
0.04Ae

0.15
0.21
0.23
0.26
0.29

±
±
±
±
±

0.02a
0.02Bb
0.00Bb
0.01Bc
0.01Ad

6.81
7.62
7.86
7.81
8.12

±
±
±
±
±

0.02a
0.01Bb
0.02Bd
0.03Bc
0.02Be

8.48 ± 0.01Aa
8.05 ± 0.05Ab
9.12 ± 0.02Ac
11.23 ± 0.06Bd

6.86
5.67
7.39
8.26

±
±
±
±

0.01Aa
0.03Ab
0.04Ac
0.05Bd

0.18
0.16
0.19
0.22

±
±
±
±

0.01Aa
0.00Aa
0.01Ab
0.01Bc

7.11
7.30
7.08
6.31

±
±
±
±

0.01Ac
0.03Ad
0.05Ab
0.14Aa

Values are means ( ± SD; n = 4).

ﬂuidity, high pH, high nutrient contents, and potentially high metal
content. The crop failure, soil and water eutrophication, and excessive
nitrate and heavy metal accumulation caused by BS irrigation led to a
rethinking of the safe utilization of BS resources in agricultural irrigation. Our results indicated that Scenedesmus sp. culture in the volume
ratio of 1:1 (BG-50) mixtures of the BS and tap water can not only
obtain the most lipid-rich microalgal cells for biodiesel production, but
also eﬃciently remove nutrients and heavy metals from BS.
Furthermore, MBS irrigation signiﬁcantly improved crop yield, nutritional quality, and oxidation resistance and decreased the consumption
risks of nitrate and heavy metal accumulation in edible parts. This study
set up an inexpensive and eﬃcient whole-process method from pollutant removal to agricultural irrigation for BS resource utilization. In
particular, the relatively integrated eﬀects of BS irrigation before and
after microalgae culture on crop yield, growth, nutrient use eﬃciency
agricultural product quality, and safety, as well as the potential consumption risk had been contrasted and clariﬁed.

Acknowledgments
We are grateful to the Sub-project of National Key R&D Plan Project
(No. 2017YFD0801305) and National Natural Science Foundation of
China (Grant 41701349) for their ﬁnancial support. We are profoundly
grateful to Dr. P. Yang, whose expert advice has guided us through
every step of writing this work. Finally, we thank numerous individuals
who participated in this study.
References
Abeldenee, M., Abbott, T., Eskicioglu, C., 2018. Using mass struvite precipitation to remove recalcitrant nutrients and micropollutants from anaerobic digestion dewatering
centrate. Water Res. 132, 292–300.
Aboushanab, R.A., Ji, M.K., Kim, H.C., Paeng, K.J., Jeon, B.H., 2013. Microalgal species
growing on piggery wastewater as a valuable candidate for nutrient removal and
biodiesel production. J. Environ. Manag. 115, 257–264.
Andrade, L.R., Leal, R.N., Noseda, M., Duarte, M.E.R., Pereira, M.S., Mourão, P.A.S.,
Farina, M., Amado Filho, G.M., 2010. Brown algae overproduce cell wall polysaccharides as a protection mechanism against the heavy metal toxicity. Mar. Pollut.

459

Journal of Environmental Management 244 (2019) 453–461

Z.-M. Xu, et al.

DPPH‐radical scavenging activity of high‐ and low‐vigour cucumber seedling radicles. Plant Cell Environ. 25, 1233–1238.
Kim, J.S., Kim, H., Yim, B., Rhee, J.S., Won, E.J., Lee, Y.M., 2018. Identiﬁcation and
molecular characterization of two Cu/Zn-SODs and Mn-SOD in the marine ciliate
Euplotes crassus : modulation of enzyme activity and transcripts in response to
copper and cadmium. Aquat. Toxicol. 199, 296–304.
Kronzucker, H.J., 2010. Optimization of ammonium acquisition and metabolism by potassium in rice (Oryza sativa L. cv. IR-72). Plant Cell Environ. 33, 23–34.
Kumar, K.S., Dahms, H.U., Eunji, W., Jaeseong, L., Kyunghoon, S., 2015. Microalgae - a
promising tool for heavy metal remediation. Ecotoxicol. Environ. Saf. 113, 329–352.
Kumari, A., Sharma, V., Pathak, A.K., Guria, C., 2014. Cultivation of Spirulina platensis
using NPK-10:26:26 complex fertilizer and simulated ﬂue gas in sintered disk chromatographic glass bubble column. J. Environ. Chem. Eng. 2, 1859–1869.
Lampurlanés, J., Plaza-Bonilla, D., Álvaro-Fuentes, J., Cantero-Martínez, C., 2016. Longterm analysis of soil water conservation and crop yield under diﬀerent tillage systems
in Mediterranean rainfed conditions. Field Crop. Res. 189, 59–67.
Ledda, C., Schievano, A., Scaglia, B., Rossoni, M., Fernández, F.G.A., Adani, F., 2016.
Integration of microalgae production with anaerobic digestion of dairy cattle manure:
an overall mass and energy balance of the process. J. Clean. Prod. 112, 103–112.
Lee, C.S., Oh, H.S., Oh, H.M., Kim, H.S., Ahn, C.Y., 2016. Two-phase photoperiodic cultivation of algal-bacterial consortia for high biomass production and eﬃcient nutrient
removal from municipal wastewater. Bioresour. Technol. 200, 867–875.
Lenzi, M., Gennaro, P., Mercatali, I., Persia, E., Solari, D., Porrello, S., 2013. Physicochemical and nutrient variable stratiﬁcations in the water column and in macroalgal
thalli as a result of high biomass mats in a non-tidal shallow-water lagoon. Mar.
Pollut. Bull. 75, 98–104.
Liu, N., Lin, Z., 2014. Reactive oxygen species and relative enzyme activities in the development of aerial roots of Chinese banyan ( Ficus microcarpa ). J. Plant Growth
Regul. 33, 160–168.
Lu, J., Jiang, L., Chen, D., Toyota, K., Strong, P.J., Wang, H., Hirasawa, T., 2012.
Decontamination of anaerobically digested slurry in a paddy ﬁeld ecosystem in
Jiaxing region of China. Agric. Ecosyst. Environ. 146, 13–22.
Lu, Q., Zhou, W., Min, M., Ma, X., Chandra, C., Doan, Y.T., Ma, Y., Zheng, H., Cheng, S.,
Griﬃth, R., 2015. Growing Chlorella sp. on meat processing wastewater for nutrient
removal and biomass production. Bioresour. Technol. 198, 189–197.
Lu, Y., Xu, J., 2015. Phytohormones in microalgae: a new opportunity for microalgal
biotechnology? Trends Plant Sci. 20, 273–282.
Luze, D., Paola, M., Hani, A., Yoav, B., 2008. Role of glutamine dehydrogenase and
glutamine synthetase in Chlorella vulgaris assimilation of ammonium when jointly
immobilized with the microalgae-growth-promoting bacterium Azospirillum brasilense. J. Phycol. 44, 1188–1196.
Ma, B.L., Zheng, Z., Pageau, D., Vera, C., Fregeau-Reid, J., Xue, A., Yan, W., 2017.
Nitrogen and phosphorus uptake, yield and agronomic traits of oat cultivars as affected by fertilizer N rates under diverse environments. Nutrient Cycl. Agroecosyst.
108, 1–21.
Mohan, S.V., Rohit, M.V., Chiranjeevi, P., Chandra, R., Navaneeth, B., 2015.
Heterotrophic microalgae cultivation to synergize biodiesel production with waste
remediation: progress and perspectives. Bioresour. Technol. 184, 169–178.
Monteiro, C.M., Castro, P.M., Malcata, F.X., 2012. Metal uptake by microalgae: underlying mechanisms and practical applications. Biotechnol. Prog. 28, 299–311.
Nozawa, S., Sakaida, K., Suzuki, T., Yasui, A., 2006. Optimum digestive conditions for
determination of total nitrogen in soy sauce by kjeldahl method. Bunseki Kagaku 55,
15–21.
Park, J., Jin, H.F., Lim, B.R., Park, K.Y., Lee, K., 2010. Ammonia removal from anaerobic
digestion eﬄuent of livestock waste using green alga Scenedesmus sp. Bioresour.
Technol. 101, 8649–8657.
Prandini, J.M., Silva, M.L.B.D., Mezzari, M.P., Pirolli, M., Michelon, W., Soares, H.M.,
2016. Enhancement of nutrient removal from swine wastewater digestate coupled to
biogas puriﬁcation by microalgae Scenedesmus spp. Bioresour. Technol. 202, 67–75.
Pu, C., Liu, H., Ding, G., Sun, Y., Yu, X., Chen, J., Ren, J., Gong, X., 2017. Impact of direct
application of biogas slurry and residue in ﬁelds: in situ analysis of antibiotic resistance genes from pig manure to ﬁelds. J. Hazard Mater. 344, 441–449.
Rosales, E.P., Iannone, M.F., Groppa, M.D., Benavides, M.P., 2011. Nitric oxide inhibits
nitrate reductase activity in wheat leaves. Plant Physiol. Biochem. 49, 124–130.
Ruan, H., Yang, Z.R., Lin, J.Y., Shen, J.N., Ji, J.B., Gao, C.J., Bruggen, B.V.D., 2015.
Biogas slurry concentration hybrid membrane process: pilot-testing and RO membrane cleaning. Desalination 368, 171–180.
Sepúlveda, C., Acién, F.G., Gómez, C., Jiménez-Ruíz, N., Riquelme, C., Molina-Grima, E.,
2015. Utilization of centrate for the production of the marine microalgae
Nannochloropsis gaditana. Algal Res. 9, 107–116.
Singla, A., Iwasa, H., Inubushi, K., 2014. Eﬀect of biogas digested slurry based-biochar
and digested liquid on N 2 O, CO 2 ﬂux and crop yield for three continuous cropping
cycles of komatsuna ( Brassica rapa var. perviridis). Biol. Fertil. Soils 50, 1201–1209.
Srivastava, S., Sinha, P., Sharma, Y.K., 2017. Status of photosynthetic pigments, lipid
peroxidation and anti-oxidative enzymes in Vigna mungo in presence of arsenic. J.
Plant Nutr. 40, 298–306.
Suresh, K.K., Dahms, H., Won, E., Lee, J., Shin, K., 2015. Microalgae - a promising tool for
heavy metal remediation. Ecotoxicol. Environ. Saf. 113, 329–352.
Tan, F., Wang, Z., Zhouyang, S., Li, H., Xie, Y., Wang, Y., Zheng, Y., Li, Q., 2016a.
Nitrogen and phosphorus removal coupled with carbohydrate production by ﬁve
microalgae cultures cultivated in biogas slurry. Bioresour. Technol. 221, 385–393.
Tan, X.B., Zhang, Y.L., Yang, L.B., Chu, H.Q., Guo, J., 2016b. Outdoor cultures of
Chlorella pyrenoidosa in the eﬄuent of anaerobically digested activated sludge: the
eﬀects of pH and free ammonia. Bioresour. Technol. 200, 606–615.
Uggetti, E., Sialve, B., Latrille, E., Steyer, J.P., 2014. Anaerobic digestate as substrate for
microalgae culture: the role of ammonium concentration on the microalgae

Bull. 60, 1482.
Bethke, P.C., Jones, R.L., 2010. Cell death of barley aleurone protoplasts is mediated by
reactive oxygen species. Plant J. 25, 19–29.
Bian, B., Wu, H.S., Lv, L., Fan, Y., Lu, H., 2015. Health risk assessment of metals in food
crops and related soils amended with biogas slurry in Taihu Basin: perspective from
ﬁeld experiment. Environ. Sci. Pollut. Res. 22, 14358–14366.
Bo, B., Lin, L., Yang, D.H., Zhou, L.J., 2014. Migration of heavy metals in vegetable
farmlands amended with biogas slurry in the Taihu Basin, China. Ecol. Eng. 71,
380–383.
Boonstra, J., Moolenaar, W.H., Harrison, P.H., Moed, P., Pt, V.D.S., de Laat, S.W., 1983.
Ionic responses and growth stimulation induced by nerve growth factor and epidermal growth factor in rat pheochromocytoma (PC12) cells. J. Cell Biol. 97, 92–98.
Borba, B.M.D., Jack, R.F., Rohrer, J.S., Wirt, J., Wang, D., 2014. Simultaneous determination of total nitrogen and total phosphorus in environmental waters using alkaline
persulfate digestion and ion chromatography. J. Chromatogr. A 1369, 131–137.
Cai, T., Park, S.Y., Li, Y., 2013. Nutrient recovery from wastewater streams by microalgae:
status and prospects. Renew. Sustain. Energy Rev. 19, 360–369.
Cao, J.S., Yu, X.L., Ye, W.Z., Lu, G., Xiang, X., 2006. Functional analysis of a novel male
fertility CYP86MF gene in Chinese cabbage (Brassica campestris L. ssp. chinensis
makino). Plant Cell Rep. 24, 715–723.
Chen, B.M., Wang, Z.H., Li, S.X., Wang, G.X., Song, H.X., Wang, X.N., 2004. Eﬀects of
nitrate supply on plant growth, nitrate accumulation, metabolic nitrate concentration
and nitrate reductase activity in three leafy vegetables. Plant Sci. 167, 635–643.
Chen, G., Zhao, G., Zhang, H., Shen, Y., Fei, H., Cheng, W., 2017. Biogas slurry use as N
fertilizer for two-season Zizania aquatica Turcz. China. Nutr. Cycling Agroecosyst.
107, 1–18.
Cheng, J., Xu, J., Huang, Y., Li, Y., Zhou, J., Cen, K., 2015. Growth optimisation of microalga mutant at high CO2 concentration to purify undiluted anaerobic digestion
eﬄuent of swine manure. Bioresour. Technol. 177, 240–246.
Chojnacka, K., Chojnacki, A., Górecka, H., 2005. Biosorption of Cr3+, Cd2+ and Cu2+
ions by blue-green algae Spirulina sp.: kinetics, equilibrium and the mechanism of the
process. Chemosphere 59, 75–84.
Curtin, D., Wen, G., 2004. Plant cation-anion balance as aﬀected by the ionic composition
of the growing medium. Plant Soil 267, 109–115.
Demidchik, V., 2015. Mechanisms of oxidative stress in plants: from classical chemistry to
cell biology. Environ. Exp. Bot. 109, 212–228.
Di, E., Mo, Ding, T., Zhan, S.C., Yao, F.W., Wan, H.K., 2013. Eﬀect of chlorine concentration on determining COD by acid and alkaline potassium permanganate. Adv.
Mater. Res. 807–809, 232–235.
Duangjan, K., Kumsiri, B., Pumas, C., 2016. Lipid production by microalga sp. AARL G022
in the cultivation with eﬄuent from chicken manure biogas plant. Desalin. Water.
Treat. 57, 27191–27198.
Ekholm, P., Krogerus, K., 1998. Bioavailability of phosphorus in puriﬁed municipal
wastewaters. Water Res. 32, 343–351.
Elreedy, A., Fujii, M., Tawﬁk, A., 2017. Factors aﬀecting on hythane bio-generation via
anaerobic digestion of mono-ethylene glycol contaminated wastewater: inoculum-tosubstrate ratio, nitrogen-to-phosphorus ratio and pH. Bioresour. Technol. 223, 10–19.
Fabre, A., Fromard, F., Trichon, V., 1999. Fractionation of phosphate in sediments of four
representative mangrove stages (French Guiana). Hydrobiologia 392, 13–19.
Gélabert, A., Pokrovsky, O.S., Viers, J., Schott, J., Boudou, A., Feurtet-Mazel, A., 2006.
Interaction between zinc and freshwater and marine diatom species: surface complexation and Zn isotope fractionation. Geochem. Cosmochim. Acta 70, 839–857.
Galvagno, G., Eskicioglu, C., Abel-Denee, M., 2016. Biodegradation and chemical precipitation of dissolved nutrients in anaerobically digested sludge dewatering centrate.
Water Res. 96, 84–93.
Gim, G.H., Kim, J.K., Kim, H.S., Kathiravan, M.N., Yang, H., Jeong, S.H., Si, W.K., 2014.
Comparison of biomass production and total lipid content of freshwater green microalgae cultivated under various culture conditions. Bioproc. Biosyst. Eng. 37,
99–106.
González, L.M., Zhou, L., Astals, S., Thomas-Hall, S.R., Schenk, P.M., 2018. Biogas production coupled to repeat microalgae cultivation using a closed nutrient loop.
Bioresour. Technol. 263, 625–630.
Hailei, W., Ping, L., Ying, W., Lei, L., Jianming, Y., 2017. Metagenomic insight into the
bioaugmentation mechanism of Phanerochaete chrysosporium in an activated sludge
system treating coking wastewater. J. Hazard Mater. 321, 820–829.
Hall, J.O., 2018. Chapter 65 – nitrate- and nitrite-accumulating plants. Vet. Toxicol.
941–946.
Han, L., Pei, H.Y., Hu, W.R., Han, F., Song, M.M., Zhang, S., 2014. Nutrient removal and
lipid accumulation properties of newly isolated microalgal strains. Bioresour.
Technol. 165, 38.
He, Q., Xi, J., Wang, W., Meng, L., Yan, S., Zhang, Y., 2017a. CO2 absorption using biogas
slurry: recovery of absorption performance through CO2 vacuum regeneration. Int. J.
Greenh. Gas. Con. 58, 103–113.
He, Q., Yu, G., Wang, W., Yan, S., Zhang, Y., Zhao, S., 2017b. Once-through CO2 absorption for simultaneous biogas upgrading and fertilizer production. Fuel Process.
Technol. 166, 50–58.
Hidaka, T., Tsushima, I., Tsumori, J., 2018. Comparative analyses of microbial structures
and gene copy numbers in the anaerobic digestion of various types of sewage sludge.
Bioresour. Technol. 253, 315.
Hippler Jr., F.W.R., D.M., Boaretto, R.M., Williams, L.E., 2018. Copper excess reduces
nitrate uptake by Arabidopsis roots with speciﬁc eﬀects on gene expression. J. Plant
Physiol. 228, 158.
Jain, P., Arora, N., Mehtani, J., Pruthi, V., Majumder, C.B., 2017. Pretreated algal bloom
as a substantial nutrient source for microalgae cultivation for biodiesel production.
Bioresour. Technol. 242.
Kang, H.M., Saltveit, M.E., 2010. Eﬀect of chilling on antioxidant enzymes and

460

Journal of Environmental Management 244 (2019) 453–461

Z.-M. Xu, et al.

accumulated low Cd, Zn, and Cu in heavy metal-polluted saline soils. Environ. Sci.
Pollut. Res. 1–12.
Yang, H., Yu, D., Zhou, J., Zhai, S., Bian, X., Weih, M., 2018. Rice-duck co-culture for
reducing negative impacts of biogas slurry application in rice production systems. J.
Environ. Manag. 213, 142.
Yang, Y.Y., Li, X.H., Ratcliﬀe, R.G., Ruan, J.Y., 2013. Characterization of ammonium and
nitrate uptake and assimilation in roots of tea plants. Russ. J. Plant Physiol. 60,
91–99.
Yao, Z., Zhang, D., Yao, P., Zhao, N., Li, Y., Zhang, S., Zhai, B., Huang, D., Ma, A., Zuo, Y.,
2018. Optimizing the synthetic nitrogen rate to balance residual nitrate and crop
yield in a leguminous green-manured wheat cropping system. Sci. Total Environ.
631–632, 1234.
Yuan, H.R., Huang, X., Li, X.J., Tian, L.B., Zhu, C., Zou, D.X., 2014. Eﬀect of three-dimension fertilizing mode using CO2 and liquid/solid fractions of the digestate from
anaerobic digester on yield and quality of lettuce. J. Agric. Sci. 6, 212–220.
Zhang, F., Chen, X., Jiang, Z., Wang, L., He, Y., Bao, Z., 2015. Growth characteristics and
removal eﬃciency of nitrogen and phosphorus of two kinds of non-toxic microalgae
under diﬀerent nitrogen and phosphorus concentrations. J. Environ. Eng. 9, 559–566.
Zhang, H., Zhang, G.Y., Wen, X.B., Geng, Y.H., Li, Y.G., 2014. Eﬀects of pH on the
photosynthesis, growth and lipid production of Chlorella sp. XQ-200419. Acta.
Hydrob. Sin. 37, 709–712.
Zhao, Y.J., Sun, S.Q., Hu, C.W., Zhang, H., Xu, J., Ping, L.F., 2015. Performance of three
microalgal strains in biogas slurry puriﬁcation and biogas upgrade in response to
various mixed light-emitting diode light wavelengths. Bioresour. Technol. 187,
338–345.
Zhou, K., Zhang, Y., Jia, X., 2018. Co-cultivation of fungal-microalgal strains in biogas
slurry and biogas puriﬁcation under diﬀerent initial CO 2 concentrations. Sci. Rep. 8,
7786.
Zhu, L., Yan, C., Li, Z., 2016. Microalgal cultivation with biogas slurry for biofuel production. Bioresour. Technol. 220, 629–636.

productivity. Bioresour. Technol. 152, 437–443.
Wang, X., Gao, S., Zhang, Y., Yongjun, Zhao, Cao, W., 2017a. Performance of diﬀerent
microalgae-based technologies in biogas slurry nutrient removal and biogas upgrading in response to various initial CO 2 concentration and mixed light-emitting
diode light wavelength treatments. J. Clean. Prod. 166.
Wang, H.J., Wu, L.H., Tao, Q.N., Miller, D.D., Welch, R.M., 2009. Glutamine nitrogen and
ammonium nitrogen supplied as a nitrogen source is not converted into nitrate nitrogen of plant tissues of hydroponically grown pak-choi ( Brassica chinensis L.). J.
Food Sci. 74, T21–T23.
Wang, X., Bao, K., Cao, W., Zhao, Y., Hu, C.W., 2017b. Screening of microalgae for integral biogas slurry nutrient removal and biogas upgrading by diﬀerent microalgae
cultivation technology. Sci. Rep. 7, 5426.
Wentzel, S., Schmidt, R., Piepho, H.P., Semmlerbusch, U., Joergensen, R.G., 2015.
Response of soil fertility indices to long-term application of biogas and raw slurry
under organic farming. Appl. Soil Ecol. 96, 99–107.
Wu, J., Yang, Q., Yang, G., Shen, F., Zhang, X., Zhang, Y., 2013. Eﬀects of biogas slurry on
yield and quality of oil-seed rape. J. Plant Nutr. 36, 2084–2098.
Xu, M., Bernards, M., Hu, Z., 2014. Algae-facilitated chemical phosphorus removal during
high-density Chlorella emersonii cultivation in a membrane bioreactor. Bioresour.
Technol. 153, 383.
Xu, Z.-M., Mei, X.-Q., Tan, L., Li, Q.-S., Wang, L.-L., He, B.-Y., Guo, S.-H., Zhou, C., Ye, H.J., 2018a. Low root/shoot (R/S) biomass ratio can be an indicator of low cadmium
accumulation in the shoot of Chinese ﬂowering cabbage (Brassica campestris L. ssp.
chinensis var. utilis Tsen et Lee) cultivars. Environ. Sci. Pollut. Res. 25,
36328–36340.
Xu, Z.M., Li, Q.S., Yang, P., Ye, H.J., Chen, Z.S., Guo, S.H., Wang, L.L., He, B.Y., Zeng,
E.Y., 2017. Impact of osmoregulation on the diﬀerences in Cd accumulation between
two contrasting edible amaranth cultivars grown on Cd-polluted saline soils. Environ.
Pollut. 224, 89.
Xu, Z.M., Tan, X.Q., Mei, X.Q., Li, Q.S., Chu, Z., Wang, L.L., Ye, H.J., Ping, Y., 2018b. LowCd tomato cultivars ( Solanum lycopersicum L.) screened in non-saline soils also

461

