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• Green substrate based on sewage sludge
anaerobic digestate was prepared.

• The growth of ryegrass in green sub-
strate was obviously better than that in
soil.

• Emission of N2O, CH4 and NH3 in green
substrate was approximate to that in
soil.

• Fermentative bacteria/methanogenic
archaeal was the dominant group in
green substrate.
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Anaerobic digestion of sludge produces a large amount of sewage sludge anaerobic digestate (SSAD) that can be
reused. A novel green substrate was prepared by mixing SSAD and its biochar (SSBC) filled with perlite and
quartz sand for plant growth, as a replacement of soil. We carried out pot experiment, measured ryegrass bio-
mass, seedling survival rate, and evaluated the emission of greenhouse gas (GHG), NH3 volatilization. The results
showed that the seedling survival rate and individual biomass of ryegrass in green substrate were 100% and
100.02 mg, which were 14.4% and 231.4% higher than those in only SSAD, but were 1.3% and 19.6% higher
than those in soil. SSBC significantly reduced N2O and CO2 emission, inhibited the NH3 volatilization, but in-
creased CH4 emission. However, the cumulative emission of N2O and CH4 was approximation to that in soil.
Global warming potential of CH4 and N2O (GWP(CH4+N2O)) green substrate was 11,842.01 kg CO2·hm

−2,
which was 1.35-fold higher than that of soil. Microbial community structure analysis showed that fermentative
bacteria andmethanogenic archaeal had a higher abundance in green substrate than in soil, which caused the dif-
ferent gas emission. This study will provide an effective and economical way to dispose excessive SSAD.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Sewage sludge is a byproduct of wastewater treatments. The dis-
posal of sewage sludge is one of the most critical environmental
challenges in the world (Qin et al., 2017). In China, the amount of
dewatered sewage sludge has reached 40 million tons each year
(Chen et al., 2020). Sewage sludge usually contains a lot of harmful com-
pounds, i.e., parasites, eggs and pathogenicmicroorganisms, which is an
impediment to its subsequent disposal (Eid et al., 2017). Anaerobic di-
gestion (AD) is a key technology of treating sewage sludge for energy
recovery, in which anaerobic digestate (SSAD) is generated as main
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waste (Carrosio, 2013; Cristina et al., 2019). SSAD has great agronomic
value due to appreciable nutrient content (Antonkiewicz et al., 2018).
Agronomic application is the common way for SSAD in Europe
(Alvarenga et al., 2015). However, the amount of SSAD that was reused
as soil fertilizer was very poor (Cristina et al., 2019). Direct land use of
SSADmay bring other environmental issues, i.e., the emission of green-
house gas (GHG) and nitrogen (Verdi et al., 2019). Previous research re-
ported that the use of SSAD as a fertilizer increased the content of
macro- and microelements in soil and plants (Cristina et al., 2019;
Yogev et al., 2020), but lead to an increase of emission of GHG,
e.g., nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4)
(Alburquerque et al., 2012; Chiew et al., 2015).

During the past decades, biochar has attracted much attention due
to carbon storage and adsorption capacity (Zhang et al., 2021; Zhu
et al., 2017). It can also influence the properties of soil including pH,
electric conductivity, and organic matter content (Eid et al., 2017; Xiao
et al., 2017); Thus, biochar prepared from sewage sludge (SSBC) may
be a potential approach for agriculturally reusing sewage sludge
(Schulz and Glaser, 2012). Some works have investigated the phyto-
toxic effect and the GHG emission when SSBC was added into soil
(Chu et al., 2020; Verdi et al., 2019). It is reported that SSBC as an addi-
tive significantly increased biomass and yield of ricewhen itwas used in
rice plant pot experiment, and it reduced N2O emission (Khan et al.,
2013). SSBC reduced the yield-scale NH3 volatilization by 20.3% and in-
creased soil N retention when it was added into paddy soil (Chu et al.,
2020). States thus, SSAD could provide nutrients, whereas SSBC could
help reduce the GHG emission and NH3 volatilization. At present, most
studies focused at using SSBC as a remediation additive of soil or during
composting (Tu et al., 2019; Xiao et al., 2017). We found that a combi-
nation of SSAD and SSBCmay be complementary, which produces a dif-
ferent synthetic substrate compared to soil for plant growth.

The main goal of this research is to prepare a green substrate made
by SSAD and SSBC. The low porosity is one of the main factors limiting
the growth of ryegrass according to our previous research (Gu et al.,
2020). Therefore, quartz and perlite were added into SSAD to improve
the porosity of SSAD. This kind of green substrate will be directly used
for plant planting. In this research, the green substrate was used to
grow ryegrass to explore its phytotoxicity. The seedling survival rate
and biomass was recorded. In order to evaluate the effect of the green
matrix on the environment, the GHG emission and microbial diversity
of the matrix were also detected. This study may provide a new idea
for the utilization of SS or SSAD.
Table 1
Physical and chemical properties of SSAD and soil.

Parameters Unit Soil SSAD

pH 4.60 ± 0.01 8.46 ±
Salt content mg/kg 527.75 ± 4.92 7846.2
Organic matter % 4.28 ± 0.35 34.51 ±
Total nitrogen g/kg 1.63 ± 0.31 24.16 ±
Alkali hydrolyzed nitrogen mg/kg 197.75 ± 9.40 1937.1
Total phosphorus mg/kg 814.31 ± 94.38 1110.7
Available phosphorus mg/kg 43.13 ± 1.167 726.20
Water soluble protein mg/kg 13.65 ± 0.34 100.94
Polysaccharide mg/kg 58.25 ± 3.42 883.80
Total potassium g/kg 7.24 ± 1.30 7.56 ±
Available potassium mg/kg 101.70 ± 2.22 509.85
Cr mg/kg 41.08 ± 1.67 102.62
Ni mg/kg 53.08 ± 3.76 140.44
Cu mg/kg 28.60 ± 1.91 152.18
Pb mg/kg ND ND
Cd mg/kg ND ND
Zn mg/kg 65.88 ± 3.83 1467.4

SSAD: anaerobic digestate from sewage sludge; ND: below detection line; CEC: Permissible lim
2013); USEPA: Permissible limits set for sewage sludge by the United State Environmental Ag
Environmental Protection Administration (SEPA) (Khan et al., 2013).
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2. Materials and methods

2.1. Soil and sewage sludge anaerobic digestate

SS used in this study comes from Shanghai Anting domestic sewage
treatment plant. The SS was first put into an anaerobic digestion reactor
atmedium temperature (35 °C) for 20 days. The 6 L anaerobic digestion
reactor used in this study was agitated by a pump driven agitator (60 r/
min) and was heated by water bath. After anaerobic digestion, SSAD
was produced. Soil used in this study comes from a farmland in Jinze
Town, Qingpu District, Shanghai. The properties of soil and SSAD were
laboratory determined (Table 1).

2.2. Preparation of SSBC

Green substrate was prepared by mixing SSAD and SSBC. After
obtaining SSAD, a part of SSADwas put into muffle furnace for pyrolysis
to prepare SSBC. The preparation process was performed according to
modified method from Khan et al. (2013). In brief, SSAD was dried by
air and sieved through a 10–40 mesh sieve. Then put it into muffle
furnace for pyrolysis. The temperature rose to 600 °C at rate of 4–5 °C
from initial temperature 25 °C, and retention timewas 2 h. The physical
and chemical properties of SSBC were tested after obtaining SSBC
(Table 2).

2.3. Preparation of green substrate

2.3.1. Exploration of the appropriate porosity on plant growth
After sieving, the SSAD after watering is easy to form solid block

with the evaporation of water, and its porosity is too poor thus
inhibiting plant growth. Therefore, the porosity and high contents
of nutrients in SSAD need to be modified at first. In this experiment
25% quartz sand was added into SSAD to prepare mixed substrate.
Then perlite is added into SSAD to modify its porosity. The addition
of perlite accounted for 0%, 20%, 40%, 60% and 80%. After mixing
evenly, making the moisture content was 30% by watering and put-
ting them into the seedling tray. The seeds of ryegrass were bought
from flower seedling wholesale station. Ryegrass seedlings germi-
nating to 2 cmwere transplanted into each substrate. Then the seed-
ling tray was put in the greenhouse. After 20 days, seedling survival
rate and biomass were recorded to analyze the effect of porosity on
the plant growth.
Permissible limits

CEC (sludge) USEPA (sludge) SEPA (soil)

0.02
1 ± 77.49
2.55
0.93

5 ± 62.34
1 ± 163.80
± 33.38
± 2.76
± 34.62
0.68
± 5.46
± 2.35 1000 3000 150
± 6.66 300 420 40
± 3.35 1000 4300 50

750 840 250
20 85 0.3

2 ± 54.37 2500 7500 200

its set for sewage sludge by the commission of European Communities (CEC) (Khan et al.,
ency (USEPA) (Lu et al., 2007); SEPA: Permissible limits set for soil pH < 6.5 by the State



Table 2
The properties of SSBC.

Properties Unit SSBC

pH 8.09 ± 0.02
Surface area m2/g 111.80 ± 0.02
Total pore volume cm3/g 0.22 ± 0.02
Average mesopore radius nm 19.62 ± 0.47
C content %, w 14.05 ± 0.32
N content %, w 1.39 ± 0.02
S content %, w 4.50 ± 0.02
C/N – 10.13 ± 0.55
Available nitrogen mg/kg 64.51 ± 15.98
Available phosphorus mg/kg 1505.63 ± 32.63
Available potassium mg/kg 90.54 ± 2.98
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2.3.2. Mixing SSAD and SSBC as green substrate
Green substrate was prepared by adding SSBC into SSAD in different

proportion. Four experiment groups were set (10%-SSBC, 20%-SSBC,
30%-SSBC and 40%-SSBC). The proportion of SSAD and SSBC was
shown in Table 3. SSAD and SSBCweremixed to prepare the initial sub-
strate. Then quartz sand and perlite are added, accounting for 25% and
60% (see Section 2.2, 60% is the most suitable additive amount) of the
total weight of initial substrate, respectively. The moisture content is
30%. After mixing them evenly, the green substrate was put in seedling
tray.

2.4. Pot experiment

The experiment took place in a greenhouse with controllable tem-
perature, which was set at 27 °C. The prepared substrate was filled
into the seedling tray, then the ryegrass seedlings germinated to 2 cm
were transplanted into the seedling tray. Each well of the seedling
tray was planted nine seedlings. The inoculated seedling tray was
place in the greenhouse with artificial light for 15 h per day and growth
period was 20 days. Seedling survival rate and individual biomass were
detected.

2.5. GHG and ammonia emission

Gas collection and analysis method was according to existing
method (Wang and Wang, 2003). Soil, SSAD and the green substrate
(SSAD: SSBC = 6:4, w/w, according to the result of plant growth
in different substrate, 6:4 is the most suitable substrate for plant
growth) were put in the bottom of a transparent polyethylene cylinder
(diameter 20 cm, height 65 cm), respectively. Each sample was evenly
laid on the bottom of the cylinder, the thickness of each sample was
about 3.0 ± 0.5 cm. There is a circular opening with a diameter of
8 cm in the top center of the cylinder, which is sealed during the exper-
iment. Gas teewas installed on the top of the device. The gasfluxeswere
collected every day at same time. Before collecting gasfluxes, in order to
mix the gas in the device evenly, a 50 mL plastic syringe with a three-
way stopcock was used to pump the internal gas 20 times. The gas in
the device was collected by the syringe. The collected gas sample was
Table 3
The proportion of SSAD and SSBC in pot experiment.

Component Ingredients 10%-SSBC 20%-SSBC 30%-SSBC 40%-SSBC

Initial
substrate
(IS)

SSAD (%) 90 80 70 60
SSBC (%) 10 20 30 40

Additive Quartz sand (%
weight of IS)

25 25 25 25

Perlite (% weight of
IS)

60 60 60 60
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taken to lab and analyzed CO2, CH4, and N2O within 24 h by gas chro-
matograph (Agilent 7890B). The gas emission fluxes were calculated;
the method of GHG emission calculation was according to formula (1)
(Hou et al., 2020; Ortiz-Gonzalo et al., 2018). According to the CO2,
N2O and CH4 emission fluxes, the cumulative emission (formula (2))
and global warming potential (GWP) (formula (3)) were calculated.
The formulas are according to Hou et al. (2020) and Somplak et al.
(2019). For collecting NH3, sulfuric acid was absorbent to absorb NH3

and replaced it every day. The beaker containing 50 mL sulfuric acid
was placed inside the cylinder. The beaker is 5 cm from the top of the
device. NH3 was absorbed by sulfuric acid solution and detected by
Nessler's Reagent Colorimetry. The formulas are as follows:

F ¼ dc
dt

∙
M
V0

∙
P
P0

∙
T0

T
∙H ð1Þ

where F is gas emission fluxes (mg·m2·h−1); dc/dt is the rate of gas
concentration change during the gas sampling period.M is the gas mo-
lar mass (g·mol−1), V0 is the gas molar volumes at standard atmo-
spheric pressure (L·mol−1). P0 and T0 are the standard atmospheric
pressure (kPa) and standard atmospheric temperature (K), respectively.
T and P are the actual temperature and pressure, respectively. H is the
height of the sampling chamber (m).

R ¼ ∑ Fiþ1 þ Fið Þ=2� tiþ1−tið Þ � 24 ð2Þ

R is the cumulative emission of GHG in three substates (kg·hm−2);
Fi is the GHG emission flux of the i-th sampling (mg·m2·h−1), ti is the
i-th sampling time, d.

The global warming potential (GWP) was calculated, the formula is
as followed,

GWP CH4þN2Oð Þ ¼ RCH4 � 25þ RN2O � 298 ð3Þ

where RCO2, RCH4, and RNO2 was the cumulative emission of CO2, N2O
and CH4, respectively.

2.6. Analysis of microbial community

The microbial community in Soil, SSAD and green substrate (SSAD:
SSBC = 6:4, w:w) were analyzed. Microbial diversity was detected by
Shanghai Majorbio Bio-pharm Technology company. Genomic DNA
was extracted with Fast DNA SPIN KIT, which is a special kit for the
study of soilmicroorganism extraction, following themanufacturer's in-
structions. All PCR reactions were carried out in a TransGen AP221-02.
And 1%agarose gelwas used to check the size of PCR samples. The entire
DNA extract was used for Miseq Sequencing and obtained PE reads. PE
reads slices according to the overlap relationship, meanwhile performs
quality control and filtering on the sequence quality. After
distinguishing samples, it conducts OUT cluster analysis and species tax-
onomy analysis. The data were analyzed on the free online platform of
Majorbio Cloud Platform (www.majorbio.com).

2.7. Data analysis

The date was analyzed using SPSS software. The analysis of variance
(ANOVA) and t-test were performed to compare differences between
the different treatment groups.When P < 0.05, the values were consid-
ered to be significantly different. Drawing data resultswere using Origin
2021.

3. Results

3.1. The growth of ryegrass in green substrate

Perlite was added into SSAD to improve porosity, and the results
were shown in Fig. 1. Ryegrass couldn't survive in SSADwithout perlite.

http://www.majorbio.com


Fig. 1.Ryegrass seedling survival rate and individual biomass in SSADmixedwith different
ratio of perlite.
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When the addition amount of perlite increased from 0 to 60%, seedling
survival rate and individual biomass increased obviously and both
reached the maximum value at 60% perlite adding. The maximum
value of seedling survival rate and individual biomass were 87.41%
and 26.34 mg, respectively, but when the addition amount of perlite
was over 60%, the growth of ryegrass was inhibited. Therefore, the
most suitable addition amount of perlite was 60%.

The optimum addition dosage of SSBCwas also explored and the re-
sults are shown in Fig. 2. Five ratios of SSAD and SSBC were explored,
which were 10:0, 9:1, 8:2, 7:3 and 6:4 (w/w). The seedling survival
rate and individual biomass in soil were 98.7% and 83.78 mg (68.67 in
aboveground, 15.11mg in underground), respectively. Seedling survival
rate in SSAD only added perlite was 87.4%, which was 11.4% lower than
that in soil. The individual biomass was 30.23 mg (26.34 mg in above-
ground, 3.89 mg in underground), which was 63.9% lower than that in
soil.When the dosage of SSBCwas gradually increased, the seedling sur-
vival rate and individual biomass increased obviously. When 40% SSBC
was added into SSAD, the seedling survival rate and individual biomass
reached the maximum value, which were 100% and 100.19 mg respec-
tively (92.09 mg in aboveground, 8.10 mg in underground). The seed-
ling survival rate and individual biomass in 40%-SSBC treatment group
Fig. 2. The seedling survival rate and biomass of ryegrass in different ratio of SSAD and
SSBC. (a, b, c, d and bc were the symbol of significant difference.)
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were 1.32% and 19.59% higher than those in soil, which proved that rye-
grass would grow better in green substrate than in soil. In 50%-SSBC
treatment group, seedling survival rate and individual biomass de-
creased by 1.1% and 32.1%, compared with 40%-SSBC treatment group.
Therefore, the most suitable addition amount of SSBC was 40%. The
green substrate was prepared by mixing SSAD and SSBC (6:4, w: w),
perlite (60% weight of initial substate) and quartz sand (25% weight of
initial substrate) as filler (in the following discussion, 40%-SSBC was
used to represent the green substrate).

3.2. GHG emissions

3.2.1. The emission of N2O
The emission flux of N2O is shown in Fig. 3a. In total, the emission

flux of N2O in SSAD was obviously higher than those in green substrate
Fig. 3. GHG emission in soil, SSAD and green substrate.



Fig. 4.TheNH3 emission in soil, SSADand green substrate (SSAD: sewage sludge anaerobic
digestate).
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and soil. They all reached a maximum value at first day, which were
0.311, 0.074 and 0.045 mg·m−2·h−1 in SSAD, green substrate and
soil, respectively (Fig. 3a). The emission flux in SSAD was 4.2 times
and 6.9 times higher than those in green substrate and soil at the max-
imum value level. With the extension of time, the emission flux de-
creased and kept stable. The emission flux in green substrate and soil
were similar after sixth day, which demonstrated that green substrate
had the comparative impact on the environment from the emission of
N2O. The cumulative emission of N2O in soil, SSAD and green substrate
were 4.517, 24.229 and 6.198 kg·m−2, respectively (Table 4). The cu-
mulative emission of N2O in green substrate was 37.19% higher than
that in soil, but 74.42% lower than that in SSAD.

3.2.2. The emission of CH4

The emission flux of CH4 is shown in Fig. 3b. They were all kept in a
relatively low level and constantly fluctuating. The emission flux of CH4

in soil had a maximum value (0.151 mg·m−2·h−1) at the fifth day,
whichwas the highest emission flux during the sampling time, but dur-
ing the other sampling time, the emission in soil was always lowand the
cumulative emission was 0.710 kg·m−2. The emission flux of CH4 in
green substrate had four “peak value” at the third day, i.e., the 8th day,
the 11th and the 15th day, which were 0.0048, 0.0032, 0.0025 and
0.0051 mg·m−2·h−1. The cumulative emission in green substrate was
0.792 kg·m−2, approximated to that in soil. However, the emission
flux in SSADwas lower than those in soil and green substrate. Themax-
imum emission flux of CH4 in SSAD was only 0.0020 mg·m−2. The cu-
mulative emission of CH4 in SSAD was 0.340 kg·m−2, which was
57.07% lower than that in green substrate. The addition of SSBC in-
creased the emission of CH4 in SSAD.

3.2.3. The emission of CO2

As shown in Fig. 3c, the maximum CO2 emission flux in three sub-
strates was SSAD > green substrate > soil. Compared with SSAD and
green substrate, the emission in soil was stable and the maximum
value was 56.198 mg·m−2·h−1. The trend of CO2 emission in SSAD
and green substrate was similar; they both reached a higher emission
flux at the first day and then declined; two “peak values” appeared at
the 6th and 12th day. The emission flux at the first day were 1551.850
mg·m−2·h−1 and 600.571 mg·m−2·h−1 in SSAD and green substrate.
The emission flux of CO2 in SSAD was 2279.090 mg·m−2·h−1 and
1188.180 mg·m−2·h−1 at the 6th day and the 12th day, which were
2.14 times and 1.40 times higher than those in green substrate. There-
fore, the addition of SSBC decreased the emission of CO2 in SSAD. As
for the cumulative emission of CO2, they were 5120.39, 193,214.49
and 100,388.49 kg·m−2 in soil, SSAD and green substrate, respectively.
Since the organic matter in SSADwasmuch higher than that in soil, and
SSBCwas a carbon-richmaterial, the emission of CO2 in SSAD and green
substrate will be higher than that in soil. The addition of SSBC decreased
the emission of CO2 in SSAD by 48.04%.

3.3. NH3 volatilization

The emission of NH3 emission in soil, SSAD and green substrate were
shown in Fig. 4. NH3 emission in soil was almost 0; the NH3 emission
amount of SSADwas increasing with the extension of time and the rising
of temperature. The NH3 emission tended to be stable and fluctuated
Table 4
GHG cumulative emission and GWP in different substrate.

Treatments N2O cumulative
emission (kg·m−2)

CH4 cumulative
emission (kg·m−2)

GWP(CH4+N2O) (kg
CO2·hm−2)

Soil 4.517 0.710 1363.816
SSAD 24.229 0.340 7228.742
Green substrate 6.198 0.792 1842.012
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around 5.5 μg/g and the temperature was stabilizing at 27 °C after the
15th day, which demonstrated that temperature might affect the emis-
sion of NH3.When 40% SSBC was added into SSAD, NH3 emission was ob-
viously reduced. The maximum emission (2.5 μg/g) in green substrate
was at first day, then the emission of NH3 dropped sharply in the first
five days and remained stable at about 0.5 μg/g after the 6th day.

3.4. Comparison of microbial community structures

3.4.1. Bacteria community
Bacteria communities of soil, SSAD and green substrate were com-

pared from the phylum and class level, and the results of main groups
(>0.01) are shown in Fig. 5a and b. According to Fig. 5a, Proteobacteria,
Actinobacteria and Firmicutes were the most abundant phylum in three
samples. Among them, Proteobacteria was the most abundant phylum
group in three substrates, which accounted for 74.52%, 32.59% and
77.29% in SSAD, soil and green substrate, respectively. The abundance
of Proteobacteria was similar in SSAD and green substrate, but was ap-
proximately 2 folds high in soil. Actinobacteria accounted for 10.52%,
24.21% and 8.17% in SSAD, soil and green substrate, respectively. The
abundance of Actinobacteria in green substrate was 22.34% and 66.25%
lower than those in SSAD and soil. Firmicuteswas reported to be domi-
nant in AD system (Nguyen andKhanal, 2018),whichwas 13.50%, 7.06%
and 6.71% in SSAD, soil and green substrate. In total, there were no sig-
nificant differences in the relative abundance of these three main phy-
lum groups in SSAD and green substrate. Therefore, the effect of SSBC
was not obvious at the phylum level.

At the class level (Fig. 5b), the main groups (>0.01) in SSAD and
green substrate was similar in total, but different from soil.
Gammaproteobacteria, Alphaprotecbacteria, Bacilli, and Actinobacteria
were the dominant group in three substrates. The relative abundance
of Gammaproteobacteria in SSAD (50.90%) and green substrate
(45.96%) were 42.76% and 37.82% higher than that in soil (8.14%).
The abundance of Alphaprotecbacteria was 23.61%, 22.48% and
31.31% in SSAD, soil and green substrate, respectively. It was not sig-
nificantly different in SSAD and soil, but after adding 40% SSBC, the
abundance of it was increased by 32.61%. The abundance of
Actinobacteria in SSAD and green substrate were 13.70% and 16.05%
lower than that in soil, but the abundance of Bacilli was 7.37% and
0.7% higher than that in soil. However, only considering the SSAD
and green substrate, the addition of SSBC decreased the abundance
of Actinobacteria and Bacilli by 22.34% and 51.71%.

3.4.2. Archaeal community
The relative abundances of archaeal at family level in three substrates

are illustrated in Fig. 6. The dominant groups at family level were similar



Fig. 5. The relative abundance of bacteria community at the phylum level (a) and class level (b).
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in SSAD and green substrate, but significantly different from that in soil.
Nitrososphaeraceae, which was dominant group at the family level in
soil, accounts for 81.61%, but it did not exist in SSAD and green substrate.
Methanobacteriaceae and Methanosarcinaceae were the dominant group
at family level in SSAD and green substrate. Methanobacteriaceae
accounted for 79.39% and 88.61%, respectively. The addition of SSBC in-
creased the abundance of Methanobacteriaceae by 11.61% in SSAD.
Methanosarcinaceae accounted for 17.40% and 5.71% in SSAD and green
substrate, which decreased by 67.18% after adding SSBC.
Fig. 6. The relative abundance of Archa
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4. Discussion

4.1. The effect of perlite and SSBC on the ryegrass growth

Ryegrass could hardly survive in SSAD, which is attributed to poor
permeability. Perlite is an agriculture filler with less nutrient content
and high permeability (Broxtermann et al., 2017; Hu et al., 2014). The
porosity of SSAD was improved with adding perlite. Perlite is a kind of
glassy rock which was formed by volcano eruption, including 1–5% of
eal community at the family level.
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combined water (Raji et al., 2019; Silber et al., 2010). The main com-
pound of perlite is silicon oxide (70–75% of weight), but it also contains
metal mineral nutrient, such as 12–15% aluminum oxide (Al2O3), 3–5%
potassium oxide (K2O), 3–4% sodium oxide (Na2O), 0.5–2% iron oxide
(Fe2O3), 0.5–1.5% calcium oxide (CaO) and 0.2–0.7% magnesium oxide
(MgO2) (Agar et al., 2019). Therefore, the addition of perlite also pro-
vides metal mineral nutrients for the growth of ryegrass and dilutes
the high salt and nutrient contents to avoid inhibiting the growth of rye-
grass. According to calculation, when adding 60% of perlite, the value of
salt content, organic matter, total nitrogen, phosphorus was 3138.48,
9660.00 and 444.28 mg/kg, respectively, and organic matter was
13.80%. They were still higher than that in soil even adding 80% of per-
lite, but 80% of perlitewas not beneficial to containingwater, and 40% of
perlite was too less to dilute the high salt concentration. Therefore, the
optimum addition of perlite in this study was 60%. When adding 60%
(of total weight) perlite, the seedling survival rate and biomass in-
creased to the maximum extent (Fig. 1).

After SSADwas pyrolyzed into biochar under high temperature (600
°C), the nutrient content decreased in some degree (Table 2). Compared
with SSAD, available nitrogen and available potassium of SSBC de-
creased by 96.7% and 82.2%, respectively. Available phosphorus of
SSBC increased by 107.3%. Khan et al. (2013) also reported a decrease
of nitrogen content and an increase of phosphorus content,when sludge
was pyrolyzed into biochar. Generally, available N is closely related to
the NH4

+-N content (Moller and Muller, 2012), which is easy to convert
nitrate, resulting in a decrease in the content of available N. Besides,
NH4

+-N can be captured by the SSBC in pores to chemical reactions,
which makes higher NH4

+-N removal (Thant Zin and Kim, 2021;
Zhang and Wang, 2016).There are more polyphosphate compounds in
SSAD compared to nature soil (Singh and Agrawal, 2007). They might
decompose to increase the content of available P. On the other hand,
SSBC possessed large pore size and surface area (Table 2), which
would help improve the air and water permeability of SSAD to enhance
the root breath. The porosity and nutrients content were well adjusted
after mixing SSAD and SSBC. When 40% of SSBC was added into SSAD
(with 60% of perlite), the seedling survival rate and biomass reached
the maximum value (100% and 100.19 mg) and biomass was obviously
higher than that in soil (Fig. 2). Furthermore, SSBC would provide shel-
ter for microbes due to large surface area (Zhu et al., 2017). Some mi-
crobes (e.g., Proteobacteria, Actinobacteria and Firmicutes) can promote
the growth of ryegrass by improving their absorption of nutrients or
decomposing some substances in the substrate into easily absorbed
components; thesemicrobes had a higher abundance in green substrate
(Fig. 5). In a word, the growth of ryegrass in green substrate was im-
proved by these pathways.

4.2. The effect of substrate properties on the gas emission

The emission of GHG and NH3 is related to two main factors,
i.e., substrate properties and microbial community (Xiao et al., 2019).
Here the substrate properties were mainly discussed, including TN, ox-
ygen content, organic matter (OM), pH and temperature.

TN and oxygen content affect the emission of N2O and NH3. The
emission of N2O is related to nitrification and denitrification process
(Brar et al., 2013), especially an active denitrification process. Due to
the poor permeability of SSAD, it was easy to form anaerobic environ-
ment and facilitated denitrification process, which leading to higher
N2O emission. The higher release of N2O from river deposits is also
due to this reason (Song et al., 2021). Meanwhile, the content of TN in
SSAD was 14.8-fold higher than that in soil, indicating more nitrate
was denitrified to produce N2O. For these reasons, SSAD had the highest
gas emission. When adding 40% SSBC into SSAD to prepare green sub-
strate, oxygen content in substrate was increased by improving perme-
ability and the content of TN decreased, leading to a decrease of N2O
emission. Khan et al. (2013) reported the same result that the emission
of N2O in paddy soil was significantly reduced by adding SSBC. As for
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NH3 volatilization, it is a main pathway of N loss (Wang et al., 2018).
NH3 volatilization increased with the increase of pH and temperature.
Since alkaline condition is more favorable for NH3 volatilization and
higher molecule movement with the rising of temperature (Yang
et al., 2018).

The emission of CO2 wasmainly affected by OM and soil respiration.
OM was decomposed by respiration to produce CO2 (Hou et al., 2020).
The microorganisms that can promote the decomposition of OM had a
higher abundance (see Section 4.4) in SSAD, and the OM content was
SSAD>green substrate>soil. Therefore, the emission of CO2 was higher
in SSAD than that in green substrate and soil.

CH4 emission was related to anaerobic decomposition of OM,
which was mainly affected by carbon content and microbial activity
(Ji et al., 2020). SSBC was a carbon-rich material with 14.05% C content
(Table 2), the addition of 40% SSBC increased the C content in green sub-
strate, whichmight increase the emission of CH4. It is reported that bio-
char is an effective additive to improvemethane production (Shen et al.,
2021; Tu et al., 2019). Meanwhile, due to large surface area of biochar
(Table 2), it can enhance direct interspecies electron transfer, which
would improve syntrophic action and bacterial growth (Baek et al.,
2018). The addition of SSBC might improve electron transfer by reduc-
ing acid stress (Sunyoto et al., 2016), which simultaneously enhance
methanogenic activity.

What's more, pH value has effect on all gases. The pH of SSAD was
mainly controlled by the concentration of NH4

+, PO4
3−, CO3

2− and
HCO3

− (Hjorth et al., 2010). The pH of SSAD was 8.46 ± 0.02 (Table 1),
which was beneficial to the hydrolysis of ammonium carbonate,
resulting in the production of CO2 and NH3 (Moller and Muller, 2012).
The gas emission of green substrate was also higher than that in soil be-
cause the pH value of SSBCwas 8.09± 0.02 (Table 2). Besides, pH in soil
and biochar was crucial factor impacting the emission of N2O and NH3

(Sha et al., 2019). Biochar can increase pH to stimulate the N2O reduc-
tase enzymatic activity of denitrifying bacteria to suppress the N2O
emission (Liu et al., 2010; Zhu et al., 2017). Furthermore, variation of
pH may lead to generation of aluminum and iron hydroxide precipita-
tions in substrate, and the substrate ammonium would be mainly
adsorbed by negatively charged organic functional groups, thus reduc-
ing NH3 volatilization (Sha et al., 2019; B. Wang et al., 2015). Tempera-
ture also affected the emission of NH3, especially in SSAD. The trend is
similar to that of temperature (Fig. 4). This may be attributed to the
higher molecule movement with the rise of temperature (Yang et al.,
2018).

4.3. Global warming potential

The cumulative emission and global warming potential (GWP) of
GHG are shown in Table 4. Compared to the cumulative emission in
SSAD and green substrate, after adding 40% SSBC, the cumulative emis-
sion of N2O andCO2 in SSADdecreasedby74.41% and 48.04%, the cumu-
lative emission of CH4 increased by 57.07%. GWPwas integrated byGHG
(CH4 and N2O) emission fluxes. After adding 40% SSBC, GWP(CH4+N20)

decreased by 74.52% in SSAD. Similar results were also observed in
other studies, so it is considered to be more environmental-friendly
after adding SSBC into SSAD. The emission of N2O and CH4 in green sub-
strate was not significantly different from soil, and the GWP(CH4+N20) in
green substrate was 1.35 times higher than that in soil. It is reported
that the GWP(CH4+N20) was 1.18 times higher than nature soil after
using nitrogen, phosphorus and potassium fertilizer (Wang et al.,
2019). The GWP was not much higher than that in soil, whereas the
growth of ryegrass in green substrate was significantly increased.
Therefore, the green substrate was suitable for a plant substrate.

4.4. Microbial community changes the emission of gas

Themicrobial community structure in SSADand green substratewas
different from that in soil (Fig. 5a and b). Proteobacteria, Actinobacteria
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and Firmicuteswere themain bacterial groupswith different abundance
(Fig. 5a). They were also the common phyla group in themesophilic AD
system (Ji et al., 2020; Nguyen and Khanal, 2018). They could enhance
the production of CO2 and CH4 (Fig. 3b and c). Since Proteobacteria
had a higher abundance in SSAD and green substrate (74.52%–
77.29%), which could induce cell lysis and release intracellular sub-
stances to enhance the hydrolysis and acidification process (Cheng
et al., 2018). Actinobacteria is responsible for the degradation of some
complex substrates (e. g. alkyl ethers, tetrahydrofuran (Kim et al.,
2008)) by producing hydrolytic enzymes (Cheng et al., 2018; Ruan
et al., 2019). Firmicutes is responsible for the degradation of complex or-
ganicmatter and denitrification (Kumar et al., 2010). Anaerobic fermen-
tation in the substrate was enhanced under these effects, and the
production of CO2 and CH4 would finally be enhanced resulting in the
increase of emission. Besides, the abundance of Actinobacteria,
Firmicutes, Chloroflexi in SSAD and green substrate was lower than
that in soil, which had less inhibition effect on denitrification (Dos
Santos et al., 2012; McGrath et al., 1995). The N2O was an intermediate
product in the process of denitrification, thus the emission of N2O was
higher than that in soil (Fig. 3a). After adding 40% of SSBC, the abun-
dance of them decreased (Fig. 5a), therefore the emission in green sub-
strate was lower than that in SSAD.

From the class level, Gammaproteobacteria and Alphaprotecbacteria
belong to phylum Proteobacteria, they are the main consumers of glu-
cose and VFAs (Ariesyady et al., 2007). The decomposition of VFA was
faster in SSAD and green substrate,which could enhance the production
of CH4 (Fig. 3b). Meanwhile, Alphaprotecbacteria, which is related to N
cycling, belongs to Proteobacteria phylum (Burges et al., 2020).
Actinobacteria and Bacilli might influence the N cycle (Dos Santos
et al., 2012; McGrath et al., 1995). The abundant of them in green sub-
strate increased when 40% SSBC was added, which may result in de-
creasing in the emission of N2O and NH3.

As for archaeal community, Nitrososphaeraceae was the most abun-
dant group in soil (Fig. 4). It is a common ammonia-oxidizing archaea,
which plays a key role in NH3 oxidation (Li et al., 2019; Li et al., 2015).
Therefore, the emission of NH3 in soil was much lower than that in
SSAD and green substrates.Methanobacteriaceae andMethanosarcinaceae
are two major methanogen families annotated (Y.B. Wang et al., 2015),
which are responsible for the production of CH4. They were the most
abundant group in SSAD and green substrate (Fig. 6) resulting that the
higher emission of CH4 (Fig. 3b). After adding 40% SSBC, the abundance
of Methanobacteriaceae was increased (79.39%–88.61%), which may
cause an increase of the CH4 emission in green substrate (Fig. 3b).

5. Conclusion

The green substrate was prepared by mixing SSAD and SSBC (SSAD:
SSBC= 6:4, w/w) as an initial substrate, and then add quartz sand (25%
weight of initial substrate) and perlite (60% weight of initial substrate)
as filler. The seedling survival rate and individual biomass of ryegrass
in green substrate was 1.32% and 19.59% higher than those in soil,
which proved that green substrate was suitable for plant growth, it
can be as a plant substrate. Except for CH4, the NH3 and GHG emission
of SSAD were reduced by adding SSBC, reducing the impact of SSAD
on the environment during the application. According to the analysis
of microbial community, the abundance of nitrogen-fixing bacteria
was increased by adding SSBC and methanogens was also enhanced,
which caused the different gas emission, but the total emission amount
in green substrate compared with soil was not so high. The green sub-
strate can not only provide better fertility than soil, but also increase
the usage amount of SS and relieve the pressure of high SS production.
Meanwhile, the addition of SSBCmade the structure anddiversity ofmi-
crobial community change, the NH3 and GHG emission were reduced,
which made less impact on the environment. Furthermore, the biogas
produced in the AD process could be the energy source for the pyrolysis
of SSBC; and it will reduce the cost and achieve resource recycling.
8

CRediT authorship contribution statement

Xinying Zhang: Investigation, Formal analysis, Writing – original
draft.

Huanhuan Xie: Investigation, Formal analysis, Writing – original
draft.

Xiaoyan Liu:Writing-Reviewing and Editing.
Dewen Kong: Methodology.
Shenyu Zhang:Methodology.
Chuanhua Wang: Writing-Reviewing and Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

This workwas funded by theNational Natural Science Foundation of
China (Nos. 21806100, 21677093), Natural Science Foundation of
Shanghai (No. 18ZR1414100).

References

Agar, O., Tekin, H.O., Sayyed, M.I., Korkmaz, M.E., Culfa, O., Ertugay, C., 2019. Experimental
investigation of photon attenuation behaviors for concretes including natural perlite
mineral. Res. Phys. 12, 237–243.

Alburquerque, J.A., de la Fuente, C., Campoy, M., Carrasco, L., Najera, I., Baixauli, C., et al.,
2012. Agricultural use of digestate for horticultural crop production and improve-
ment of soil properties. Eur. J. Agron. 43, 119–128.

Alvarenga, P., Mourinha, C., Farto, M., Santos, T., Palma, P., Sengo, J., et al., 2015. Sewage
sludge, compost and other representative organic wastes as agricultural soil amend-
ments: Benefits versus limiting factors. Waste Manag 40, 44–52.

Antonkiewicz, J., Kolodziej, B., Bielinska, E.J., Glen-Karolczyk, K., 2018. The use of
macroelements frommunicipal sewage sludge by themultiflora rose and the Virginia
fanpetals. J. Ecol. Eng. 19, 1–13.

Ariesyady, H.D., Ito, T., Okabe, S., 2007. Functional bacterial and archaeal community
structures of major trophic groups in a full-scale anaerobic sludge digester. Water
Res. 41, 1554–1568.

Baek, G., Kim, J., Kim, J., Lee, C., 2018. Role and potential of direct interspecies electron
transfer in anaerobic digestion. Energies 11, 18.

Brar, B.S., Singh, K., Dheri, G.S., Balwinder, K., 2013. Carbon sequestration and soil carbon
pools in a rice-wheat cropping system: effect of long-term use of inorganic fertilizers
and organic manure. Soil Tillage Res. 128, 30–36.

Broxtermann, S., Taherishargh, M., Belova, I.V., Murch, G.E., Fiedler, T., 2017. On the com-
pressive behaviour of high porosity expanded perlite-metal syntactic foam (P-MSF).
J. Alloys Compd. 691, 690–697.

Burges, A., Fievet, V., Oustriere, N., Epelde, L., Garbisu, C., Becerril, J.M., et al., 2020. Long-
term phytomanagement with compost and a sunflower - tobacco rotation influences
the structural microbial diversity of a Cu-contaminated soil. Sci. Total Environ. 700,
134529.

Carrosio, G., 2013. Energy production from biogas in the italian countryside: policies and
organizational models. Energy Policy 63, 3–9.

Chen, S., Dong, B., Yang, D., Li, N., Dai, X., 2020. Micron-sized silica particles in wastewater
influenced the distribution of organic matters in sludge and their anaerobic degrada-
tion. J. Hazard. Mater. 393, 122340.

Cheng, C., Zhou, Z., Qiu, Z., Yang, J.Y., Wu, W., Pang, H.J., 2018. Enhancement of sludge re-
duction by ultrasonic pretreatment and packing carriers in the anaerobic side-stream
reactor: performance, sludge characteristics and microbial community structure.
Bioresour. Technol. 249, 298–306.

Chiew, Y.L., Spangberg, J., Baky, A., Hansson, P.A., Jonsson, H., 2015. Environmental impact
of recycling digested food waste as a fertilizer in agriculture-a case study. Resourc.
Conserv. Recycl. 95, 1–14.

Chu, Q.N., Xue, L.H., Singh, B.P., Yu, S., Muller, K., Wang, H.L., et al., 2020. Sewage sludge-
derived hydrochar that inhibits ammonia volatilization, improves soil nitrogen reten-
tion and rice nitrogen utilization. Chemosphere 245, 12.

Cristina, G., Camelin, E., Pugliese, M., Tommasi, T., Fino, D., 2019. Evaluation of anaerobic
digestates from sewage sludge as a potential solution for improvement of soil fertil-
ity. Waste Manag. 99, 122–134.

Dos Santos, P.C., Fang, Z., Mason, S.W., Setubal, J.C., Dixon, R., 2012. Distribution of nitro-
gen fixation and nitrogenase-like sequences amongst microbial genomes. BMC
Genomics 13, 12.

Eid, E.M., El-Bebany, A.F., Alrumman, S.A., Hesham, A.E., Taher, M.A., Fawy, K.F., 2017.
Effects of different sewage sludge applications on heavy metal accumulation, growth
and yield of spinach (Spinacia oleracea L.). Int. J. Phytoremediation 19, 340–347.

Gu, P., Zhang, Y., Xie, H.,Wei, J., Zhang, X., Huang, X., et al., 2020. Effect of cornstalk biochar
on phytoremediation of Cd-contaminated soil by Beta vulgaris var. cicla L. Ecotoxicol.
Environ. Saf. 205.

http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731527850
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731527850
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731527850
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731535751
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731535751
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731557099
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731557099
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731557099
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728067263
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728067263
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728067263
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728077041
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728077041
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728077041
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728090166
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728090166
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728107731
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728107731
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728107731
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731575214
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731575214
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731575214
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732053418
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732053418
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732053418
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732053418
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732063144
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732063144
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732086211
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732086211
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732086211
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728113392
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728113392
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728113392
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728113392
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732440729
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732440729
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732440729
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728129846
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728129846
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728129846
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732452796
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732452796
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732452796
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728133752
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728133752
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728133752
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728349527
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190728349527
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732523853
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732523853
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732523853


X. Zhang, H. Xie, X. Liu et al. Science of the Total Environment 797 (2021) 149194
Hjorth, M., Christensen, K.V., Christensen, M.L., Sommer, S.G., 2010. Solid-liquid separa-
tion of animal slurry in theory and practice. A review. Agron. Sustain. Dev. 30,
153–180.

Hou, R., Li, T., Fu, Q., Liu, D., Li, M., Zhou, Z., et al., 2020. Effects of biochar and straw on
greenhouse gas emission and its response mechanism in seasonally frozen farmland
ecosystems. Catena 194.

Hu, Y.-T., Shi, L.-H., Liu, D.-M., Tong, S.-W.,Wei, M.-Y., Sun, J., 2014. Effects of different per-
lite additions on physical and chemical properties of sewage sludge compost and
growth of Tagetes patula. Ying Yong Sheng Tai Xue Bao 25, 1949–1954.

Ji, M., Zhou, L., Zhang, S., Luo, G., Sang, W., 2020. Effects of biochar on methane emission
from paddy soil: focusing on DOM and microbial communities. Sci. Total Environ.
743, 140725.

Khan, S., Chao, C., Waqas, M., Arp, H.P., Zhu, Y.G., 2013. Sewage sludge biochar influence
upon rice (Oryza sativa L) yield, metal bioaccumulation and greenhouse gas emis-
sions from acidic paddy soil. Environ. Sci. Technol. 47, 8624–8632.

Kim, Y.H., Cha, C.J., Engesser, K.H., Kim, S.J., 2008. Degradation of various alkyl ethers by
alkyl ether-degrading actinobacteria isolated from activated sludge of a mixedwaste-
water treatment. Chemosphere 73, 1442–1447.

Kumar, M., Ou, Y.L., Lin, J.G., 2010. Co-composting of greenwaste and food waste at low C/
N ratio. Waste Manag. 30, 602–609.

Li, H., Su, J.-Q., Yang, X.-R., Zhou, G.-W., Lassen, S.B., Zhu, Y.-G., 2019. RNA stable isotope
probing of potential feammox population in Paddy soil. Environ. Sci. Technol. 53,
4841–4849.

Li, H., Weng, B.S., Huang, F.Y., Su, J.Q., Yang, X.R., 2015. pH regulates ammonia-oxidizing
bacteria and archaea in paddy soils in southern China. Appl. Microbiol. Biotechnol.
99, 6113–6123.

Liu, S.W., Qin, Y.M., Zou, J.W., Liu, Q.H., 2010. Effects of water regime during rice-growing
season on annual direct N2O emission in a paddy rice-winter wheat rotation system
in Southeast China. Sci. Total Environ. 408, 906–913.

Lu, Y., Zhu, F., Chen, J., Gan, H., Guo, Y., 2007. Chemical fractionation of heavy metals in
urban soils of Guangzhou, China. Environ. Monit. Assess. 134, 429–439.

McGrath, S.P., Chaudri, A.M., Giller, K.E., 1995. Long-term effects of metals in sewage
sludge on soils, microorganisms and plants. J. Ind. Microbiol. 14, 94–104.

Moller, K., Muller, T., 2012. Effects of anaerobic digestion on digestate nutrient availability
and crop growth: a review. Eng. Life Sci. 12, 242–257.

Nguyen, D., Khanal, S.K., 2018. A little breath of fresh air into an anaerobic system: how
microaeration facilitates anaerobic digestion process. Biotechnol. Adv. 36, 1971–1983.

Ortiz-Gonzalo, D., de Neergaard, A., Vaast, P., Suarez-Villanueva, V., Oelofse, M.,
Rosenstock, T.S., 2018. Multi-scale measurements show limited soil greenhouse gas
emissions in kenyan smallholder coffee-dairy systems. Sci. Total Environ. 626,
328–339.

Qin, Y., Wang, H., Li, X., Cheng, J.J., Wu, W., 2017. Improving methane yield from organic
fraction of municipal solid waste (OFMSW) with magnetic rice-straw biochar.
Bioresour. Technol. 245, 1058–1066.

Raji, M., Nekhlaoui, S., El Hassani, I.E., Essassi, E., Essabir, H., Rodrigue, D., et al., 2019. Uti-
lization of volcanic amorphous aluminosilicate rocks (perlite) as alternativematerials
in lightweight composites. Compos. Part B 165, 47–54.

Ruan, D., Zhou, Z., Pang, H., Yao, J., Chen, G., Qiu, Z., 2019. Enhancing methane production
of anaerobic sludge digestion by microaeration: enzyme activity stimulation, semi-
continuous reactor validation and microbial community analysis. Bioresour. Technol.
289, 121643.

Schulz, H., Glaser, B., 2012. Effects of biochar compared to organic and inorganic fertilizers
on soil quality and plant growth in a greenhouse experiment. J. Plant Nutr. Soil Sci.
175, 410–422.

Sha, Z.P., Li, Q.Q., Lv, T.T., Misselbrook, T., Liu, X.J., 2019. Response of ammonia volatiliza-
tion to biochar addition: a meta-analysis. Sci. Total Environ. 655, 1387–1396.

Shen, Y., Yu, Y., Zhang, Y., Urgun-Demirtas, M., Yuan, H., Zhu, N., et al., 2021. Role of redox-
active biochar with distinctive electrochemical properties to promote methane pro-
duction in anaerobic digestion of waste activated sludge. J. Clean. Prod. 278.
9

Silber, A., Bar-Yosef, B., Levkovitch, I., Soryano, S., 2010. pH-dependent surface properties
of perlite: effects of plant growth. Geoderma 158, 275–281.

Singh, R.P., Agrawal, M., 2007. Effects of sewage sludge amendment on heavymetal accu-
mulation and consequent responses of Beta vulgaris plants. Chemosphere 67,
2229–2240.

Somplak, R., Pavlas, M., Nevrly, V., Tous, M., Popela, P., 2019. Contribution to global
warming potential by waste producers: identification by reverse logistic modelling.
J. Clean. Prod. 208, 1294–1303.

Song, H.J., Lee, J.H., Canatoy, R.C., Lee, J.G., Kim, P.J., 2021. Strong mitigation of greenhouse
gas emission impact via aerobic short pre-digestion of green manure amended soils
during rice cropping. Sci. Total Environ. 761, 143193.

Sunyoto, N.M.S., Zhu, M.M., Zhang, Z.Z., Zhang, D.K., 2016. Effect of biochar addition on hy-
drogen and methane production in two-phase anaerobic digestion of aqueous carbo-
hydrates food waste. Bioresour. Technol. 219, 29–36.

Thant Zin,M.M., Kim, D.-J., 2021. Simultaneous recovery of phosphorus and nitrogen from
sewage sludge ash and food wastewater as struvite by mg-biochar. J. Hazard. Mater.
403, 123704.

Tu, Z.N., Ren, X.N., Zhao, J.C., Awasthi, S.K., Wang, Q., Awasthi, M.K., et al., 2019. Synergistic
effects of biochar/microbial inoculation on the enhancement of pig manure
composting. Biochar 1, 127–137.

Verdi, L., Kuikman, P.J., Orlandini, S., Mancini, M., Napoli, M., Dalla, Marta A., 2019. Does
the use of digestate to replace mineral fertilizers have less emissions of N2O and
NH3? Agric. For. Meteorol. 269, 112–118.

Wang, B., Lehmann, J., Hanley, K., Hestrin, R., Enders, A., 2015a. Adsorption and desorption
of ammonium by maple wood biochar as a function of oxidation and pH.
Chemosphere 138, 120–126.

Wang, H.Y., Zhang, D., Zhang, Y.T., Zhai, L.M., Yin, B., Zhou, F., et al., 2018. Ammonia emis-
sions from paddy fields are underestimated in China. Environ. Pollut. 235, 482–488.

Wang, W., Chen, C.L., Wu, X.H., Xie, K.J., Yin, C.M., Hou, H.J., et al., 2019. Effects of reduced
chemical fertilizer combined with straw retention on greenhouse gas budget and
crop production in double rice fields. Biol. Fertil. Soils 55, 89–96.

Wang, Y.B., Xia, Y., Ju, F., Zhang, T., 2015b. Metagenome approaches revealed a biological
prospect for improvement on mesophilic cellulose degradation. Appl. Microbiol.
Biotechnol. 99, 10871–10879.

Wang, Y.S., Wang, Y.H., 2003. Quick measurement of CH4, CO2 and N2O emissions from a
short-plant ecosystem. Adv. Atmos. Sci. 20, 842–844.

Xiao, D., Ye, Y., Xiao, S., Zhang, W., He, X., Wang, K., 2019. Effects of tillage on CO2 fluxes in
a typical karst calcareous soil. Geoderma 337, 191–201.

Xiao, R., Awasthi, M.K., Li, R.H., Park, J., Pensky, S.M., Wang, Q., et al., 2017. Recent devel-
opments in biochar utilization as an additive in organic solid waste composting: a re-
view. Bioresour. Technol. 246, 203–213.

Yang, F.M., Wu, Y., Ma, L.J., 2018. Study on the volatilization inhibition performance and
mechanism of monolayer during the leakage process of ammonia solution. Can.
J. Chem. Eng. 96, 704–711.

Yogev, U., Vogler, M., Nir, O., Londong, J., Gross, A., 2020. Phosphorous recovery from a
novel recirculating aquaculture system followed by its sustainable reuse as a fertil-
izer. Sci. Total Environ. 722, 9.

Zhang, J.S., Wang, Q.Q., 2016. Sustainable mechanisms of biochar derived from
brewers&apos; spent grain and sewage sludge for ammonia-nitrogen capture.
J. Clean. Prod. 112, 3927–3934.

Zhang, X.Y., Gu, P.X., Liu, X.Y., Huang, X., Wang, J.Y., Zhang, S.Y., et al., 2021. Effect of crop
straw biochars on the remediation of cd-contaminated farmland soil by
hyperaccumulator Bidens pilosa L. Ecotoxicol. Environ. Saf. 219, 10.

Zhu, X.M., Chen, B.L., Zhu, L.Z., Xing, B.S., 2017. Effects and mechanisms of biochar-
microbe interactions in soil improvement and pollution remediation: a review. Envi-
ron. Pollut. 227, 98–115.

http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729060462
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729060462
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729060462
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732535473
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732535473
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732535473
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729335163
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729335163
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729335163
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732569008
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732569008
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732569008
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729495468
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729495468
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729495468
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732578871
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732578871
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732578871
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732585855
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190732585855
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733097539
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733097539
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733097539
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733144442
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733144442
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733144442
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729505143
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729505143
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190729505143
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730129828
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730129828
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733154323
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733154323
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733242815
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733242815
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733256351
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733256351
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733270957
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733270957
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733270957
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733287594
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733287594
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733287594
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730463803
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730463803
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730463803
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733303206
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733303206
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733303206
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733303206
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733534820
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733534820
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733534820
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730495317
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730495317
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733328285
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733328285
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733328285
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733346149
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733346149
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733357494
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733357494
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733357494
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733372634
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733372634
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733372634
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733382736
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733382736
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733382736
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730514282
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730514282
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730514282
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733460583
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733460583
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733460583
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730566030
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730566030
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190730566030
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731194616
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731194616
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731194616
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733494031
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733494031
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733494031
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731226295
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731226295
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731230104
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731230104
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731230104
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731243610
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731243610
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731243610
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731264303
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731264303
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733524156
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190733524156
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731283815
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731283815
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731283815
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731318191
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731318191
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731318191
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731362556
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731362556
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731362556
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731396473
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731396473
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731396473
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731424461
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731424461
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731424461
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731421316
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731421316
http://refhub.elsevier.com/S0048-9697(21)04267-4/rf202107190731421316

	A novel green substrate made by sludge digestate and its biochar: Plant growth and greenhouse emission
	1. Introduction
	2. Materials and methods
	2.1. Soil and sewage sludge anaerobic digestate
	2.2. Preparation of SSBC
	2.3. Preparation of green substrate
	2.3.1. Exploration of the appropriate porosity on plant growth
	2.3.2. Mixing SSAD and SSBC as green substrate

	2.4. Pot experiment
	2.5. GHG and ammonia emission
	2.6. Analysis of microbial community
	2.7. Data analysis

	3. Results
	3.1. The growth of ryegrass in green substrate
	3.2. GHG emissions
	3.2.1. The emission of N2O
	3.2.2. The emission of CH4
	3.2.3. The emission of CO2

	3.3. NH3 volatilization
	3.4. Comparison of microbial community structures
	3.4.1. Bacteria community
	3.4.2. Archaeal community


	4. Discussion
	4.1. The effect of perlite and SSBC on the ryegrass growth
	4.2. The effect of substrate properties on the gas emission
	4.3. Global warming potential
	4.4. Microbial community changes the emission of gas

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	section30
	Acknowledgement
	References




