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Abstract: Application of organic manure on farmland is one of the most important tasks in agricultural
recycling. However, few studies have investigated the potential impact of different solid-liquid
separation (SLS) technologies on soil porosity and greenhouse gas (GHG) emissions as a result
of the application of liquid fractions (LFs). A microcosm experiment was conducted to track the
emissions of ammonia (NHj3), nitrous oxide (N,O), carbon dioxide (CO,), and methane (CH,) from
soils (1) without liquid manure application (CK), (2) with a raw dairy slurry (RM), (3) with the
liquid fractions of mechanical solid-liquid separation (MS) technologies, and (4) with the LF of an
enhanced solid-liquid separation technology including a flocculant (tannic acid, Ta) (MS + Ta). Soil
porosities of different treatments were measured using computed tomography (CT). The saturated
water conductivities of the RM and MS treatments were 53.38% and 78.63%, respectively, lower than
that of the CK. The application of raw slurry and LFs reduced the gas diffusion due to the strong
decrease in pore sizes >500 um and increased gas emissions compared to the CK. Compared with
RM, MS had greater N,O and lower CH, emissions, whereas MS + Ta had lower NH3 and N,O
emissions. MS had the greatest CO,-e emissions, mainly owing to high N,O emissions, followed by
RM and MS + Ta. The implementation of a simple SLS led to an increase in nitrogen (N) loss and
GHG emissions when the resultant LFs were applied to farmlands, whereas high emissions were
reduced when a simple SLS was combined with a flocculant, such as Ta. Further research is required
to elucidate the reduction mechanism and its effectiveness under field conditions.
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1. Introduction

Greenhouse gas (GHG) and ammonia (NH3) emissions during manure storage and
farmland utilization in the integration of animal husbandry and cropping systems play
important roles in national and global gas inventories [1-3]. Therefore, the ability to
minimize gas emissions, optimize nutrient flows, and produce transportable, separated
manure is a desirable feature of sustainable recycling agriculture. Currently, solid-liquid
separation (SLS) technology is favored for manure management of various animal wastes
on farms because it can meet the dual targets of reducing GHG emissions during manure
storage and the transportation cost of manure [3-6]. For instance, high NH; emissions from
raw manure applied to fields occurred following application [7], but lower NH3 emissions
were found when the liquid fraction (LF) from SLS technology was applied, and this can be
attributed to the quick penetration of the LF into the soil, limiting NHj3 emissions [8]. The
nitrous oxide (N,O) emissions from LFs applied to the soil differed from soils with raw
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slurry, which might be due to the comprehensive impacts of the LFs on the availability of
soil carbon(C), nitrogen (N), porosity, and gas diffusivity [9].

Studies have demonstrated that most of the solids (primarily organic matter) and
nutrients in the LF are usually fine particles smaller than 125 pm [10], which are not easily
separated by a simple mechanical sieve or press [11], resulting in a high content of solids
in the separated LFs. The addition of flocculants is an effective measure to improve the
efficiency of SLSs in cattle slurry [12,13]. For example, low-charge-density cationic polymers
can be more effective in manure coagulation and flocculation, and high-charge-density
cationic polymers can effectively reduce pathogen levels [14]. Traditional flocculants, such
as Fe>* and AI**, are questionable [15], given their potential impact on public health and
burden on the environment. Cationic polymers are used because of their poor ability
to remove dissolved organic matter (DOC) [14]. Therefore, it is necessary to identify
environmentally friendly flocculants for the recycling of various natural resources to
enhance the separation efficiency of simple SLSs [16]. It has been demonstrated that tannic
acid (Ta) can effectively reduce the turbidity of sewage through good flocculation [17] but
with little secondary pollution [18]. Meanwhile, studies also showed that the addition of Ta
to Corsican pine litter altered the rates of C mineralization and net N immobilization, as Ta
can be a transient carbon source in the soil to stimulate many microbial processes [19-21].
However, few studies have investigated the use of Ta as a flocculant to improve the
separation efficiency of SLS in animal slurry management.

Gas emissions from LF-applied fields are affected not only by the addition of substrates
for N transformation but also by the resultant changes in soil structure. The latter may play
an important role in the concurrent movement of soil microbes, air and water fluxes, and
nutrient transport [22-24]. Thus, tracking changes in the soil structure after LF application
is important to elucidate the underlying mechanisms for the production and emission of
various gases. Computed tomography (CT) is a noninvasive imaging technique that allows
high-resolution, three-dimensional, and nondestructive imaging of heterogeneous soils
and reflects the actual, rather than inferred, characteristics of soil pores [25].

Therefore, the current study conducted a microcosm experiment to investigate (1) the
changes in soil porosity, gas diffusivity, and water conductivity when daily LFs of simple
mechanical and enhanced separation technologies were applied to soil; (2) the differences
in NHj3, N>O, methane (CHy), and carbon dioxide (CO,) emissions from soils with the
application of LF from different SLSs; and (3) the driving factors of various gas emissions
as a result of the quantified soil environmental variables. This study provides an insightful
understanding of the evaluation and assessment of different SLS technologies on soil GHG
emissions in a circular bioeconomy and is of great significance to environmentally friendly
and healthy agricultural development.

2. Materials and Methods
2.1. Description of Soil and Liquid Manure

This study investigated the effects of raw slurry and separated liquid fractions on soil
porosity and gas emissions using an indoor incubation method. The soil used in this study
was obtained from an experimental farm at the Hebei Agricultural University, Baoding,
China. The soil was characterized by a bulk density of 1.35 g cm~3, pH of 7.9, organic
matter of 11.21 g kg1, and total nitrogen (TN) of 0.89 g kg~ !. The soil NH,4*-N and
NOs;~-N contents were 3.86 mg kg~ ! and 10.63 mg kg~ !, respectively. The raw dairy slurry
(RM) used in this study was obtained from a local dairy farm (approximately 1100 cows)
in Baoding. Raw slurry in the feeding area of the feedlot was collected with a mechanical
scraper and stored in an open pond without any previous treatments. A mechanical
separator was used to prepare the LF (MS) from the RM. For the combined separation
technology, a 5% (w/w) Ta solution was added to the RM at a rate of 3mL L™, and the
mixture was subjected to the same mechanical separation to produce the corresponding
LF (MS + Ta). The obtained LFs were stored for 2 months prior to the soil incubation. The
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main characteristics of the three types of liquid manure on wet-mass base right before the
experiment are shown in Table 1.

Table 1. Basic physical and chemical properties of raw slurry and separated liquid fractions.

Treatments Organic Matter (%) TN (gkg™1) TAN (g kg—1) pH
RM 3.50 1.68 0.51 8.67
MS 1.24 0.96 0.47 8.74

MS + Ta 091 0.86 0.45 8.67

Note: TAN, total ammoniacal nitrogen.

The particle size distributions of the three liquid manures in each treatment were
measured using a laser particle size analyzer (53500, Microtrac Inc., Largo, FL, USA). In
Figure 1, the particles of the RM were clustered from 100 to 1000 pm, whereas the particles
of the MS and MS + Ta were clustered from 0 to 100 pm; more specifically, the particle
distribution of the MS peaked at 20-50 pm, whereas the peak occurred at <10 um for
the MS + Ta. Generally, the nutrient content and particle distribution of the three liquid
manures were effectively distinguishable from each other.
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Figure 1. Particle size distribution for raw slurry and separated liquid fractions.

2.2. Experimental Design

This study considered four treatments: (1) without liquid manure application (CK),
(2) with raw dairy slurry (RM), (3) with the LF of mechanical SLS (MS), and (4) with the LF
of an enhanced SLS including a flocculant Ta (MS + Ta). Each treatment had three replicates.
The experiment lasted 2 weeks.

2.2.1. Preparation of Soil Incubation

The incubation facility consisted of a polyvinyl chloride (PVC) tube with an inner
diameter of 16 cm and height of 30 cm. Soil was collected from the surface layer (0-20 cm
depth) at the Experimental Farm of Hebei Agricultural University, Baoding, China. After
the natural air-drying process and passing through a 2 mm sieve, approximately an amount
of 5.5 kg for each soil column was mixed and filled into the incubation facility, leaving a
head space with a height of 10 cm. This filling represented an equivalent soil bulk density
of 1.25 g cm 3, which is similar to the actual soil bulk density. Prior to the application of
liquid manure, two sequential wetting—drying processes were conducted to stabilize the
soil structure and minimize the legacy impacts of existing microbes and nutrients on the
following fertilization. Additionally, to track the dynamics of the soil properties during
incubation, similar facilities with a thinner diameter (4.8 cm) and the same height (30 cm)
were used for soil sampling.
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2.2.2. Application of Liquid Manure

After the wetting—drying processes, raw dairy slurry (RW), LF from mechanical
solid-liquid separation (MS), and LF from the combination of flocculation and mechanical
separation (MS + Ta), representing an N application rate of 150 kg ha~?!, were applied to
the top of the soil columns (Table 2). Prior to application, the water contents of the raw
slurry and the liquid fractions were adjusted to achieve a soil water content of 60% water
holding capacity. It should be noted that the amounts of total ammoniacal nitrogen (TAN)
and organic matter among treatments differed (Table 2). For the CK, the same amount of
distilled water as for the other treatments was applied to the surface of the soil columns.
The incubation facilities were kept in the laboratory with a constant room temperature of

25+1°C.

Table 2. Inputs of nutrients per column during the incubation.

Treatments Organic Matter (g) TN (mg) TAN (mg)
RM 551a 264.93 a 80.92 c
MS 3.39b 264.93 a 128.63 b

MS + Ta 28lc 264.93 a 140.03 a

Different letters in one column indicate significant difference between two treatments (« = 0.05).

2.3. Gas Sampling and Measurement

For the measurement of NH3 emissions (Figure 2), a dynamic chamber was formed
when port III on the lid was shut and the pump was switched on. The ambient air from the
inlet flowed through the chamber via port I and carried the emitted NHj3 to the sequent
acid trap via port II and eventually released it to the ambient air. In the current study,
the NH3 emission from the incubation facility was captured for 1 h every day using an
acid trap (containing 200 mL of 0.05 mol L~ dilute sulfuric acid). An automated discrete
analyzer (SmartChem® 200, KPM Analytics, Guidonia, Italy) was used to determine the
concentration of NHy* in the acid absorption solutions.
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Figure 2. Illustration of the incubation facility and gas sampling procedures.

To measure N;O, CO,, and CHy emissions during incubation, a static chamber tech-
nique was used (Figure 2). A static, sealed chamber was formed when the incubation
facility was covered with a lid. Port III was used for air sampling for N,O, CO,, and CHy
measurements when ports II and III were closed. When sampling air, the incubation facility
was closed with a lid for 30 min. Air samples of approximately 20 mL were collected at 0
and 30 min and measured using a gas chromatography (Agilent 6820, Agilent Technologies,
Inc., Santa Clara, CA, USA) over 24 h.
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2.4. Measurement of Soil Properties

The oxygen (O;) content and water moisture at depths of 5 cm and 15 cm were mea-
sured online continuously; soil oxygen was monitored with soil O, sensors (SO-110, Apogee
Instruments, Logan, UT, USA) and recorded using a datalogger (CR1000X, Campbell Sci-
entific, Logan, UT, USA), and soil moisture content was monitored using an automatic
recording tachymeter (Saien Shandong, Jinan, China). A 10 cm surface soil sample was
taken every other day to determine soil nutrients such as NO3; ~-N, NH4*-N, and DOC.
Soil NH4*-N and NO;~-N were extracted using a 2 mol L1 KClI solution at a soil-liquid
ratio of 1:5 and determined using a chemical analyzer (AMS SmartChem200, Frépillon,
France). The soil DOC was measured using the colorimetric method. This method is based
on measuring the color loss of a Mn(IlI)-pyrophosphate complex (Mn(III) can be reduced by
organic C in the presence of concentrated H,SO, by determining the absorbance at 495 nm
on a spectrophotometer [26].

After the application of liquid manure, soil cores with a diameter of 1 cm and a height
of 2 cm were collected from the surface soil columns. The soil porosities were scanned
using a Bruker Micro-CT Skyscan 1276 system (Bruker, Billerica, MA, USA). Scan settings
were as follows: voxel 6.534165 um, medium resolution, 70 kV, 200 uA, 1 mm Al filter, and
integration time 350 ms. The cores were scanned using full 180° rotation of the sample. The
soil column was divided into an average of three layers based on the longitudinal central
axis of the soil sample, and the porosity of each layer was calculated. The water potential
of the soils with liquid manure was measured using a tensiometer (Beirui Future, Tianjin,
China) buried at a depth of 10 cm in the soil over a period of 15 days.

2.5. Calculation of Gas Emissions

The emission rates of N,O, CHy, and CO, were calculated using Equation (1):
F=dC;/dt x Hx T0O/(TO+T) (1)

where F is the emission rate of N,O, CHy, and CO, (mg m~2 h™1), dCt/dt is the linear

slope of gas concentrations in the headspace against time during the sampling period

(mg m—3h1), His the height of the headspace of the incubation facility (m); T0 is the abso-

lute air temperature (K) under the standard state; and T is the actual air temperature (°C).
The NHj; emission rate of the soil column was calculated using Equation (2):

F=CxV/(txM)x17 (2)

where F is the NH; emission rate (mg m~2 h™1); C is the concentration of NH,* absorbed
by sulfuric acid (mmol L~1); V is the volume of acid absorption solution (L); t is the
sampling period (h); M is the cross-sectional area of the incubation facility (m?); and 17 is
the molecular weight of NH3 (g mol™1).

The cumulative N,O, CO,, CHy, and NHj3 emissions were calculated using Equation (3).

Q=Y (B +Fy1) /2% (tig1 — fi) 3)

where Q is the total cumulative emission of N,O, CO,, CHy, and NHj3 during the ex-
periment (mg m~2), n is the total number of sampling events during the test, i is the
serial number of one sampling event, F is the emission rate of N,O, CO,, CHy4, and NHj3
(mg m~2h~1), and t is the sampling period (h).

In addition, the CO;-e for the N,O and CH, were calculated with the global warming
potential over a 100-year horizon (IPCC, 2014):

GHG = N,O x 265 + CHy X 28 4 Ny, X 44/28 x 1% x 265 @)

where GHG is the sum of the CO,-e of the direct N,O and CH4 and the indirect N,O derived
from the deposition of volatilized ammonia (Nyg3) (mg m~2).
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2.6. Calculation of Gas and Water Conductivities

This study calculated Dp/Dg as a function of air-filled and total porosities using the
water-induced linear reduction (WLR) model by Moldrup et al. [27], which is written in a
general form as [28]:

Dp/Do = pe*(e/®)" )

where Dp is the gas diffusion coefficient in soil (cm? air em ™! soils™1), Dy is the gas
diffusion coefficient in free air (cm? air s 1), ¢ is the soil-air content (cm? soil-air cm ™~ soil),
@ is the soil total porosity (cm? soil pore space cm 2 soil), and p, X, and T, are model
parameters. The WLR model developed by Moldrup et al. [27], which was suitable for
sieved and repacked soils, was based on T, = 1. Marshall [29] used p =1 and X = 1.5.

The saturated water conductivity of the soil was calculated using Equation (6):

K=QxL/(txSxh)x10 6)

where K is the soil saturated water conductivity (mm h™!), Q is the seepage quantity (cm),
L is the soil layer thickness (cm), ¢ is the penetration time (h), S is the cross-sectional area of
the penetration bucket (cm?), h is the water layer thickness (cm), and 10 is the conversion
coefficient for cm to mm.

2.7. Statistical Analysis

SPS524.0 was used for statistical analysis and the principal component analysis for
the response of soil gas emissions to environmental variables, and the least significant
difference (LSD) method («x = 0.05) was used to indicate the significance of differences
between treatments.

3. Results
3.1. Effect of the Application of Liquid Manure on Physical Properties of Soil
3.1.1. Soil Porosity

To show the difference in soil porosities with the depth between different treatments,
topsoil of 20.0 mm was divided into three layers of 0-6.6, 6.6-13.3, and 13.3-20.0 mm. The soil
porosities of the three soil layers in the different treatments are shown in Figure 3. Generally,
the soil porosities of the top two layers (0-13.3 mm) were in the order of CK > MS > RM.
The soil porosities of the RM treatment in the 0-6.6, 6.6-13.3, and 13.3-20.0 mm layers were
23.5%, 16.9%, and 7.0% smaller than those in the CK, and weaker differences in the top two
layers between the MS and CK were found. Thus, an apparent impact of liquid manure
application on soil porosity is inferred, especially on the surface layer.

Soil porosity (%)

8 9 10 11 12

O L 'l 'l
—8-CK -e-MS —-e—RM

(55 ]

oo O -—
1

10 4

12 4

Soil depth (mm)

14
16 -
18

Figure 3. Changes in soil porosities for soil depth 0-20 mm in the CK, RM, and MS treatments.



Agronomy 2024, 14, 186

7 of 16

In addition to the effects of liquid manure on soil porosity, the application of the
different liquid manures changed the composition of the soil pores (Figure 4). In the
CK, the soil pores were dominated by three classes of pores with the sizes of 1000-2000,
500-1000, and 200-500 um, respectively. However, in the MS treatment, the dominant pores
shifted to those with sizes of 500-100 and 200-500 um, indicating an apparent decrease in
pores of 1000-2000 pm. In the 0—-6.6 mm layer, the percentage of 1000-2000 pm pores in the
CK was 34.64%, which was 14.53% and 32.56% higher than in the MS and RM treatments,
respectively. A lower percentage (24.92%) of 200-500 pm pores was found in the CK
treatment, approximately 13.23% and 30.99% lower than that in MS and RM treatments,
respectively. Moreover, applying liquid manure had little effect on the proportion of fine
pores (<50 um) in soil (Figure 4).

1000—-2000 1000—2000

—s—CK —=— CK

A 60 e MS B 60 —e—MS

50 ——RM ——RM

<50 500-1000 <50 500—1000
50-100 200-500 50-100 200-500

100-200 100200
0-6.6 mm layer 6.6-13.3 mm layer
1000-2000

C —=—CK

’ 30 —e—MS

——RM

<50 5001000

50-100 200-500

100200

13.3-20.0 mm layer

Figure 4. Effects of the application of liquid manures on the proportions of soil pores with different
sizes. (A) 0-6.6 mm layer; (B) 6.6-13.3 mm layer; and (C) 13.3-20.0 mm layer.

3.1.2. Soil Water Potential and Saturated Water Conductivity

Consistent differences in the soil moisture between the CK, RM, and MS existed during
the measurement period of 15 days (Figure 5A), during which the soil moisture of the
CK was consistently lower than that of RM and MS. The water potential of the CK was
higher than that of the treatments with liquid manure, an opposite trend to that of soil
moisture (Figure 5A). In addition, the saturated water conductivity of the CK treatment
was determined to be 1.08 mm h ! (Figure 5B); however, the saturated water conductivities
of the RM and MS treatments with liquid manures were 53.38% and 78.63%, respectively,
lower than that of the CK. Thus, the application of raw slurry and separated LF had an
important impact on reducing water movement in the surface soil layer.
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Figure 5. Effects of liquid manure on soil water potential and saturated water conductivity. (A) Soil
moisture content and water potential; and (B) soil saturated water conductivity. The small letters in
the bars indicate the significant difference among treatments; o« = 0.05.

3.2. Gaseous Nitrogen Emissions
3.2.1. NH3 Emissions

This study indicated different NH; emission patterns among the four treatments
(Figure 6A). For example, in addition to the higher emission rates of the RM, MS, and
MS + Ta treatments compared to the CK, the NH3 emissions of the MS and MS + Ta declined
gradually during the measurement period, whereas the NH3 emissions of the RM showed
an emission peak reaching 14.86 mg m 2 h~! on days 4-6. This difference may be attributed
to the difference in N forms in the different liquid manures.

25 - 2000 4
259, o 20007
S =
—o—CK ;}
<720 4 —a—RM g a
< T —2—MS 7 15001
T, T, % MS+Ta g i _l_‘—j_
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34 A \ ,E
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Figure 6. Ammonia emissions from soil under different types of liquid fractions. (A) NHj3 emission
rate; and (B) cumulative NHj3 emission. The small letters in the bars indicate the significant difference
among treatments; o = 0.05.

Figure 6B shows the cumulative emissions of NHj3 from the different treatments.
During the measurement period, the cumulative emission of NH3 in the RM treatment was
1456 mg m~2, which was substantially higher than in the other two treatments. Following
that was the MS treatment with an NH; emission of 1307 mg m™~2; the MS + Ta treatment
had a 13.19% lower NH3 emission than the MS treatment. The LF derived from simple SLS
had a lower NH3 emission potential than the raw slurry; NHj3 reduction was enhanced by
the flocculation process (i.e., the use of Ta).

3.2.2. N»,O Emissions

The application of liquid manure markedly increased N,O emission rates compared
to CK (Figure 7A). A slight difference was observed in the N,O emission patterns of the
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treatments with liquid manure. For instance, the N,O emission rates of the MS and MS + Ta
treatments increased faster than those in the RM treatment before day 6; greater emissions
in the MS treatment were observed from days 610 than in the MS + Ta treatment. A sharp
emission peak was observed in the RM treatment on day 7.

74{A T 700{B a
69 2 600 %
= =
r:'_ 5 é 500 b
g 4] ‘7 b
o R
E £ 400+
] <, 300 4
g 2 z %
o 1] £ 200+
z =

0- Z 100

3 c
-1 T T T T T T T T — =~ 0 == T T T
0 2 4 6 8 10 12 14 16 CK RM MS MS+Ta
Day treatment

Figure 7. Nitrous oxide emissions from soil under different types of liquid fractions. (A) N,O
emission rate; and (B) cumulative N,O emission. Small letters on the bars indicate the significant
difference among treatments; o« = 0.05.

The cumulative emission of N,O in the RM treatment reached 475.61 mg m 2, whereas
that in the MS treatment reached 610.19 mg m~2 (Figure 7B). However, the emission of
N>O in the MS + Ta treatment was 32.46% lower than that in the MS treatment. Therefore,
this study showed that the application of LF from simple SLS led to higher N,O emissions
in comparison to the raw slurry treatment, and such an increase in N,O emissions was
reduced once the LF from the SLS was flocculated with Ta.

3.2.3. Total Gaseous Nitrogen Losses

Table 3 shows the proportions of NH3-N and N, O-N losses from the total N input in
each treatment. The loss of NH3-N accounted for 7.96% of N input in the RM treatment,
which was 13.39% higher than that in the MS treatment. However, the MS + Ta treatment
showed a lower NHj3-N loss, at 5.87%, which was 16.38% lower than that of the MS
treatment. The percentage of N;O-N loss in the RM treatment was 3.08%, 22.61% lower
than that in the MS treatment, whereas the N,O-N loss in the MS + Ta treatment accounted
for 2.66% of the N input, which was 33.17% lower than that of the MS treatment. The
total N losses of (NH3z + N»O)-N in the RM and MS treatments were similar at 11.04% and
10.10%, respectively, which were substantially higher than those in the MS + Ta treatment
(8.53%) (Table 3). Therefore, this study emphasized the role of enhanced SLS using Ta in
reducing N losses from LF applied to soils.

Table 3. Percentages of NH3-N and NyO-N losses from the total N inputs in different treatments.

Treatment NH;-N/(%) N> O-N/(%) (NH; + N> O)-N/(%)
RM 7.96 a 3.08b 11.04 a
MS 7.02a 3.98 a 10.10 a
MS + Ta 5.87b 2.66 ¢ 8.53b

Different letters in one column indicate significant difference between two treatments (« = 0.05).

3.3. CO, Emissions

The CO, emissions of CK were consistently lower than those of liquid manure
(Figure 8A). Moreover, the dynamics of CO, emissions among these manure-applied
treatments differed. The CO, emission rates of the RM treatment were lower than those of
MS and MS + Ta during the first 4 d but were higher in the following period. The difference
in CO, emissions between MS and MS + Ta occurred mainly in the latter period, i.e., 8-15 d.
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Figure 8. Carbon dioxide emissions from soil under different types of liquid fractions. (A) CO,
emission rate; and (B) cumulative CO;. The small letters in the bars indicate the significant difference
among treatments; oc = 0.05.

The cumulative CO, emissions of all treatments are shown in Figure 8B. The RM
treatment had the highest cumulative CO, emission of 52.80 g m~2, which was markedly
higher than that of the MS and MS + Ta treatments. The cumulative CO, emissions of the
MS and MS + Ta treatments were similar (43.13 g m 2 and 38.87 g m 2, respectively), which
were 2.26 and 1.93 times higher than that of the CK treatment, respectively. Therefore,
the application of LF from simple SLS had lower soil CO, emissions compared to the soil
treated with raw slurry, and the addition of Ta had little effect on soil CO, emissions.

3.4. CH4 Emissions

Substantial CH4 emissions were observed from the treatment with liquid manure,
whereas they were negligible for CK without liquid manure application (Figure 9A). The
dynamics of CHy emission rates differed among the treatments with liquid manure. For
example, CHy from MS and MS + Ta declined quickly from day 1 and then peaked on
day 3 for MS + Ta and on Day 8 for MS + Ta. For the RM, CH4 emissions showed one
sharp peak (with the highest emission rate of 3.00 mg m~2 h~') on day 5. The application
of liquid manure increased the CH, emissions compared to the CK (1.18 mg m~?2), and a
large difference in CH; among the RM, MS, and MS + Ta was observed (Figure 9B). More
specifically, the RM treatment had the greatest CH, emission of 176.53 mg m~2, whereas
the CHy4 emissions of the MS treatment were approximately 44.59% lower than those of the
RM treatment. This study demonstrated that the application of LF from simple SLS had
lower soil CH4 emissions than RM, and enhanced SLS had little effect on CH4 emissions.

4

()
o
o

B .

+

D 0
(=T =]
1 1

'sd
|
i
o+
o
"

=3

[=

g2
o

CH, fluxes (mg'm2-h™")
(58] 4
:
Cumulative CH, emissions(mg-m2)
=
(=)

K RM MS  MSiTa
Day treatment
Figure 9. Methane emissions from soil under different types of liquid fractions. (A) CH, emission

rate; and (B) cumulative CH4 emission. The small letters in the bars indicate the significant difference
among treatments; x = 0.05.
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3.5. Dynamics of Soil Properties
3.5.1. O, and Gas Diffusion

The soil O, in the MS treatment showed a faster decrease close to zero than the CK,
RM, and MS + Ta treatments, which had similar dynamics in O, changes (Figure 10A). This
study also measured the gas diffusion scaled with the Dp/Dg, and evident differences
in the Dp/Dg between treatments were observed. The application of raw slurry showed
the largest decrease in Dp/Dg, and moderate impacts of the MS and MS + Ta on Dp/Dgo
were observed (Figure 10B). The low O, and poor Dp/Dg of the soil treated with liquid
manure, especially when soil O, and Dp/Dg were less than 5% and 0.006, respectively,
may have provided favorable conditions for N,O production and emission during the
measurement period.
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Figure 10. Soil oxygen and free diffusion rates. (A) O, content; and (B) average soil Dp/Dg modeled
using the SWLR model [28], where the dashed line marks 0.006.

3.5.2. Dynamics of Soil NO; ~-N, NH;*-N, and DOC

Compared to the relatively stable NH;*-N in the CK, the soil NH4*-N in the MS and
MS + Ta declined quickly and stabilized after day 9 (Figure 11A). However, the NH;*-N
in the RM increased and peaked (186.17 mg kg~ ') on day 5 and then approached that of
the other treatments after day 11. The soil NO3 ~-N of all treatments gradually increased,
except for CK, and was ranked as MS > RM > MS + Ta > CK (Figure 11B). The NO3™-N of
MS and RM behaved similarly, although it was slightly lower in RM. However, NO3; ~-N in
the MS + Ta treatment was consistently lower than that in the RM and MS treatments. The
soil DOC content in the MS + Ta treatment was higher than in the other treatments during
most of the measurement period, reaching the highest value of 8.12 mg kg~! on Day 5
(Figure 11C). The RM treatment had a lower DOC during the first 7 days and approached
the other treatments thereafter. This study demonstrated that the type of liquid manure
played an important role in soil nutrients and dissolvable organic carbon.

3.6. Integral Impacts of the Soil Environmental Variables on N,O Emissions

To indicate the relationship between the soil N, O emissions and environmental vari-
ables, such as soil NO3;~, NH4*, Dp/Dg, DOC, and water-filled pores pace (WFPS), prin-
cipal component analysis (PCA) was conducted (Figure 12). The average N,O emission
rate during days 7-8 (representing the high emission period according to Figure 7) and the
aforementioned soil variables in the same period in different treatments were used. The
N,O emissions of different treatments during the high emission periods had strong positive
correlations with soil NO3; ™~ (r = 0.998) and WFPS (r = 0.965) and moderate correlations
with soil NHy " (r = 0.575) and DOC (r = 0.316) (Figure 12). A weak yet negative correlation
between the N,O and the soil Dp/Dg (r = —0.199) was observed. Of the environmental
variables, strong negative correlations between soil DOC and Dp/Dg were observed, im-
plicitly demonstrating weak decomposition of DOC under poor gas diffusivity conditions
with low Dp/Do.
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Figure 11. Changes in NH4*-N, NO; ™ -N, and DOC in soil under different treatments. (A) NHy*-N
content in soil; (B) NO3 ™ -N content in soil; and (C) DOC content in soil.
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Figure 12. Principal component analysis of the impact of different environmental variables on N,O
emissions.

3.7. COy-e Emissions of Different Treatments

This study evaluated the GHG emissions from different treatments in terms of CO,-e.
N,O emissions were the dominant contributor to GHG emissions in all treatments (Table 4).
This was followed by indirect CO;-e from NH3 emissions and CHj, indicating a relatively
large contribution of indirect emissions to CHy. The cumulative CO,-e emissions of the four
treatments were ranked MS > RM > MS + Ta > CK; more specifically, the application of LF
from the simple SLS increased the GHG emissions by 24.0% compared to the RM, mainly
due to the increased N, O emissions, whereas this was alleviated by 14.2% in MS + Ta due
to the decrease in N,O emissions, i.e., the flocculant in the SLS reduced GHG emissions by
31.1%. Therefore, the use of enhanced SLS may reduce GHG emissions in soils subjected
to LFs.
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Table 4. Contributions of the direct CH4 and N, O emissions and indirect N,O from NHj3 emissions
to the COs-e emissions in different treatments.

Treatment CH,4/(g m—2) N,O/(g m—2) NH;3/(g m—2) Total (g m—2)
CK 0.03c 3.47d 1.06 c 456d
RM 494 a 126.04 b 6.02a 137.00 b
MS 2.74b 161.70 a 544 a 169.88 a

MS + Ta 3.60b 109.21 ¢ 472b 117.53 ¢

Different letters in one column indicate significant difference between two treatments (« = 0.05).

4. Discussion

This study identified the impacts of simple and enhanced SLS technologies on the
resulting composition of LFs and subsequent gas emissions from LF-treated soils. Potential
mechanisms of N losses and GHG emissions are discussed from different perspectives
regarding the issue of liquid manure application.

4.1. Impact on NH3 Emissions

The cumulative NH3 emissions from the MS treatment were lower than those from the
RM treatment, which is consistent with the results reported by Johanna [5]. This may be
due to the low dry matter content in LFs after solid-liquid separation (Table 1). Usually, the
liquid fraction with enriched NH4*-N after SLS can penetrate the soil well [30-32], which
is conducive to the absorption and utilization of nitrogen by plants [33]. In addition, NHs
emissions peaked on day 5 in the RM treatment, a major contribution to the total NH3
emissions, which might have been derived from the large amount of organic nitrogen min-
eralization and the resulting increase in soil NH4* concentrations (Figure 11A). From this
aspect, SLS played an important role in the NHj3 emissions from slurry-applied soils [34].
However, the MS + Ta treatment applied with LF from the enhanced SLS showed lower
NHj; emissions than the MS treatment, even though the former was characterized with a
higher TAN input (Table 2). This might be attributable to the inhibitory effect of Ta in the
LF from the enhanced SLS technology on urease activity and microbial abundance [35],
which can be confirmed by the lower level of NHs* in MS + Ta (Figure 11A).

4.2. Impact on N»O Emissions

The MS treatment had higher N,O emissions than the RM treatment, which is consis-
tent with the findings of Meng et al. [9]. This can be attributed to several factors: (1) the
greater contact between the liquid fraction and soil [36] and (2) the higher input of TAN and
DOC in the LF [8,37]. Meanwhile, this study also observed that the application of raw slurry
or the separated LF reduced the saturated water conductivity, O, and gas diffusion rate,
owing to the blocking of soil pores (mainly macropores with sizes 1000-2000 um) by organic
particles in the liquid manure [38—40]. This might have favored a gradual development
of anoxia [41] that facilitates an increase in the abundance of ammonia-oxidizing bacteria
(AOB) and nirS and a decrease in the abundance of nosZ during denitrification [42-45],
thus contributing to the higher N,O emission in the MS [9].

4.3. Impact on Soil Respiration

The CO, emissions of the different treatments in the early stage were in the order
of MS + Ta > MS > RM, followed by RM > MS > MS + Ta in the latter stage. Fangueiro
et al. studied the effect of soil CO; emissions by classifying manure particle size. They
showed that the soil CO, emission was higher at the early stage of the experiment with a
smaller particle size, whereas it was highest in the treatment with a coarse particle size at
the late stage [46], which is consistent with the results of the current study. The cumulative
emissions of CO; in the soil treated with the raw slurry were higher than those treated
with the separated LF because the organic matter content of the raw slurry was higher than
that of the LFs (Table 1). Therefore, SLSs with different separation efficiencies for organic
particles may play important roles in soil respiration during liquid manure recycling [47].
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The addition of Ta as a flocculant more effectively removed organic matter from liquid
manure but did not significantly reduce the soil CO, and CHy4 emissions; this might be
caused by the fact that tannin could be decomposed to be microbial carbon source for
methanogens [48,49].

4.4. Implications

This study demonstrated that the emission of CO,-e under the MS treatment was
higher than that under the RM treatment, mainly because the N;O emissions of the MS
treatment were higher than those of the RM treatment [31,50]. Similarly, Dinuccio et al.
found that CO;-e emissions from LFs during on-farm storage and field application were
11% higher than those from raw slurry [51], which may, to some extent, limit the application
of SLS technologies on animal farms. Plausibly, this study demonstrated lower NH3, N,O,
and CO;-e emissions from liquid fraction-applied soil when the enhanced SLS using
flocculant Ta was employed for solid-liquid separation. Such emissions reductions were
partly attributed to the Ta residue in the LF from the enhanced SLS, which may have
inhibited the nitrification owing to the complexation effect of Ta on proteins [52], leading to
low soil NH4", NO3 ™~ concentration, and soil N>O emission [35].

Overall, this study demonstrates the promising use of Ta as a flocculant in SLS to
decrease CO,-e emission from fields where LFs from SLS are applied, which could likely
further prompt the wider application of SLSs. However, it is necessary to carry out in-depth
research to understand the microbial production and emission mechanisms of soil No,O
and CHj in this situation and to carry out lifecycle assessments using this technique to
reveal the reductions in GHG emissions under field conditions.

5. Conclusions

This study investigated the GHG emissions from soil applied with liquid fractions from
two solid-liquid separation technologies. Compared to the raw slurry application, a simple
mechanical separation for slurry may increase the N loss and greenhouse gas emissions
from farmlands applied with the obtained liquid fraction due to the high ammoniacal N,
poor porosity, and gas diffusion in soil. However, the enhanced solid-liquid separation
of slurry with the use of a flocculant like tannic acid substantially reduced the N losses
and GHG emissions from the liquid fraction-applied soil, mainly through minimizing N,O
emissions. Therefore, the enhanced separation technology with the use of tannic acid is
considered useful for reducing greenhouse gas emissions from soils applied with separated
liquid fractions. However, more efforts are required to elucidate the reduction mechanism
and verify the mitigation potential of the enhanced solid-liquid separation technologies
under field conditions.
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